MATH 325: Complex Analysis

Northwestern University, Lecture Notes

Written by Santiago Canez

These are notes which provide a basic summary of each lecture for MATH 325, “Complex
Analysis”, taught by the author at Northwestern University. The book used as a reference is the
9th edition of Complex Variables and Applications by Brown and Churchwell. Watch out for typos!
Comments and suggestions are welcome.
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Lecture 1: Complex Numbers

Complex analysis is the study of functions of complex variables, and in particular doing calculus
with such functions. The basic definitions we will see, such as that of the derivative and the integral
of a complex function, are the same or very similar to ones you have seen before for functions of real
variables, but the resulting theory has some stark differences to what happens in the real case. This
happens because the notion of being “differentiable” places severe restrictions on the properties a
complex can have, and these restrictions turn out to lead to tools and techniques that have no
direct analog in the real case. But, as we will see, these purely complex tools have important things
to say about purely real phenomena as well, so complex analysis is a subject with crucial practical
consequences.

Let us give a sense of some of the behaviors we will see in the complex setting as contrasted
with what we have seen before in the real setting:

e We will see that the (complex) integral of a complex differentiable function over a closed
curve is always zero, a result known as Cauchy’s theorem and which is at the heart of most
every other result we will see in this course. Complex integrals are most analogous to the line
integrals you would have seen in a multivariable calculus course like MATH 230-2, and there
you would have seen examples where sometimes integrating over a closed curve gave zero and
sometimes not. In the complex setting, however, the answer will always be zero as long as
the function at hand has a complex derivative.

e In the real setting, the value of a differentiable function at a point has no relation in general
to the values of the function at points further away, and indeed you can have multiple dif-
ferentiable functions whose values at some x = a are all the same but which have drastically
different values away from a. But things are more restrictive in the complex case where we
will see that the value of a complex function at some point z can be fully determined from
knowing only the values of the function on a curve which encloses z, even if the points on
this curve are very far away from z itself so that the behavior of the function far away from
z has a direct bearing on its behavior at z itself. This will come from what’s called Cauchy’s
integral formula, one of the cornerstone results we will derive.

e In the real case, there are examples of functions which have a first derivative but not a second
derivative, or which have second derivative but not a third derivative, and so on. In the
complex case however, we will see that once a function has a first complex derivative it will
automatically have a second derivative, a third derivative, etc as well. This will also lead to
the fact that complex differentiable functions are always expressible as what are called power
series (which we will review when needed), which is not true in the real case.

e Finally, in the real case there are plenty of differentiable functions which are bounded—
meaning there is a restriction on how large or small the values of the function can be—with
sinz and cosx (both bounded by 1) being the main examples. However, in the complex case
we will see that the only bounded differentiable functions are the constant ones, a result which
is known as Liouville’s theorem.

At this point, it is not expected that you fully grasp what the results above mean precisely, but
they should give a sense of a restrictive but at the same time rich theory which arises in the study
of functions of complex variables. As a result of this theory, we will be able to compute things like

o0 3 [o¢]
sin cos T
dx, or — du,
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which are real integrals and yet cannot be easily computed via only real methods. We will also gain




a better understanding of standard functions we all know and love—exponentials, sine, and cosine—
where much of their true essence is hidden from sight when considering only real phenomena.

Complex number. Before we get into any analysis (i.e., calculus), we need a firm understanding
of complex numbers themselves as they and their properties are at the core of everything we will
do. A complex number is an expression of the form

z=a-+1b

where a, b are real numbers and i has the property that i> = —1. We can perform standard algebraic
operations on complex numbers, such as addition and multiplication, simply as one might expect
when manipulating such expressions; for example, we have

(I1+2)+(r—4i)=(1+m)—2i
by grouping like terms, and
(14 2i)(m —4i) =7 —4i +2mi — 8> =7 — 4i + 2mi + 8 = (7 + 8) + (2w — 4)

by expanding out the product on the left as normal and using i2 = —1 to simplify. Geometrically,
we visualize complex numbers as points in the complex plane, where we keep track of the “real”
part on the horizontal axis and the “imaginary” part on the vertical axis:
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We should clarify that there is no “number” in usual sense which satisfies i2 = —1, but rather
we are introducing a new type of object that satisfies this property by definition. One might ask
why we are allowed to do this? The simple answer is that it is no different than anything else we do
in mathematics, where abstract “things” are introduced by definition all the time in order to have
some useful property we care about. After all, what is the number “1” but an abstract notion we
introduce to capture some idea of “quantity”, and introducing 7 in this way is no different. Anything
is fair as long as it leads to useful results and applications. But, if we want to be pedantic, we
can in fact give a more proper definition of “complex number” using the idea of points in a plane.
From this perspective, we simply define a complex number to be such a point (a,b) in R? with the
stipulation that multiplication of complex numbers is then defined by

(a,b)(¢,d) = (ac — bd, ad + be),

which is motivated by the outcome (a+ib)(c+id) = (ac—bd) +i(ad+ bc) we would expect anyway.
Here then, i is defined to be the point (0, 1), where with this definition of multiplication we then
have

(0,1)(0,1) = (-1,0),



where (—1,0) is then the interpretation of the real number —1 in this context. But, working with
points this way and recalling this multiplication can be cumbersome, so we simply use the previous
a + ib notation with the 72 = —1 stipulation as a much more convenient way to keep track of it all.

Example. We determine the complex numbers z = a + ib (with a,b real) satisfying z? = i. (In
other words, we determine the “square roots” of i.) We compute

22 = (a +ib)(a + ib) = a® + abi + abi + i2b* = (a® — b?) + i2ab,

using 72 = —1 in the last step and then collecting like terms. In order to this resulting expression
to equal i = 0+ 14, we need the real part a®> — b? to be zero and the imaginary part 2ab to be 1, so
we get the requirements that

a?—bp*=0 and 2ab=1.

The first then gives a = £b, but the choice a = —b then turns the second condition into
—2a® =1,

which has no solutions since a is supposed to be real. Thus we need only consider the a = b case,
in which case the second condition is

2 _ —q=+-L
2a° =1, sob—a—j:ﬂ.

Thus we get two complex numbers satisfying 2> = i, namely LQ + %z and —% — %z

We can visualize these two square roots of ¢ in the complex plane as follows:
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It is natural to wonder what the geometric meaning of z?> = i is, and whether we would have
expected to find roots as in the picture without going through the brute force algebraic computation
we carried out. We will come back to this later when discussing roots of complex numbers more
generally, and we will see that the picture above does indeed make sense.

Inverses. Nonzero complex numbers have inverses (i.e., reciprocals) just as do nonzero real num-

bers. For example, let us compute
1

1+ 2i°
by which we mean we seek to express this complex number in the standard form a + ib. One
approach is to solve for the desired a,b by determining the values which satisfy

(14 2i)(a+1ib) = 1.
After expanding the left side this becomes (a — 2b) + i(b + 2a) = 1 + 0i, so we need

a—2b=1 and b+ 2a=0.



This can now be solved using standard (linear) algebraic methods.

But instead we can compute the desired reciprocal more easily by multiplying numerator and
denominator in ﬁ by something which will get rid of the imaginary term in the denominator.
Note that (1 +2¢)(1 —2i) = (1 +4) +i(—2+2) = 5, so we have

1 1 1—-2¢ 1-2¢ 1 2,
= = = — — —
1+2¢ 1429 \1—-2 5 5 b

as the desired inverse. For another example, we compute

1-3:
5423

Now we multiply numerator and denominator by 5 — 2 since (5 + 2i)(5 — 2i) = 29, so

542 5+2i

1-3i 1-3i (5-2\ (1-3i)(5—-2i) —1-—17i L7
— (5+20)(5 - 2i) 20 29 29"

5— 2 - -

Conjugates and moduli. The complex number obtained from z = a + b obtained by changing
the sign of the imaginary part (as in turning 1+ 27 into 1 — 2¢ or 5+ 2 into 5 — 27 in the examples
above) is useful enough that we give it a special name and notation: zZ = a — ib is called the
complex conjugate of z = a + bi, again assuming that a and b here are real. Geometrically, taking
the conjugate of a complex number corresponds to reflecting it across the horizontal real axis:

cum)\,%m;m 1S reflecyionn

The product of a complex number and its conjugate is always real and nonnegative since
2Z = (a +ib)(a — ib) = a® + b%.

In particular, the square root of this product is what gives the usual notion of distance from (a,b)
to the origin, and this is what we call the modulus of z and denote by |z|:

|z| = V2Z.

The modulus will give us a way to measure how “large” a complex number is, and will be useful in
coming up with b ounds of various expressions later on. With these notations, we can then cleanly
write the inverse of a nonzero z as

1 1(z\ =z

2z (%) JNER

Lecture 2: Polar Forms

Warm-Up 1. We solve the equation

4iz% — 4z —i=4i



for z. One approach is to use the standard quadratic formula, which is still valid in the complex
setting, but instead we use factoring to highlight some key algebraic properties. First, we factor ¢
out of the left side to get

i(42° + 4iz — 1) = 4i.

Note here that factoring ¢ out of the —4z term in the initial expression leaves us with 4iz using
—1 =42. Then we can divide through by i, or equivalently multiply through by % = —i to get

422 + 4iz — 1 = 4.
The left side is now (2z +i)? (again using i = —1, so we we have
(22 4+i)* = 4.
The square roots of 4 are £2, so we get
2z +i =42, and thus z = (2 — i) = +1 — 3i
as the solutions.

Warm-Up 2. We verify that the operation of taking complex conjugates is multiplicative in the
sense that

2122 = 21 %2

(As a consequence, since the modulus of z can be written as |z| = /2Z, we also get that the
operation of taking moduli is multiplicative:

|zw| = V2wzw = V2Zww = V22V ww = |z||w|.

This will be a useful tool later when we need to develop bounds on various types of expressions.)
This is meant to be a purely algebraic verification, where we compute both sides of the desired
equality to see that they are same. For z; = a; + ib; and 29 = ag + ibo, with ay, a9, b1, bo all real,
we have

2129 = (a1 + ibl)(az + ibg)

= a1as + a1bai + brasi + i*b1by

= (ajaz — b1ba) + i(a1by + agby), so
Z122 = (a1az2 — biba) — i(a1by + agby).

On the other hand,

zZ1 22 = (a1 — iby)(ag — ib2)
= aja2 + i2b1b2 - ialbg — iblag
= (a1a2 — blbl) — i(albz + azbl),

which agrees with what we got for Z1z3 above.

Polar coordinates. Being able to visualize complex numbers as points in the complex plane
leads to an important way of expressing them, namely via polar coordinates. Recall that polar
coordinates are defined as in the picture
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The radius value r = |z| is what we called the modulus last time. The polar angle € is what we will

now call the argument of z and denote by arg z = 6. Arguments are not unique, since adding 27 to

one argument value gives another, so arg z really denotes a collection of angles and not a specific

one. But at times we will want to single out a specific argument, and we take the argument value

satisfying —m < 6 < 7 to be what we call the principal argument of z and denote it by Arg z.
With the standard conversions = r cos6 and y = rsin 6, we have

z=x+ iy =rcosf +irsinf = r(cosf +isinb).

Here we have thus separated z into its “size” as measured by the modulus r = |z| and its “direction”
as measured by 6 = arg z. For example, the complex number 1 + ¢

&
™

has modulus |1 + i| = v/12 4+ 12 = v/2 and principal argument Arg(1+14) = %, so
1+i= \/5(005% +isin 7).
Any angle of the form 7§ + 27k with k& and integer also serves as a valid argument.

Imaginary exponentials. The expression cos §+isin # can get cumbersome to work with. Luckily,
there is a much simpler way of keeping track of this argument piece via the identity
e = cos O +isin .

Now, what does this mean exactly, or in other words how does taking e to the power of a purely
imaginary number (meaning one with real part zero) give something like cos @ +1isin #. One answer,
which is the one our book uses, is that we simply take this expression as the definition of what e*
means. We will later that there really is no choice: if we want a definition of €% in a way that is
consistent with everything we know about e” for real x, this is what it must be.

But we prefer, along similar lines, to start with a different definition of e’ and instead derive
the cos 8, sin 6 expression above as a consequence. This alternative definition is also one that, as



we will see, is forced on us if we want to be consistent with e*. We recall that for real x, e* can be
expressed as an infinite summation

x . n 2 1.3

T
e —Zn!—1+x+2!+3!+

n=0

(We will recall some details of such series expressions later.) With this in mind, we then define ¢
to be what we get if we take the same series expansion only with 6 in place of z:

o0 .
0 _ (i0)"
e = Z n!
n=0
To simplify this, we use the fact that

PP=-1,¢=—i i*t=1, P =4, .

and so on with the pattern repeating. In particular, for even powers we get +1 and for odd powers
we get +i, or more precisely

i = (=1)" and *"T = (—1)".

If we thus separate our series definition of €% in the terms occuring with even exponents vs those
occuring with odd exponents, we have

0 e (i@)" B o (_1)n92n . (_1)ni02n+1 B o (_1)n92n . 0 (_1)n02n+1
=2 =2 @)l & @ntl 4~ (20) i) 2n+ 1)

The two resulting series on the right are precisely the usual series expansions of cosf and sin @
respectively, so we do get

e = cosf + isinf

as a result. This expression is known as Fuler’s identity.

Polar form. With e = cos @ +isin 6, the polar coordinate expression we had before for a complex
number z becomes

z =r(cos + isinf) = re',

which is what we call the polar form of z. For example,
1+i= 24

using what we computed before. The complex number i has modulus 1 and principal argument 7,
SO
’l: — 6i7T/2

i5m/2

is the polar form of 7; of course, i = e is another valid polar form of i if we allow ourselves to

use a non-principal argument.

Polar products. The complex number —2 + 2i has modulus v/22 + 22 = /8 and argument 37 /4,
while the complex number 1 4 iv/3 has modulus /1 + 3 = 2 and argument 7/3, so

—2492i =8eBTY  and 14 iv3 = 2e/3,



The product of these is
(=2 +20)(1 +iV3) = (-2 — 2v3) +i(2 — 2V/3),

which should also be obtained by multiplying the polar forms above. In fact, exponentials like e?
behave as you would expect of any exponential, in particular meaning that when multiplying two
such things the exponents add together:

VRelBT/Y) L 9pin/3 _ o, /R¢i(3m/4) im/3 _ 2\/§€i(317"+§)7

SO

(=2 — 2v/3) +i(2 — 2V/3) = 2V/8ei (T T5)

is a valid polar form for the complex number on the left.

The fact that 1?2 = ¢/(®11602) s true is not at all obvious. For something like e2e® = ¢°
the reasoning is clear, since taking 2 e’s and 3 €’s gives 5 e’s over all, but for e it is not as if we
literally multiplying e by itself “/0” many times, since this makes no sense. Rather, this identity is
reflective a basic trigonometric fact we will clarify next time. Assuming this for now, we have

ref1rget®? = r1r2€i(01+02)7
with the point being that when multiplying complex numbers, the moduli multiply together but
the arguments add together. That is, geometrically complex multiplication corresponds to angle
addition, up to some scaling factor. Given a picture of two points in the complex plane, we can
thus reasonably determine where their product should be:

22
L]
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Lecture 3: More on Complex Numbers
Warm-Up 1. We justify the identity

ei01 ei02 — ei(91+92)'

As we said last time, this is not obvious since complex exponentials like this do not amount to
multiplying e by itself some number of times. One approach is via the original definition we gave

0 = (10)"
€ _Z n! ’

n=0

where via some series manipulations one can verify that the product of the two series characterizing
e¥1¢1%2 does give the same series as the one defining ¢?(?1192)  But this is overkill as there is a simpler
trigonometric interpretation. We have

%162 — (cos @) + isin 0;)(cos By + i sin By)



= (cos 0 cos By — sin By sin O3) + i(cos O sin O + cos Oz sin Oy ).
The standard angle addition formulas for cosine and sine say
cos(01 + 02) = cos By cosfy —sin by sinfy  and  sin(fy + 62) = cos by sin by + cos O sin 01,
so in fact the expression for e?1e?2 above is equal to
cos(0y + 0) + isin(f; + 0y) = ' O1+02),

Thus e1¢i%2 = ¢i(01+602) i true, with the upshot being that this nothing but a way to encode the
angle addition formulas for sine and cosine. (Side remark: working out both sides of this identity
is precisely how I am able to remember these angle addition formulas when needed.)

Warm-Up 2. We find the polar form of

1+ V/3i

2v/3 — 20
On the one hand, we could simply compute this quotient directly and then determine the polar
form of the result. But let us first approach this using polar forms from the get-go. We have

14+v3i=2¢"? and 2V3— 2i = 4e""/5,

by computing moduli and arguments. (I determined the arguments here by visualizing these points
and comparing to standard angles on the unit circle, but if nothing else arguments can be found by
the usual § = arctan(¥) polar equation. We also chose to use the principal argument —7/6 for the
second term here rather than, say, 117/6.) The polar form of a reciprocal is quick to determine:
(i =0 — i(0—0) _ 0

_ _ __—1i0
=e =1, so it — e .
In other words, inversion simply changes the sign of the argument. (This can also be interpreted
via complex conjugation since the conjugate of e = cosf + isinf is

cos ) — isin(f) = cos(—0) + isin(—6) = e~ %

where we use that cosine is even and sine is odd. The point is that the inverse of a complex number
of modulus 1—i.e., on the unit circle—is just its conjugate.) Thus

. —in/6 1 _ 1 i /6
23 — 2 = e~/ :m—ze/,
SO
A4VBI iy Lims _ L izemy _ Ly
2v/3 — 2i 4 2 2
is the desired polar form.
Now, in fact %e”/ 2 = %i, as a direct computation with the original quotient verifies:
1+v3i (143 ) [2v3+2i) (2v3-2V3)+i(2+6) 8. 1.
2v3-2i \2v3-2i) \2vB3+2i) 16 “16 2

So, the polar form is simple enough to find via this direct computation as well, but the point of
doing it the first way was to illustrate the use of polar forms in general as an alternative way of
performing computations. From the polar perspective, the fact that the given quotient should be
purely imaginary with positive imaginary part makes sense geometrically: we have

10



so keeping in mind that inversion reflects across the real axis and rescales (conjugation is reflection)
and that multiplication corresponds to angle addition, it makes sense that multiplying 1+ v/3i with
m should result in a point with argument 7/2 on the positive imaginary axis.

de Moivre’s formula. Taking 6; and 65 to be the same angle in the identity derived in the first
Warm-Up gives

( ei9)2 — i0,i0 _ 20
(The real part of the left side (cos @+ isin #)(cos @+ isinf) is cos? § —sin? § and the imaginary part
is 2sin 6 cos @, so comparing with the real and imaginary parts on the right gives

cos?@ — sin®§ = cos(20) and 2sinf cosf = sin(26),

which are the standard double-angle formulas for sine and cosine.) Applying this repeatedly gives

(eie)n _ ei9€i6 . eie _ einO.
~——

n times

This is known as de Moivre’s formula, and says that taking n-th powers corresponds to n-fold
addition of angles.

In particular then, the operations that send z to z” for positive integers n have nice geometric
interpretations. For example, the transformation that sends z = re? to 22 = r2¢"?? has the effect
of squaring the modulus and doubling the angle. If we apply this to all points within the disk of
radius 2 centered at 0 (the region enclosed by a circle of radius 2), we obtain as a result a disk of
radius 4 centered at the origin: if |z| < 2, then |2%| < 4, and doubling an angle just rotates a point
(albeit by different amounts for each point), so disks are sent to disks:

>

\
A28 \
) -
/4

We say here that the disk of radius 4 centered at the origin is the image of the disk of radius
2 centered at the origin under the map f(z) = 22. (We will talk more about viewing complex
functions as transformations next time.) In fact, the full disk of radius 4 is also the image of the
upper-half disk of radius 2 alone, since doubling the angles between 0 and 7 already gives all angles

between 0 and 27; as another example, the image of the quarter disk of radius 2 would then be the

upper-half disk of radius 4:
‘ 2 \\L/'\ ‘ z ‘ 4
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We have similar results for the map sending z to 23, or 2%, etc.

Complex roots. Back on the first day we computed the square roots of i—i.e., the complex
numbers satisfying 22 = i—and found that they were

Jstigs and  — o5 —igs.
We found these by a brute-force algebraic computation, but now we can see more simply why it
makes sense geometrically that these are the correct roots. Since i has modulus 1 and (principal)
argument /2, its square roots should also have moduli 1 (since squaring a complex number squares
the modulus) and arguments that double to give m/2 or something equivalent to 7/2. So, having
an argument of 7/4 makes sense, and this is what gives % + z% = ¢"/4, and the other choice for
the principal argument is —37/4 since this doubles to —37/2, which is equivalent to 7/2, and this

is what gives the square root —% — z% = ¢ 7/4 in the third quadrant:

.WM - \, .»‘LL
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In general, following the same idea we can find arbitrary roots of any complex number: in order
to have w™ = z = re® | w should have polar form w = /7 0/n+27k/n) ith 11/7 being the usual
nonnegative real n-th root of the nonnegative real number r, since this gives

w" = [T,l/nei(e/n—i-%rk/n)]n _ (Tl/n)nein(e/n—f—ZTrk/n) _
(The 27k term in the third-to-last expression just results in non-principal arguments of z.) For

example, let us find the cube roots of 7. Since i = ¢™/2, the cube roots should have modulus 7, and
we get a first cube root using the argument 7/6, which triples to m/2; this gives

e/ = cos(§) +isin(§) = @ + 3i

as one cube root. This is what we call the principal cube root of i, since it was obtained (via dividing
by 3) from the principal argument /2 of i. To get other cube roots of i, we use non-principal
arguments:

. i i 3/7 i . ) i 3/7 i i .
i = ez(ﬂ'/?—i—?ﬂ') — e1571'/2 s \/,; — 6157r/6 and i = 61(71'/2—}-471') — e197r/2 — \/; — 62977/6 —e im/2 _ i

Other choices for the initial arguments of ¢ will result in one of these three, so altogether then we
have three distinct cube roots of i:

12



The angle between one and the next is always 47 /6, which is why visually the three roots are the
vertices of an equilateral triangle. Note that the cube root e/™/6 = @ + z% at least is possible to
find solely from the picture by dividing the principal argument of ¢ by 3, and the other two can be

found by visualizing the triangle.

Example. We solve the equation
(z+i)°=1+iV3

for z. The key point is that here z 4 i should be a fifth root of 1 4 i1/3, so first we find these fifth
roots. We have

1+ Z\/g — 26i7r/3 _ Qei(ﬂ/3+2ﬂ'k)’
so the fifth roots of 1 + i/3 are

Z4i= 21/5€i(7r/15+27rk/5) for k =0,1,2,3,4.

(Other integers k just give one of these five roots.) The choice with k£ = 0, namely 21/5¢im/15 g
the principal fifth root of 1 + /3.
Thus, the solutions to our original equation are

. . 2 . 4 . 6 . 8
5= 21/561177—5 o ’i, 21/562(177—5-1-?77) _ ’i, 21/562(177—5-1—?77) _ i, 21/561(1‘"—54-?77) _ ’i, 21/561(115+?ﬁ) — .

Lecture 4: Complex Functions

Warm-Up 1. We justify the fact that if w; and ws are both n-th roots of a nonzero complex
number z, then
w1 = Cwy

for some ( satisfying (" = 1. Such ( are called n-th roots of unity, so the claim is that we can
always get from one root of z # 0 to another by multiplying by a root of unity. This is actually
apparent in the explicit form we found last time for these roots: if z = re?, then the n-th roots are
rl/nei(e/n+2ﬂ'k/n) _ rl/new/n ei27‘l’]€/n7
¢
where we get an arbitrary n-th root from the principal one r/"¢®/™ by multiplying by the n-th
root of unity ¢ = ¢2™%/"_ But the goal here is to reach this conclusion without knowing ahead of
time what the roots explicitly look like.
The argument is simple. We have w] = z = w§, so

wr\" w2z 1
W wd o oz

13



(Note that wy # 0 since z # 0.) Thus % is an n-th root of unity, and

wyp = — ) w2
w2
¢

is our desired expression.
Warm-Up 2. We find the complex numbers z satisfying
(iz —1)° = =5 + 5i.

This equation requires that iz — 1 be a fifth root of —5 + 5¢, so we first find these roots. We have
—5+ 5i = v/50e3™/4, so

/I:Z _ 1 _ \/%1/561(37T/4+27Tk)/5 — 501/1061(37{'/20-‘1‘271']{3/5) fOI‘ k: — 0’ 1’ 2’ 3’ 4
Note that these five roots form the vertices a regular pentagon:

o -55
”Z!"\ S ane fost

bt oy nAév\J

LN arquwent
s

.——;"
R Kl %

Solving for z thus gives
z = —i(501/10¢37/20427k/5) 4 1) for k= 0,1,2,3,4
as the desired solutions of (iz — 1) = —5 + 5i.

Complex functions. We are now ready to get to the “analysis” part of complex analysis, which
is all about doing calculus with complex functions. A complex function is a function that takes as
input a complex number z and outputs a complex number f(z). For example, f(z) = (2 + 2i)z is
the function that inputs z and outputs the product (2 + 2i)z, and f(z) = % is the function that
inverts a (nonzero) complex number.

One basic technique we will use to study such functions is to consider their real and imaginary
parts via

[z +iy) = u(z,y) +iv(z,y).

Here, u(z,y) and v(x,y) are both real-valued functions of two variables, namely the variables giving
the real and imaginary parts of z = x + iy; u(z,y) gives the real part of f(z) and v(x,y) gives the
imaginary part. For example,

f(z) = (2+2i)z= (24 2i)(x +iy) = 2z — 2y) + i(2y + 2x)

has real part u(z,y) = 2z — 2y and imaginary part v(z,y) = 2y + 2z, and

oLl (:B—iy)_ r L

= = 1
z  xH4iy \xz—iy 2 +y? 2?4y
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has real part u(z,y) = x/(x? + y?) and imaginary part v(z,y) = —y/(z% + y?).

Functions as transformations. In the usual single-variable real case, a function f(z) can be
analyzed via its graph, but this notion has no easy analog in the complex case since such a graph
would live in four dimensions because we need two dimensions to keep track of the input z = x + 1y
and two to keep track of the output f(z) = u(z) + iv(2). Instead, we can gauge the geometric
behavior of a complex function by viewing it as a transformation of the complex plane (or a region
there within) to the complex plane.

For example, we consider the transformation defined by f(z) = (2 + 2i)z. In polar form with
2421 = 2\/56”/ 4, this transformation is

f(re'?) = 2v2e™ Ay = (2v/2r)e i),

Thus, f has the effect of scaling moduli by a factor of 2v/2 and increasing arguments by 1> S0
geometrically this transformation is the composition of a scaling with a rotation:

If we had a constant term added on like f(z) = (2 4 2i)z + 3i, we would get the composition of a
scaling, rotation, and translation since adding 3i to a complex number has effect of translating it.
More general linear functions f(z) = az+b with a and b complex and a # 0 can also be interpreted
geometrically as combinations of scalings, rotations, and translations.

Example. Consider the function f(z) = z2. Last time we saw the effect this has on a disk when
viewed as a transformations, and now we determine the images of some other objects under f. Let
us write f in terms of its real and imaginary parts as

f(2) = (& +iy)? = (2% — y?) + i2zxy.

We consider first the image of the line x = 1 under f. For points on the this line, the real part
u = 2 — y? of the output becomes u = 1 — y? and the imaginary part v = 2zy becomes v = 2y, so
(since y = § by the second equation) we can see that the real and imaginary parts of such points
are related by

u:1—y2:1—%v2.

The image of the line = 1 is thus the parabola u =1 — %UQ. (We'll draw this parabola below.)
For points on the line y = 1, the real and imaginary parts of f = u+ v become u = 2> — 1 and
v = 2x, so u + v satisfies

u:x2—1:£x2—1sincex:§.

Thus the image of the line y = 1 is the parabola u = %mQ — 1. Finally, since f(z) = 22 doubles
angles, points in the first quadrant get transformed into points in the first and second quadrants,
so the image of the square in the first quadrant bounded by the lines x = 1 and y = 1 and the
axes is the region in the first and second quadrants bounded by the parabolas u = 1 — %I’UZ and

U= in — 1. These images thus all looks like
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Lecture 5: Complex Derivatives

Warm-Up. We determine the image of the portion of the closed unit disk (but not including the
origin) in the first quadrant under the inversion map f(z) = %, and the image of the portion of the
line y = x in the first quadrant that lies beyond the unit circle under this same map. The inversion
map is given by
1 z z
fe)=-==

z 2z |2|?

The conjugation in the numerator has the effect of reflecting across the real axis and the denomi-
nator, since it is real and positive, has the effect of scaling. To be clear, if z # 0 satisfies |z| < 1,

then f(z) satisfies

2l _ ol _ 1
fl=is=Tpz=53 201
2> 22 2]

where we use the fact that z and Z have the same modules. This means that points within the unit
circle are inverted to points lying outside the unit circle, so altogether we get that the image of the
closed unit disk (origin excluded) in the first quadrant under inversion is

”u/,\;
>
) }/{
For the image of the desired portion of the line y = x in the first quadrant, let us use the explicit
real and imaginary parts of f:

R =1=—— =t -

T rtiy 24y +Z:c2+y2'
If z = x + iz is on the line y = z, we have that f(z) looks like

fz+iz) az+,—:p 1+,—1
r+ir)= —+i—y = — +i—.

2x2 22?2 2 2T
Thus, f(z) = u+ iv is on the line v = —u since u = % and v = —% satisfy this equation. (This
also makes sense from thinking of the conjugation in the numerator of f(z) = ﬁ as reflection

across the real axis.) Moreover, if z = = + iz lies beyond the unit circle, we have

<z
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by considering the x-coordinate of the point where y = x intersects the unit circle in the first
quadrant, so after manipulating this inequality we get

[ A I

x 2r — 2 V2
which says that the real part u = % of f(x + ix) is never larger than that of the point where
u = —v intersects the unit circle in the fourth quadrant. Thus, the desired image is

) W
»3/"
NSES
e >

L v * T “w
= vz-wo

LN

Domains. At times we will need to be clear about the types of regions in the complex plane we are
considering, and in particular the types of regions that will serve as valid domains of differentiable
functions. First, we will typically want such regions to be open, which means that they include no
portion of their boundary:

Can gqppronia Cannst a\;\arwd’\ Sov~
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L ( $
N // .. vi‘
open et oyen nor openn

For open regions, the point is that any z within it is “surrounded” from all possible directions by
points still within that region, which will be a desired property when taking limits. For non-open
regions, we cannot guarantee that we can approach points in that region from arbitrary directions
while still remaining within that region.

Second, we will typically want our regions to be connected, which visually means that they
consist of a single “piece”:

con (o‘\.":lf Cowet comvact @ (|
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For open connected regions, what essentially matters is that any two points within it can be
connected by a continuous path, but this is not true for non-connected regions since a continuous
path cannot “jump” passed a gap between the pieces making up the region. Going forward then,
we will use the term domain to refer to an open connected region of the complex plane.

Limits. For a function f defined on a domain, we can thus make sense of limits like
2,1

The intuition is the same as it is for every other limit you have seen in your life: the limit above
exists and has value w if the complex number f(z) gets closer and closer to w as z gets closer and
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closer to zg. As with the 2-dimensional limits you saw in a multivariable calculus course, in order
for this limit to exist the value should not depend on how we approach zp, meaning that the limit
along any possible direction towards zp would necessarily have to result in the same limiting value.
(As mentioned before, being able to consider arbitrary directions near zp in this way is why we take
our domain to be open.)
For example, let us compute the limit
lim (2% +iz — 1).
z2—2+1
The point here is that the the function f(z) = 2% + iz — 1 is continuous, which means that values
of limits are simply the values of the function at point being approached. So
lim (22 4+iz—1)= 2+ +i(2+i) -1
z—2+1
=3+4i+2i—-1-1
=1+ 6.

(Continuity of 22+iz—1 can be determined, if nothing else, from considering the real and imaginary
parts: 22 +iz—1= (z+iy)? +i(z +iy) — 1 = (22 —y? —y — 1) +i(27xy + ), so since the real and
imaginary parts are continuous in the sense of a multivariable calculus course, f(z) = 22 +iz — 1
is continuous as well.)

Derivatives. We are now ready to give the main definition for the entire course and begin to study
its properties. For a function f defined on some domain D, we say that f is complex differentiable

at zg if the limit
o ) = f(0)
Z—20 zZ— 20

exists. If so, we call the value of this limit the complez derivative of f at zy and denote it by f’(zo).

So, the definition of what it means for a complex function to be differentiable uses the exact
same limit expression as what you would have seen for a usual single-variable derivative in a first
calculus course. In a sense, this is giving us the “(complex) rate of change” of f at zp. We will
note, however, that we cannot really interpret this as a “slope” in the complex setting, and we will
come back to the proper geometric interpretation a bit later. Even though this definition is the
same as the real one, we will see—which is the entire point of this coursel—that in the complex
case this definition places severe restrictions on the behavior of functions which satisfy it.

For one final piece of terminology, when f is (complex) differentiable at all points of a domain
D, we say that f is holomorphic on D. We could also simply say that f is differentiable on D, but
“holomorphic” is a more modern term motivated by the fact that we will often want to distinguish
between being differentiable at only a specific point versus on a whole collection of points. Note
that the book only briefly mentions the word “holomorphic”, and instead prefers to say that f
is complex analytic on D when it is differentiable at all points of D. This is common choice of
terminology as well, but we prefer to use holomorphic because, technically, “analytic” refers to
a different property we will get to in due time. The point (which is a major result of complex
analysis) is that “holomorphic” as we have defined it and “complex analytic” as we will eventually
define it end up being equivalent, so the book loses no generality in using the term analytic from
the get-go. But, we prefer here to reserve analytic for this latter property we will describe and use
holomorphic at the start since, as we have said, the fact that holomorphic functions are analytic
is a BIG THING. (For a contrast, in the real case, it is very very very far from true that real
differentiable functions are always real analytic!)
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Examples. For n a positive integer, the function f(z) = 2" is differentiable at all points—
hence holomorphic on C, the entire complex plane—with derivative, as you might guess, given
by f'(z) = nz""!. Let us go through this argument which, since the limit defining the complex
derivative is just analogous to the one defining the real derivative, is the same as the one you might
have seen before for f(x) = 2™ in the real case.

For fixed zp in C, we must compute the limit

_ n _ n
i L) = f0) _ 2t
Z—20 zZ— 20 Z—=20 Z — 20

The point is that we can factor the numerator as
2" — 25 =(2— zo)(zn—l 42+ 22372 n 26“1),

where in the final expression we decrease the power of z and increase the power of zy as we go.
Multiplying out the right-hand side will give an initial 22”~! = 2", a bunch of intermediate terms
that all cancel out, and a final —zozg_l = —z(, which is why we get the left side. (The intermediate
terms all cancel out since each will appear twice, only with opposite signs. For example, if we take
z from the first set of parentheses times 2" 2z from the second we get 2" 'z overall, but this

cancels with what we get from taking —z in teh first parentheses times 2"~ ! in the second.) Thus

_ — —2 n—1
o= . z2—20)(Z" L4 2" 2+ - 2200 4 2
Lo (e w) 3+ )
z—z0 Z — 20 2—20 Z— 20
= lim (2" 4 2" 2 o b2z R 0.
Z—r20

What remains is continuous, so the limit is obtained by setting z = 2y, and there are n terms
overall, so f'(zp) exists and equals

/ ~1 —2 -2 -1 -1
[l(z0) =207 +25 20+ +202) “+2z5  =nz

as claimed.

For another example, we claim that f(z) = % is holomorphic on the set of nonzero complex
numbers, which call the punctured complex plane (punctured because it is the plane with the origin
removed) and denote by C*. For a nonzero zy in C*, we must compute

1_ 1
- f(z) — fzo Z T
fim T = f(20) _ o F T
Z—r20 zZ — 20 2720 2 — 20
Some algebraic manipulation gives
1_ 1 Z0—%
z Z0 _ 220 N 1
Z— 20 Z— 20 Z20

This resulting expression is continuous at zg # 0, so the limit defining f’(2¢) exists and equals

1 1

.2z . 1 1
f'(z) = lim =—= = lim —— = ——;,
2720 2 — 20 Z—Z0 22 20

just as you might have expected for the derivative of %

Non-example. The conjugation function f(z) = Z is a fairly simple one that is easy to interpret
geometrically, but we claim that in fact there are no points in C at which this is differentiable in
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the way we have defined. It might seem surprising at first that such a simple function is nowhere
differentiable, but this example starts to hint at some of the restrictions that differentiability forces.
After we discuss what differentiability means geometrically, we will be able to see more intuitively
what the problem is.
In order for f(z) = Z to be differentiable at zp, we would need the limit

. Z—Z0

lim
Z/720 Z — 20

to exist. For this to exist, the value would have to be the same regardless of how we approach z,
so we will consider the limiting values first when approaching zg along the horizontal direction and
then along the vertical direction:

P Xc*v“j

2, 7(°+\05°

o

2300,

Approaching along the horizontal direction means that we consider points of the form z = x + iyg
with the same imaginary part as zg = xg + iyg and x approaching xg. For such points, we have

. T+ 1Yo — xo + 1Yo . T —x
lim = lim

. : =1
z=z0 (T +14yo) — (w0 +iYo) 270 T — T

since all terms involving y cancel out. However, when approaching zy = x¢+1iyg vertically, meaning
along points of the form z = xg + iy, we have

lim o +'iy — X0 + iyo — lim —z'y - (.—iyo) _ :
z=z0 (xo +1y) — (o +1iyo) v—=wo 1y —1iyo v=yo (Y —yo)

Since the horizontal and vertical limits are different, we conclude that

Z— 2

lim
Z—20 2 — ZO

does not exist, so f is not differentiable at zy, and hence nowhere differentiable on C.

Lecture 6: Cauchy-Riemann Equations

Warm-Up 1. We determine the points at which the function

f(z) =2z

is complex differentiable. (Note that this just the modulus-squared function f(z) = |2|?.) Differ-
entiability at zo requires the existence of
. ZZ— Z0%20
lim ————.
Z—=z0 2 — 2
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Now, first note that this limit does exist at zg = 0:

2z —0

lim =limz=0
z—0 2 —0 z—0
since conjugation is continuous. Thus f is differentiable at 0 at least, with f’(0) = 0.
But we claim that f is not differentiable at any zg # 0. To justify this, we consider the
same horizontal vs vertical approach as in the conjugation example from last time. Approaching
2o = o + 1yo horizontally among points of the form z = x + iyy gives

2? + 5 — (2§ + u3)

(z 4+ iyo)(x — iyo) — (xo + iyo)(zo — iyo) _

lim - . lim
220 (x 4+ yo) — (xo + iyo) T—x0 T — Tg
2 2
= lim T T

T—=T0 T — X

= lim (z + x0) = 2.
T—T0

Instead, approaching vertically among points of the form z = x¢ + iy gives

i @0+ iy) (o —iy) — (z0 + iyo)(zo +iyo) _ . 76 +y* — (5 +y5)
220 (xo + 1y) — (zo + iyo) Y=o i(y — o)
2 .9
= lim 7_2/ %0
v=v0 (Y — Yo)
= lim —i(y + o) = —i2y0.
Y—Y0

(Note we use % = —i in the final step.) The only way these horizontal and vertical limits agree is if
o = _iy07

but if zg,yo are both real this only happens when xy = yo = 0. Thus for zg = x¢ + iy # 0, these
limits are not the same, so f is not differentiable at any nonzero point.

Warm-Up 2. We determine the points at which the function

g(z) = 2’z
is differentiable. This can be done using similar, but a bit more involved, computations as in
the first Warm-Up, but instead we exploit basic properties of derivatives to avoid the extra work;
namely, we use the fact that the usual product and quotient rules hold in the complex setting as
well. (The chain rule is also valid!) Now, the product and quotient rules are just statements about
how to compute derivatives of products and quotients, they are also statements about the existence
of such derivatives as well. In our case, if we think about g as

g(2) = 227 = 2(22) = 2f(2)

where f(z) = 2% is the function from the first Warm-Up, then since z is differentiable at 0 and f is
as well (by the first Warm-Up), we get immediately that the product ¢g(z) = zf(z) is differentiable
at 0 by the product rule.
If g were differentiable at a nonzero zg, then
9(2)

z
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would be as well by the quotient rule since the numerator and nonzero denominator would both be
differentiable at zg. But this quotient is

I 2 - 2= f(2),

which we know from the first Warm-Up is not differentiable at zy. Hence g could not have been
differentiable at zo # 0 either, so g(z) = 2%z = z|z|? is differentiable at 0 and nowhere else.

Horizontal vs vertical in general. The idea of considering horizontal and vertical limits when
checking differentiability is a crucial one, so let us work out the details in the most general setting.
We write a general function f in terms of its real and imaginary parts as

f(z) = u(z,y) +iv(z,y).

Approaching zy = g + iyo horizontally (i.e. setting y = o) in the limit defining differentiability of
f at zg gives

S G0 L [ue) + v, )] — [u(o, o) + iv(wo, o)

horfz?ri%ally ZT o (x + 7'yO) - (1'0 + Zyo)

[u(, yo) — u(zo,yo)] + i[v(x, yo) — v(To, Yo)]

= lim
T—T0 Tr — X

— lim (’U/(JT, ?JO) B u(l'Oa yO) + Z'U(wv yO) B ’U(CBo, yO)) ’
T—T0 T — X0 T — X

where in the second step we grouped real and imaginary parts together, and in the final step we
split up the fraction. Now, the first fraction

u(w, yO) B U(ato, yO)
T — X0

in what remains measures the change in the values of the real function u(z,y) but only with respect
to varying x-coordinates since the y-coordinates are fixed at yg throughout; as * — xg, the resulting
limit is precisely what you would have called the partial derivative of u with respect to x at (x,yo)
in a multivariable calculus course and denoted by u.(zg,yo). Similarly, the second fraction

v(z,Y0) — v(z0,Yo)
Tr — X

in the limit above measures the change in v(z,y) with respect to x, so the limit of this expression
gives the partial derivative v, (zg,y0) of v with respect to = at (xg,yo). Thus, in the horizontal
direction we get that

lim f(z) = f(z0) _ lim (U(x,yo) — u(z0, Yo) . i“(%@/o) - v(xo,yo))

2720 Z— 20 T—T0 r — X0 r — X
horizontally

= uz(%0,Y0) + 0z(z0, Yo)-

If nothing else, if f is indeed differentiable at zy, then this particular limit should give the value of
1'(20), so we get an explicit expression for the complex derivative in terms of real partial derivatives
with respect to x:

f'(z0) exists == f'(20) = ua(20) + iva(20)-
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Now we approach vertically. We have

f(z) = f(20) _ lim [u(zo,y) + iv(zo,y)] — [u(xo, Yo) + iv(z0, Yo)]

lim / /
vertioglly ~ © 0 ¥ (zo +iy) — (w0 + iyo)
iy (@0, y) — (o, go)] + ifv (20, y) — v(wo, yo)]
v i(y — yo)
— lim (u(xo,y) — u(xo,Yo) n v(xo,y) — "U(JJO,?JO)) ‘
Yy—Yo 1(3/ - yO) Y — Yo

(Note the location of ¢ throughout.) The remaining fractions measure the change in w,v with
respect to y now, so the limits of these as y — yg are partial derivatives with respect to y. Thus

f(2)~ fz0) _

zlglz’t .2 ?uy(x()a yO) + ’Uy(.’]?(), yO) = vy(x()a yO) - iuy(x()?y())a
vertically 0
where we use % = —i at the end. If f is differentiable at zp, then these horizontal and vertical

limits we have computed must be the same, so we get as a consequence that

uz(20) + vz (20) = vy(20) — iuy(20)

and that this common value is the derivative f’(zp).

Cauchy-Riemann equations. By comparing real and imaginary parts in the identity derived
above, we get that the real and imaginary parts of f = u 4 iv must satisfy the pair of equations

Uy = Vy

Uy = — Vg

at any point at which f is differentiable. These are what are known as the Cauchy-Riemann
equations, and, as we will see, place restrictions on the behaviors of holomorphic functions. If these
equations are not satisfied at some zp, then f = u + iv will absolutely not be differentiable at
20. (We will come back to the question as to whether satisfying the Cauchy-Riemann equations is
enough to guarantee that f = u + iv is differentiable next time!)

For example, the conjugation function f(z) = Z = x—1y has real part u(x,y) = = and imaginary
part v(x,y) = —y. For these we have

u; = 1 and vy = —1, so u, # v, at all points.

This means that f(z) = Z cannot be differentiable anywhere, as we already knew. (Note that the
second Cauchy-Riemann equation s satisfied in this case because u, and v, are both zero, but
failure of one Cauchy-Riemann equation alone is enough to guarantee non-differentiability.)

Examples. For the function f(z) = 2z = |z|> = 2% + y? from the first Warm-Up, we have
u(z,y) = 22 +y? and v(z,y) = 0. Thus the Cauchy-Riemann equations become

20 =uy = vy =0

2y =uy = —v; = 0.

If z # 0, then at least one of these equations is not satisfied, so f is not differentiable at z # 0, just
as we saw in the Warm-Up. The fact that the Cauchy-Riemann equations are satisfied at z = 040
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does guarantee differentiability at 0 (again, we will see why next time), which also agrees with what
we saw in the Warm-Up.
The function from the second Warm-Up is

2

9(2) = 22 = (x +iy)*(x — iy) = ([2° — y*] + i22y) (x — iy) = (a° + 2y®) +i(aPy + 1°).

For u(z,y) = 23 + zy? and v(z,y) = 22y + 3>, the Cauchy-Riemann equations become

302 +y? = 2%+ 3y®  (this is uy = vy)
20y = —2zy  (this is uy = —vy).

The second equation implies that £ = 0 or y = 0, but then the first implies that the other variable
must be zero as well: if 2 = 0, the first equation gives y> = 3y?, so y = 0, while if y = 0 the first
equation is 3x? = 22, so x = 0. Thus, the Cauchy-Riemann equations are satisfied only at z = 0,
which is why we can only expect g(z) = 22Z to be differentiable at 0, also agreeing with what we
saw in the Warm-Up.

Derivative zero implies constant. Finally, we use the Cauchy-Riemann equations to justify a
basic fact you might expect to be true, namely that if f is holomorphic on a domain D and f' =0
at all points in D, then f must be constant in D. Using the expression f' = u, + iv, for the
derivative, the condition that the derivative is zero everywhere gives

u, =0 and wv, =0.
But then the Cauchy-Riemann equations give
Uy =—v; =0 and vy, =u; =0

as well. Thus u(x,y) has both partial derivatives equaling zero everywhere, so u is constant,
and v(z,y) has both partial derivatives equaling zero everywhere, so v is constant, and therefore
f =u+iv is constant as well. The upshot is that the Cauchy-Riemann equations here give a way
to turn information about some of the partial derivatives into information about all of them.
Note that it is important here that D be a domain, specifically that it be connected. To be
precise, the conclusions that
uy =0 =uy = wu is constant

and similarly for v do not hold if the region in question is not connected, since in that case we could
have f equal one constant over one piece of the non-connected region but a different constant over
the other piece, so that f would be not be (the same) constant throughout the entire region.

Lecture 7: More on Derivatives

Warm-Up 1. We verify that f(z) = 23 satisfies the Cauchy-Riemann equations at all points and
that f’ = u, + iv, does give the correct expression for f’(z) = 322. We have

f(2) = (@ +iy) (@ + iy) (z + iy) = ([2° — y*] + i22y) (z + iy) = (2° = 3ay®) +i(32”y — ¢°).

Thus
Uy = 32 — 3y2 and v, = 3z — 3y2,
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so the first Cauchy-Riemann equation u, = v, holds, and
uy = —6zy and v, = 6xy,
so the second Cauchy-Riemann equation u, = —v, holds. Moreover,
Uy + vy = (3% — 3y?) + ibxy = 3[(2? — y?) + i2xy].
The expression in brackets is precisely 22 = (z+iy)(z+iy), so we indeed have f'(2) = 322 = uy+iv,.

Warm-Up 2. We show that if f is holomorphic and real-valued on a domain D, then f is constant.
To be real-valued means that f(z) is always a real number, so the imaginary part of f = u + v is
the constant zero function. Hence v, = 0 and v, = 0. But the Cauchy-Riemann equations then
give

Uy =0y =0 and uy=—v, =0,
so u must be constant as well, and hence f = u + iv = u is constant.

Geometrically, this says that the image of a domain D under a nonconstant holomorphic function
can never lie completely on the real axis:
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In a similar way, if a holomorphic function f is purely imaginary valued (so instead u = 0 in
f = u-+1v), then it too must be constant, so the image of D under a nonconstant holomorphic map
can never lie fully on the imaginary access. View these types of results as restricting the geometric
behaviors of holomorphic maps, or least ruling out certain types of behaviors.

On the homework you will show that having constant modulus also forces a holomorphic map
to be constant, as does having constant argument. So, we cannot have something like
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In general, nonconstant holomorphic maps can never “collapse” 2-dimensional regions onto 1-
dimensional curves.

Linear approximations. In the real case, derivatives give slopes of tangent lines to graphs, but
this notion has no easy analog in the complex setting, in particular because the idea of a “graph” is
itself elusive. So, if we want to come up with a geometric interpretation of the derivative we need
to look elsewhere. The answer comes from viewing the tangent line expression not as a geometric
line but rather as the function that gives the best linear approximation to f(z) near a:

f(x) = f(a) + f'(a)(x — a) for x near a.
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To say that this the “best” linear approximation to f near a is the claim that the “error” (also
called the “remainder”) in this approximation €(z) = f(x) —[f(a)+ f'(a)(z —a)] goes to 0 as x — a
more rapidly than does the distance between x and a in the sense that

lim €(x)
T—=axr —a

=0.

This all makes perfect sense in the complex case as well. If f(z) is differentiable at zp, we get
a linear approximation

f(z) = f(20) + f'(20)(z — 20) for z near 2,
which is “best” in the sense that the error €(z) = f(2) — [f(20) + f'(20)(z — 20)] satisfies

lim «(2) .
z2—=20 Z — 20
Note that f(z0) + f/(20)(z — 20) is “linear” because the only variable dependence is in the 2! term;
everything else, including the coefficient f’(2g) of this z term, is just a constant complex number.
This says that “infinitesimally” near zg, f should behave like the linear function f(zo)+ f’(z0)(z—20).
But such a linear function has a nice geometric interpretation as a transformation, at least in
the case when f/(zp) # 0: the map that sends z to f(z9) + f'(20)(z — 20) is the composition of a
translation with scaling by a factor of |f/(z0)| and rotation by the angle arg f’(29), which comes
from the fact that multiplying z by f'(z0) = |f’(z0)|e/@& " (20)) indeed has this geometric effect.
Thus, to say that f is differentiable at z is to say that f behaves roughly like a scaling/rotation
near zp, at least when f’(zg) # 0. The derivative f’(zp) # 0 is then not a slope, but instead what
characterizes the scaling factor and rotation amount.

An aside on Jacobian matrices. (This is not something we mentioned in class, and I only
include here to provide context for those who have seen Jacobian matrices before. You will not be
responsible for understanding this notion in this course.) By ignoring anything have to do with
complex notation, a complex functions f(z) = u(z) + tv(2) can be thought of simply as a function
from R? to R? via

f(z,y) = (u(z,y),v(z,y)).
In multivariable calculus (covered in some courses but not others), the behavior of f can be ap-

proximated by its Jacobian matriz, which is the matrix D f encoding the partial derivatives of the
components of f:

_ ug(Z,y) uy((L’,y)
Df(z,y) = |:Um($’y) vy(x,y)] '

The Cauchy-Riemann equations thus allow us to write this Jacobian matrix as

Uz U
Df_[vx u}

You might have a similar type of matrix in a linear algebra course, namely

{cos # —sin 9}

sinf cosf

which are the matrices that describe rotations of the plane. The Jacobian matrix D f above has
determinant u2 + v2, and by factoring out the scalar y/u2 + v2 we can write this matrix as

2 2 2 2
Vuz +v2 —ug/Juz+v

Df = \/u2 4+ 02 U/ Uz + g r A
! o [vx/\/u%—kvg Ug [/ U2 + v2
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The entires in this matrix turn out to be precisely the cosine and sine values of the argument of
' = ug + ivg, and \/u2 + v2 is the modulus of f’; so this Jacobian matrix is

. |cos(arg f)  —sin(arg f”)
Df =If1 sin(arg f’)  cos(arg f')

)

which is precisely in the form of scaling by a factor of |f’| and rotating by arg f’. The upshot is
that the Cauchy-Riemann equations really amount to saying that Df, or f’, should indeed be a
scaling /rotation type of transformation.

Conformality. Back to course material. We can in fact be more precise in the idea that differen-
tiable functions behave infinitesimally like scaling rotations. A crucial property that scalings and
rotations have is that they preserve angles between curves, in that the angle between two curves
intersecting at a point is the same as the angle between their images at their point of intersection
under a rotation or a scaling. If the existence of f’(2¢) # 0 is meant to say that f behaves like a
scaling/rotation near zp, we would expect f to have this angle-preservation property as well.

To be clear, take two curves 7; and 2 in the complex plane intersecting at zg. The angle
between the two curves at zg is defined to be the angle between their tangent lines at zp. (We will
say more about complex curves and their tangents—including existence of—next time. They will
also play an important role in integration.) Applying f to all points of v; gives the image curve
f o, and the claim is that the angle between fo~; and fo~ys at f(2p) is the same as that between
~v1 and ¥y at zp:

A map which preserves angles in this way is said to be conformal, so the result is that holomorphic
functions with nonzero derivatives are conformal. The converse is also true: conformal maps are
necessarily holomorphic with nonzero derivatives. The notion of complex differentiability is thus
indeed a very geometric one, that amounts to encoding information about how angles behave.

Examples. Consider f(z) = z2. This has nonzero derivative f'(z) = 2z at, say, e/4, so we expect
f to be conformal at this point. Indeed, the unit circle and the ray y = x in the first quadrant
intersect at a right angle at e'™/* = % + z% The image of the unit circle under f is still the unit

circle, and the image of the ray is the positive imaginary axes since the argument 7 along the ray
™

doubles to . The angle between these two images at f (ei”/ 4 = €™/ = i is also 5

5
was indeed preserved:

so this angle

We cannot expect conformality (i.e., angle-preservation) at points where f’(z) = 2z is zero, so at
s

z = 0. Indeed, the positive z-axis and ray y = x from above intersect at an angle /4 at 0, but their
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images under f(z) = 22, which are the positive z-axis and positive imaginary axis respectively,
intersect at an angle 7, so this angle was not preserved.
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The conjugation function z — Z is nowhere differentiable, and so should be nowhere conformal.
Geometrically this map is a reflection, and reflections do not preserve angles but rather flip (i.e.,
change the sign of) angles. The angle 7 between the positive z-axis and ray from before becomes

—7 after reflecting across the real axis, so conjugation is not conformal:

o Lovr(?‘f\'“l\

(It is important that the literal angle, sign and all, be preserved in the definition of conformal, not
just the absolute value of the angle.)

Cauchy-Riemann and differentiability. We will do more with developing our geometric intu-
ition for complex differentiability as we go, but for now we finish with clarifying the extent to which
the Cauchy-Riemann equations guarantee differentiability. The precise claim we make is that if
f = u+iv satisfies the Cauchy-Riemann equations at zg, and the partial derivatives of u and v are
continuous at zg, then f is indeed complex differentiable at zg. So, under the mild assumption of
continuity of u,, uy, v, vy, Cauchy-Riemann is enough to determine existence of the derivative.

In fact, we will see later that being holomorphic (note, differentiable on an entire domain, not
just at a single point) always guarantees continuity of the partial derivatives above, so we are not
actually losing anything by assuming this continuity from the get-go. What continuity of these
partial derivatives gives is the following. The function u(x,y) is real-valued of two variables, and
from this we get a “tangent plane”, or better yet linear, approximation via

u(z) = u(z0) + uz(20)(x — x0) + uy(20)(y — yo) for z near zy
where z = x + 1y and zp = x¢ + 1y9. Continuity of u, and u, guarantees that this is a “good”
approximation in the sense that the error

€1(z) = u(z) — [u(z0) + uz(20)(x — o) + uy(20)(y — yo)] satisfies  lim al) = 0.

z—20 Z — 2
(If you have not seen this notion before, no big deal as it is not one we will work with heavily
and you can just take it for granted. If you have seen this notion before—depending on which
multivariable calculus course you took or whether you have taken a course in higher-dimensional
real analysis—you might recognize the statement above as what it actually means for the function
2-variable function u(x,y) to be real differentiable at (x¢, o), and the fact we are using here is
that continuity of partial derivatives implies real differentiability. The usual limit definition of real
differentiability in this sense actually uses |z — zo| = /(2 — 20)2 + (y — y0)? in the denominator
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instead of just z — zp, but the limit of a complex expression is zero if and only if the limit of its
modulus is zero, which is why we can get away with using z — zg rather than its modulus in the
denominator.) Similarly, continuity of v, and v, guarantees that the error

€2(2) = v(z) — [v(20) + va(20) (@ — 20) + vy(20) (¥ — vo)]
in the linear approximation to v(x,y) near (xg,yo) satisfies

lim —62(z)
2720 Z — 20

=0.

With this setup, we can now justify the fact that Cauchy-Riemann plus continuity of partials
implies existence of the complex derivative. For f = u 4 iv and z9 = x¢ + iy9, we have

f(z) = F(z0) _ [u(2) +iv(2)] — [u(z0) +iv(z0) _ [u(z) — u(z0)] + i[v(z) — v(20)]

Z— 20 Z — 20 Z— 20

The error terms introduced above allow us to write

u(z) — u(20) = uz(20)(x — w0) + uy(20)(y — o) + €1(2), and

v(2) = v(20) = vz(20)(x — x0) + vy(20)(y — yo) + €2(2).
[()=1(z0)

Plugging these into our original quotient expression above turns it into

[ua(20)(x — @0) + uy(20)(y — o) + €1(2)] + i[va(20)(2 — 20) +vy(20)(y — o) + €2(2)]
Z— 20

Now, here’s the magic: the Cauchy-Riemann equations u, = vy, u, = —v, further turn this into

[tz (20) (2 — 20) — va(20)(y — yo) + €1(2)] + ifva(20)(z — 20) + ua(20)(y — y0) + e2(2)]
Z— 20

Grouping together the u, terms and the v, terms results in

ua(20)[(x — 20) +i(y — yo)] + 1wa(20)[(x — 20) + iy — yo)] + €e1(2) +ie2(2)
Z— 20

(There is some care to be taken in checking that the i’s are all correct here, but they are!) The
expression (z — zg) + i(y — yo) is nothing but z — zg, so we get

toliolle = 20) ¢ Poolenlle = 20) £ ARV LI o) i) + L2 452

Thus, the limit defining f/(zp) is

lim M = lim <ux(zo) + 1vz(20) +

Z—r20 zZ— 20 Z—r20

alz) |, e) ) .

Z— 20 Z— 20

The first two terms on the right are constants with respect to z, so they remain as is after taking
the limit, and the remaining terms go to zero by the “good approximation” properties on the errors,

SO we get
i &) = f(z0)

Z—20 Z— 20 - Ux(ZO) + “)x(ZO)'

29



Thus, not only does f/(zp) exist but it equals u,(zo) + iv:(20), just as we would expect from our
previous discussions. Huzzah!

Note that, in this case, existence of the 2-dimensional limit lim,_, w does end up being
completely determined solely from its existence along two directions (horizontal and vertical) alone,
which is in stark contrast to what happens for usual 2-dimensional real limits, where checking two
directions alone is never enough. This is also a reflection of the idea being developed that complex
differentiability places big restrictions on complex behaviors, much more than what we might expect
in the real setting.

Lecture 8: Exponentials and Trig

Warm-Up. Last time we hinted at the fact that functions with nonzero derivative at a point are
conformal (i.e., angle-preserving) at that point, and now we justify this formally. This requires some
background on complex curves, which we introduce here. A curve v in C is given by parametric
equations

V() = x(t) + iy(t)

where x(t),y(t) are real-valued functions. Note that this is just analogous to parametric equations
(x(t),y(t)) you would have seen for curves in R? in a multivariable calculus course, only that now
we are describing points in the plane using complex notation. We say that a curve is smooth at
20 = 7(to) if the derivative

V() =2'(t) +iy' (1)
exists and is nonzero at t = tp. In multivariable calculus such derivatives (2'(t),y(t)) describe
tangent vectors, which is thus the interpretation we give to the complex number +/(t) as well:

oo Complex  wumber
e MO
) vechv
jo

To be smooth just means that the tangent vector is nonzero, which is a desired property since
otherwise we could not reasonably make sense of the notion of “angle”. In the smooth case, the
angle a curve makes with the horizontal direction at point is then the argument of the tangent
vector +/(t), and we thus define the angle of intersection between two smooth curves at a point of
intersection as the difference in the arguments of their tangent vectors at this point:

So, suppose f'(zg) # 0 and that 71, y2 are two smooth curves intersecting at zg = 1 (to) = v2(to)-
(If the point of intersection zy occurred at different values of the parameter ¢ along the two curves,
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we can always reparametrize one to get a common value of t.) The image of 7; under f has
parametrized form f(71(¢)), so the chain rule gives

d

7 t:tof(’h(t)) = (71 (to))V, (to) = f'(20)7, (to)

as the tangent vector to the image at f(zp). This tangent vector is nonzero because of the f/(zy) # 0
assumption, so the image curve is smooth as well. (This is why we need to assume the derivative
is nonzero, since otherwise “angle between curves” does not make sense.) Similarly, we get

f'(20)75(to)

as the tangent vector to the image of v2 at f(zp). The angle between these two image curves at
f(20) is thus the difference

arg[f'(z0)1(to)] — arg[f’(20)72(to)]-

Arguments of products are sums of arguments, so the difference above is
arg[f'(z0)71(to)] — arg[f'(20)72(t0)] = [arg f'(20) + 1 (to)] — [arg f'(20) + arg 75 (to)]
= arg ] (to) — arg¥5(to)

since the arg f/(zp) terms cancel out. This resulting value is just the angle between v; and 7, at
20 = 71(to) = v2(to), so we get that the angle between these curves at zg is preserved as claimed,
so f is conformal at zg when f’(zg) # 0.

Exponentials. We now seek to expand our repertoire of holomorhic functions, starting with
making sense of e* for z an arbitrary complex number. (We already know what e* means when z
is real or purely imaginary.) One approach is to define e* via a series, as we did for ¢ previously,
and derive its properties from there. Instead, we will be more explicit. As motivation, if we expect
e? = et to have the usual properties we would expect of an exponential, we should be able to

split up the exponent as
ef = ecc—i—zy = e%eW,

We already know that e®¥ = cosy + isiny, so we should have

Thus, we will take this final expression as a our definition, so that e**% is defined to be
"W = ¢% cosy + ie” siny.

We will see later, as mentioned for e before as well, that we really have no choice here: if we want
a definition of e* which agrees with e® when z = x is real and which should be differentiable, the
definition we have given is the only possible one that could work. For a quick example, we have

e* T3 = €2 cos(3) + ie? sin(3).

For this to be a good definition, it should first of all give the answer we expect when z = x is
real, but for z = x 4 i0 we get

e® = €” cos(0) + ie” sin(0) = €*,
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so this checks out. Second, our definition should give a holomorphic function. For this we check
the Cauchy-Riemann equations. The real and imaginary parts of e* are

u(z,y) =ecosy and wv(x,y)=e€"siny

respectively, and we have

Uy = e* cosy uy = —e"siny
vy = €e"siny vy = €* cosy.
All of these partial derivatives are continuous everywhere, and they do satisfy u, = v, and uy = —v,,

so f(z) = €® is indeed holomorphic on all of C as desired. Here’s some terminology: a function
which is holomorphic on C is said to be entire, so e is entire; polynomials in powers of z are also
entire, but % is not since it is not differentiable (or even defined) at 0.

Finally, using the real and imaginary parts, the derivative of f(z) = e* is given by

F1(2) = ug(2) + ivy(2) = € cosy + ie” siny,
which is just the definition of e* again. Hence the derivative of e* is e€?, just as you might hope.

Geometry of exponentials. The polar form of e* = e*cosy + ie®siny = e®(cosy + isiny) is
e’e" (which we already used in motivating the definition of ), so

le*| = e® = ef°* and arg(e®) =y =Imz.

From this we get much geometric information about the behavior of e*. For example, the line x = 1
consists of all complex numbers 1+iy with real part 1, so the image of this under the transformation
f(2) = €* contains complex numbers of modulus |e!T¥| = e! = e. This image is thus contained in
the circle of radius e centered at the origin, and indeed we get the full circle as the image since the

argument arg(e!*%) =y covers all possible values as y changes:

i ) _—
o S
[
A

The images of other vertical lines x = a are circles of other radii.
Note too that e* is 2mi-periodic in the sense that

T2 — % for all z,

so the vertical segment of x = 1 for 0 < y < 27 already gives the circle of radius e as the
image, and moving beyond these values of y just traces out the circle more than once. (So, e? is
unbounded in real directions, but bounded and periodic in imaginary directions, which is essentially
the opposite of what we will soon see for sine and cosine. To be clear, to be bounded means that
there is a restriction on how large |f(z)| can be, and e® is bounded in imaginary directions since
e®e’ = e cosy + ie” siny with x fixed has bounded real and imaginary parts as y varies.)

The image of the horizontal line y = 7 consists of points with argument

arg(e®) = Im(x + i) = 7,
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so the image lies on the ray which is the portion of the line y = z in the open first quadrant. (Note
that the origin is not in the image since e? is never zero, as can be seen from the fact that |e*| = e*
is never zero.) As x varies in x + i%, the modulus |e*| = e varies as well among all positive real
numbers, so we get the entire ray as the image of y = 1:

The image of 2 = 0 is the circle of radius ¢” = 1, and the image of y = 0 is the horizontal ray at an
angle of arg(e**?) = 0, so the image of the unit square in the first quadrant is the sector between
two circles and two rays, as in the second picture above. Note also that x = 1 and y = 1 intersect
at a right angle in the square picture, and so do the image ray and circle on the right, which makes
sense because f(z) = e* will be conformal at all points as f’(z) = e* is never zero.

Trigonometric functions. How should we define cos z and sin z for a complex variable z? One
approach is via a series definition, but instead we derive an alternative expression that, surprise
surprise, will be forced on us. For y real, we already know that

e =cosy +isiny
e " =cosy — isiny,

where the second line is the conjugate of the first. From this we can extract expressions for cosy
and sin y either by adding or by subtracting:

eV +e W ) eV —e W
cosy = ———— and siny = —
1

(In other words, this comes from the fact that the real part of z can be written as (2 + %), and

the imaginary part is 2%(2 —Z).) We thus simply replace y by an arbitrary complex z, and take

eiz e—iz eiz o e—iz
cos(z) = % and sin(z) = —
i

as the definitions of our standard trig functions. For example,

(241 | o—i(2+)

cos(2+1) = 5

e—142i 4 1-2i

= f
1

= 5[6_1(0052 +isin2) + e (cos(—2) + i sin(—2))]
1 .

= 5(6_1 +e)cos2 + %(e‘1 —e)sin2,

where we use cos(—2) = cos2 and sin(—2) = —sin2 in the last step to keep from having to write

SO many negatives.
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The functions cos z,sin z thus defined are entire (holomorphic on C) since they are built by
composing, adding, and scaling functions which are already known to be entire. (You can also
check Cauchy-Riemann, it just gets a bit tedious to write out the real and imaginary parts in

general.) Moreover, using the chain rule on e*** we get
, ieiz _ ,L'e—iz
cosz) = ——
(cos ) ;
_ i(ezz _ e—zz)
B 2
eiz _ e—iz
R
= —sinz
just as you might expect, where we use © = —% when rewriting. Similarly, you can verify that the

derivative of sin z is cos z, and that trig identities like

2

sin2z+cos z=1

still hold even with the complex definitions we have given.

Exponentials vs trig functions. The value of cosine at a purely imaginary number is

W) 1 e=i(iy) o=y 4 ey
2 2

You might recognize this resulting expression as the definition of what is called hyperbolic cosine
at y, denoted by coshy. Hyperbolic functions are not ones we will study in any depth, but the
important observation for us is the fact that cos(iy) is thus unbounded as y changes in either the
positive or negative directions, so that cos z is unbounded in imaginary directions. The same is true
of sin z, so we get that cosine and sine are bounded and periodic in real directions but unbounded
in imaginary directions, which, as mentioned before, is the opposite of what happened for e?:

cos(iy) =

St 2, (08 2

2
€ bounted and Wb unded
pevtsdic \r\wﬂ/ (_\'S
2
€ unbounded | st 2, (o 2
““'E/ | Gounced and porodic
Weve
— —

behaviours of stne, cwy

are “wovaked ! bewavours of %

This is no coincidence, since the definitions we gave for all these functions explicitly have the
others built into them:
eiz + e—iz eiz _ e—iz

e” =e"(cosy +isiny), cosz = — sinz = 5
i

To be more precise, note that iz is obtained by rotation z by § since ¢ = €'/, so in construct-

ing cos z or sinz above we essentially rotate z in both counterclockwise and clockwise (for —iz)
directions and then apply exponentials. In a sense, cos z and sin z are “rotated” (albeit using two
rotations in opposite directions) versions of e*, and e” is a “rotated” version of cos z, sin z, which is
what helps to explain the bounded and periodic vs unbounded behaviors above. The moral is that
this such relations between exponentials and trig functions only become apparent in the setting of
complex analysis, as they are not noticeable in the strictly real setting alone.

im/2
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Lecture 9: Logarithms and Branches

Warm-Up 1. We determine the complex numbers z for which e* is real and negative. Note that
in the purely real case, e* is never negative, so this problem highlights one thing that the complex
exponential allows us to do that the real exponential does not. We have

e* = e%e = €% cosy + ie” siny.
In order for this to be real, the imaginary part must be zero, so this requires that siny = 0 since
e” is never zero. Thus we must have y = nx for an integer n. But then, in order for

eTTIT — ¢ cos(nm) = ¥ (—1)"
to be negative, we need n to be odd since e” is always positive. Thus we get that e* is real and
negative only when z = x 4+ i(2n + 1)x for n an integer, and z can be anything.

Warm-Up 2. We describe the z which satisfy cos z = 2. (In other words, we are finding the values
of “arccos2”, but inverse trig functions are not something we will study in this course so we will
avoid this notation.) In the purely real case, cosz can never equal 2, so this highlights a way in
which complex cosine differs from real cosine. We have

cosz = (e + e %)
_ %(ez(a:—f—ly e~ z(m—i—iy))
— %( —y+ix 4 e¥m w:)
= 1[(e Y cosz + e¥cosz) +i(e Ysinz — e¥sinx)],
where at the end we use cos(—x) = cosz and sin(—z) = —sinz. In order for this to equal 2, we

need the following to hold:
(e7¥ +eY)cosx +i(e ¥ —eY)sinx = 4,
which thus requires that
(e +eY)cosz =4 and (e ¥ —eY)sinx =0.
The second requirements says that
e?V—eY=0 or sinz=0.

The first condition holds only when y = 0 since otherwise one of e¥ and e™¥ is greater than 1 and
the other less than 1, but in this case the second equation from before becomes

(e ¥+ e) cosz =4~ 2cosz = 4,
which never holds since cos x is never 2. Thus we can rule out y = 0, so we must have
sinx =0, so x=nm.
The remaining equation (e™¥ + e¥) cosx = 4 then becomes

(e7Y 4 €Y) cos(nm) = 4.
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But e7¥ + €Y is always positive, so cos(nm) = (—1)" must be positive, so n must be even. If so, we
are left with
e V+e¥ =4,

which has two solutions as can be seen from plotting the graphs. (The solutions are actually
y=In(2++/3) and y = In(2 — V/3), but giving explicit values is not important here. If interested,
you can get the explicit values after multiplying through by e¥ to get

1+ €% = 4eY,

and then treating this as a quadratic in terms of e¥ and using the quadratic formula.) We thus
conclude that the z satisfying cosz = 2 are

z=2nm+ 1y
where y is one of the two numbers satisfying e™¥ + e¥ = 4.

Logarithms. After exponentials and trig functions, the next “standard” function to try to make
sense of is the logarithm log z. To be clear, by log z we mean w which satisfies e = z. We actually
already saw an instance of this in the first Warm-Up. Indeed, according to the work we had there
we can see that the w which satisfy e = —1 are

w = i(2n + 1)7 for n an integer.

(The fact that the real part should be zero comes from the the requirement that e*(—1)?"+! = —1
in one of the equations we derived, which forces e* = 1.) Thus, we would say that

log(—1) = i(2n + 1).

(So, we can take logarithms of negative numbers, which cannot be done in the real setting alone!)
A key thing to note here is that there are actually multiple values of log(—1): im works, but so does
137, or t57, and so on. This is an inherent fact about how logarithms behave for complex numbers,
where “logarithm” will always be a multi-valued quantity.

In general, if w = u + iv, in order to have

w

eV = 2 o eueiv — |Z|eiargz

be true, we need e = |z| and v = arg z. The condition e* = |z| is the same as u = In|z|, so we get
that w = log z looks like
log z = In|z| 4+ i arg(2),

and this is what we will take as the definition of log z for z complex. (Note that we use In here to
denote the usual natural logarithm for real numbers, so as to reserve log for the complex logarithm.
Also, e* is never zero, so 0 does not have a logarithm and thus |z| # 0 in the definition above, which
means that In|z| makes sense.) Since arg(z) has multiple values, log z is multi-valued as well.

For example, the values of log(1 + i), where [1 +i| = V2 and arg(1 + i) = X + 2nm, are

log(1 + i) = In V2 +i(Z + 2n7)
for n an integer. We can verify that indeed

elog(1+i) _ eln\/i—l— Z(% + 2nm) _ eln\/iei% ei2nm _ \/561% =144

1
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Careful with identities. The identity
elogz — 5

holds for all z # 0 because we determined the values of log z precisely so that this equation would
hold. However, note that
log(e®) = z
is not true, with one reason being that the left side is multi-valued but the right side is not. Rather,
z is but only one of the values of the left side; since e* is 2mwi-periodic, z + i2n7m exponentials to the
same thing as does z, so in fact
log(e*) = z + i2n.

Here’s another identity one might expect to be true but is not true in the literal sense. Consider
log(i?) versus 2log(i). If the logarithm were to behave as expected, we might think that these two
expressions are the same, but in fact we have

log(i?) =log(—1) =i(2n+ 1) and 2log(i) = 2(In|i| +i arg(i)) = 2i(5 + 2nm) = i(4n + 1)T.
—~—
0

Thus, log(i?) # 2log(i) as the values of the right side are only some of the values of the left but
not all; for example, i37 is a value of log(i?) which is not a value of 2log(i). The upshot is that the
multi-valued nature of log z forces us to be careful about assuming that identities we might expect
to be true based on the behavior of Inx are actually true in the complex setting.

Logarithms as functions. This all thus poses an issue when trying to think of log z as an actual
function on C* (the punctured plane, we must certainly exclude 0 since log 0 is undefined), which
requires that we get only single unique values for anything we plug in. To get single values for log z
we must pick unique values of the argument arg z for each z, so let us specify, for now, that we will
choose to use the principal values of the argument. The principal value of arg z is denoted Arg z,
and it is common to call the resulting value of log z the principal value and to denote it by Log(z):

Log(z) = In |z| + Arg(z) for z # 0.
So, for example,
Log(i) = In|i| +4 Arg(i) = i35 and Log(—1)=1In|—1|+iArg(—1)=ir

where we recall that —7 < Arg(z) <.
The question is whether this definition gives us a
mean continuous. The answer is no since we claim

lim Log(z) # Log(—1),
z——1

whereas equality would be required by the definition of “continuous”. The issue is that —1 has
principal argument 7, but if we approach —1 from among points in the third quadrant, the principal
argument actually approaches —:

3

‘nice” function on C*, where by “nice” we

Arg (-0 =T /

Avt}(t) /‘K/ T < Ara 22T

&v?rcac,‘/\ﬂi -
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So, lim,_,_; Log(z) when approaching —1 from the third quadrant is —im, which is different from
Log(—1) = im. A similar thing happens at any point on the negative real axis.

Logarithm branches. If we want to get a continuous function giving values of log z, we must thus
exclude all points on the negative real axis from our domain altogether to avoid the issue of limits
not matching up. (Why do we care about having a function be continuous? Because, just as in the
usual real calculus case, the existence of a derivative always implies continuity, so if we want our
function to end up being holomorphic, they had better be continuous to begin with! We’ll discuss
derivatives of log z next time.) Thus, we can say that Log(z) does define a continuous function on
C\(—00, 0], which is notation for C with points on the (real) interval (—oo, 0] excluded.

A continuous function giving values of log z on a domain is called a branch of logz on that
domain, so the principal branch Log(z) of log z is the one defined on C\(—o0,0]. The set (—o0, 0]
we had to exclude in order to define this (continuous) branch is called a branch cut:

Luj = = \n\2\ *'\Arj(il
i Cn\'\"\“’\\Aé‘L\ o s

dowain

branch
cuk

P{;Wl\(’%l bronch ot \&3 =
on €\ (=0}

There are many other branches of log z we could use, each with their own branch cuts. For example,
we can restrict our choice of argument in

log z = In|z| + i arg(z)

to be those for which 0 < arg(z) < 2w, and get a branch of logz on C\[0,00), which is C with
0 and the positive real axis excluded. (This excluded half axis is thus the “branch cut” of this
particular branch. We must exclude these points since allowing 0 = arg(z) as an argument will
lead to a function which is not continuous at these points.) If we instead use § < argz < %’T, we
get a branch of log z defined on the domain with branch cut described by argz = 7:

} ¢
(I

N

0<arg <2 T camg 2 ¢ —
3 Teage<

(X%

o ovenda of anefher Yorancln oF
g 2 =\l g (@) \ig 2 :\»\\a\+'\a-3(t]

We will say more about branches of log z, and branches of other functions, next time.

Lecture 10: More on Branches
Warm-Up 1. We find all values of log(logi). First, we have

logi = In|[i| +darg(i) = i(§ + 27mn)
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for n an integer. Thus
log(logi) = log(i(5 + 2mn)) = In|i(§ + 27n)| + iarg(i(§ + 2mn)).

Now, note that § + 27n can be negative depending on whether n is negative, so the modulus of
i(5 + 2mn) is the absolute value of § + 27n and the argument of i(§ + 27n) is £7 plus multiples
of 2mi. (We need —7% here to account for the cases where § + 27n is negative.) Hence

log(logi) = In |§ + 27mn| + i(£5 + 27m)

where n and m are integers. (Different integer m for the arguments of i(§ + 27n) than for the
initial n in arg(i).) These are thus all the values satisfying e¢” = 1.

Warm-Up 2. We show that log(i?) = 2logi does not hold for the branch of log defined using
—%“ <argz < 37”, and then find a branch of log for which this identity is true. Last time we showed
that log(i%) = 2logi does not hold when we interpret both sides as multi-valued expressions, but
that’s not to say that it never holds for a specific branch. The takeaway is that whether or not
an identity involving log is actually true sometimes depends on the branch we use. This will show
up later when computing certain integrals, where whether or not we can use a specific technique
might depend on the branch we pick.

For the branch using —%ﬂ < argz < ?ZT’T (thus with branch cut along the ray argz = <), we
have arg(i?) = arg(—1) = —m and arg(i) = Z, so

log(i%) =log(—1) =In| — 1| +iarg(—1) = —ir and 2log(i) = 2(In|i| +iarg(i)) = 2(i%) = im,

which do not agree as claimed. Now, essentially the reason why this happens is because the branch
cut occurs “between” i> = —1 and 4, so that argument values do not vary continuously when moving
from ¢ to —1:

cur

) L,l\V% ’—-W/L \\‘ W’“\j &VM
X “‘ b -\

. aelos$
Jutaps 0
/ A'.sw«’("“*‘h“

\\ org= T / a\“‘ﬂ the cat
\“\

The same would happen if we took a branch cut along some other ray in the second quadrant, but
if we instead take the branch cut along a ray in a different quadrant, the given identity should in
fact hold. For example, with the branch of log defined on C\[0, 00) with 0 < argz < 27, we have

log(i?) = log(—1) = ir and 2log(i) = 2(i%) = im,

so that log(i?) = 2log(i) is true for this branch:
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We could consider other branches as well, say with cut along argz = —7x/4 and using —%ﬂ <
arg z < 7, but for our purposes sticking with more standard argument ranges will be enough.

Another branch example. We now want to define a branch of the function log(z? — 1) on the
open unit disk D defined by |z| < 1. The definition is the same as the one we gave for log z: a
branch of log(z%2 — 1) on D is a continuous function f(z) whose value at any point is a value of
log(z% — 1), meaning that e/(*) = 22 — 1 should be true on D. For a first approach to constructing
this, let us consider where 2% —1 lives when z is in D. If z is in D, then so is 22 since |z| < 1 implies
that |22| = |z|2 < 1. But then 22 — 1 will also be in a disk, namely the disk of radius 1 centered at
—1 on the real axis which subtracting 1 from 22 has the effect of translating it to the left:

n Qomawn
£ oranda
of log wila (b e

Since we want to evaluate log on such a z? — 1, we thus need to use a branch of log which is defined
on this translated disk. Let us therefore use the branch of log from the second part of the second
Warm-Up, meaning the branch £(z) defined using 0 < argz < 2m. Since z? — 1 is never in the
branch cut [0,00) for this branch, evaluating ¢ at 22 — 1 makes sense, so £(z% — 1) is our desired
branch of log(z? — 1) on D; this is continuous since it is £ and z? — 1 are continuous, and its value
at any point is a value of log(z? — 1).

Let us now give a second approach in order to highlight the idea that sometimes using multiple
branches of log is necessary. (It is not strictly necessary here since in the first approach we were
able to use only one approach, but in general we might have to use different branches at the same
time.) Since 22 — 1 = (2 + 1)(z — 1), this second approach is motivated by

log(2? — 1) = log((z + 1)(z — 1)) = log(z + 1) + log(z — 1)

as an identity we might expect of log. Of course, since log is multi-valued there is a question as to
whether something like

log(wiwsz) = log(w1) + log(w2)

is actually true (in fact it is!), but we are only using this desired identity as motivation without
worrying about whether it literally holds. The point is that if we want to define log(z% — 1), we
can instead try to define log(z + 1) and log(z — 1). Defining log(z + 1) requires a branch of log for
which log(z + 1) makes sense when z is in D, and defining log(z — 1) requires a branch for which
z+ 1 is in its domain when z isin D. If z isin D, z + 1 is in the open disk of radius 1 centered at
1 and z — 1 is in the open disk of radius 1 centered at —1:
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The disk centered at 1 is in the domain of the principal branch Log of log (with cut along (—o0, 0]),
and the disk centered at —1 is in the domain of the branch ¢ we used before (with cut along [0, c0)
and 0 < argz < 27), so

Log(z+ 1)+ ¢(z — 1)

is defined on D. This expression is continuous since it is built from continuous things, and it
satisfies the property required of a branch of log(z? — 1), namely

eLog(z+1)+€(zfl) _ eLog(z+1)e£(z71) _ (z + 1)(2 o 1) -2 _ 1

where in the first step we use e?¥1T%2 = e¥1e%2 which still holds in the complex setting, and in the
second step we use that Log and ¢ are branches of log, so that el°8% = w and e!@) = . Thus,
f(z) = Log(z 4+ 1) + £(z — 1) is a valid branch of log on D.

Derivatives of logarithms. Recall that the reason for considering branches of log z is to ensure
that the functions with which we are working are continuous, which is a necessary property if we
hope that our functions will be holomorphic. But it turns out that once we have dealt with the
continuity issue, differentiability is no problem since all branches of log z will in fact be holomorphic
on their domains, which we can check using the Cauchy-Riemann equations. A standard way of
doing this is to use (as the book does) the expression for the Cauchy-Riemann equations in polar
coordinates: for f = u + ‘v with wu(r,0) and v(r,6) written in terms of polar coordinates, the
Cauchy-Riemann equations look like

rur =vg and ug = —7ru,.

These can be derived from the usual Cauchy-Riemann equations using the multivariable chain rule,
but we will not go through the derivation here as we will not have need to use this polar form going
forward. With these at hand, for a branch of log z = Inr + i6 where u(r,0) = Inr and v(r,0) = 6,
we have

rup =7r(2)=1=vp and wug=0=—rv,,

so the Cauchy-Riemann equations in polar coordinates are satisfied.
Instead, let us stick with rectangular coordinates and the usual Cauchy-Riemann equations.
For a branch of log z, we have

logz =In|z| +iargz = In /22 + y2 +iarctan(¥).
N——— N—
u(x,y) v(z,y)

Now, there are a few subtleties here. One is that arctan is itself also a multi-valued expression as

there are many angles that will satisfy tanf = £ for a given £. Typically in a previous calculus
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course one restricts arctan to outputing angles between —7 and § (this is what would be called the
“principal branch” of arctan, although the term “branch” is not usually mentioned in a first calculus
course), but other choices are possible. It is true that any such “branch” of arctant for ¢ real will be
differentiable with derivative %(arctan t) = H%’ so we will take this real fact for granted here. The
second subtlety is that % in arctan(%) is not defined when & = 0 on the imaginary axis, but such
points could certainly be in the domain of a branch of log. This can be dealt with by noting that,
for such points, —arctan({) + § gives the correct arctangent value instead, which stems from the
fact that tan(f + 5) = — cot(0). The expression —arctan(3) + 5 has the same partial derivatives
as arctan(¥), so this £ being undefined when z = 0 issue can be fixed by changing the arctangent
expression we use without changing the output of the Cauchy-Riemann equations. We will thus
stick with using ¥ in our computation.

We have

1 2z x
Uy = = UV, — ———
T2 \ 2y 12 22+y? Y 1+

Y Va2 + 2 \ 2¢/a2 + 2 224y T 1+ (9)2\ 2 22 + 42

These expressions are all continuous on the domain of any branch (since no branch domain contains
zero), and u; = vy,uy = —v, is true, so any branch is holomorphic as claimed. Moreover, the
derivative of any branch of log z is

—i —
24+y? 22492 2z

Z 1
Uy + 1V = y _:;

)

SO diz(log z) = %, just as we might expect!

Branches of other functions. The issue regarding branches shows up when considering other
multi-valued expressions as well. For example, to define /z = Y2 as a (holomorphic) function, we
must specify which value of /2 we are taking, and hence must choose a branch. By a branch of
vz = 2% on a domain D we mean, just as before, a continuous function f(z) on D whose value
at any point is a value of z'/2, meaning that f(z) should satisfy

f(2)?=2zon D.

Rather than go through the theory all over again, we will exploit what we already know about
branches of log, since in fact we can (hope to) write z'/2 as

1/2 1
21/2 _ elog(z ) — ezlogz‘

(The first equality here is certainly true, but we have to be careful about whether the identity
log(2'/?) = $1og(z) used in the second equality is actually true. This will not matter for our
discussion here, however, since we only use this to motivate how we will define z'/2 as a function.)
The idea is that if we can define the right side, then we can give (a) definition of the left side, so
defining the function z!/2 comes down to picking a branch of log z.

For example, the principal branch of 2'/? on C\(—o0, 0] is defined by

f(2) = edtoss
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where Log is the principal branch of log. This is continuous on C\ (—o0, 0] since it is the composition
of continuous things, and we can check that

f(z)2 _ 6’% Log(z)e%Log(z) _ e%Log(z)-&-%Log(z) _ eLog(z) =2,
so that f(z) = e2 2 Log = is indeed a value of z1/2. Since Log(1) = 0 and Log(i) = i5, we get for
example that the principal square roots of 1 and i are respectively

f(l)—e2L°gl—e =1 and f():e%LOg(i):e%(i%):e”/‘l:\/Li,Fi\/Li'

As for the derivative of this principal branch of z'/2, we have by the chain rule that

1 1
f,(Z) — %(62Logz) — 2Logz (2_12) .

1

Logz and use e = —% (still valid in the complex case

If we write z in the denominator as z = e
since e¥e” " = e~ =0 = 1), we have
1 1 1 1
f/(z) = 1 = 1 = 1 =

e 2 L0g2[26L0gz] 2675 LOgZ+L0gZ 265 Lng 2f(Z) ?

1/2

which exactly says that the derivative of z'/¢ is just as you would hope.

1
221727
Branches of other power functions z¢, like z*, can be defined in the same way, and we will look

at an example next time.

Lecture 11: Contour Integrals

1/2 Llog 2

Warm-Up 1. We determine some values of z
For example, we first see what value this assigns to i

— o3
1/2

for some appropriate branches of log z.
when using the principal branch of log:

1/: .
i1/2 _ €2Log1 _ ei(z%) _ el’ﬂ'/4,

which is what we previously called the principal square root of 7. In order to obtain the non-
principal square root if 7, namely e =37/ as a value of (a branch of) the function z!/2 = ez 3 log 2 , We
must use a different branch of log. We want 5 logz to end up giving —3—” as an argument Wthh
means that we need log ¢ to havi 3” as an argument since it is this argument that gives _T after
multiplication by % Thus, any branch of log z that uses —‘%’r as the argument of ¢ will work. Take
for example the branch ¢(z) of log z defined by picking —27 < argz < 0 as argument values with

branch cut along the nonnegative real axis [0, 00). For this branch we have
(i) =In| —i|+iarg(i) = 132”, 50 i1/2 = e3) — ¢3(=i33) — o—idn/4

as desired. Taking other branch cuts that do not exclude ¢ on the imaginary axis also work as long
as arg(i) = —3F for that branch.
For the principal branch of log we get

11/2 — g3Llog(l) — 0 _ 4
as the (principal) square root of 1. If we want instead a branch that will result in 12 = —1, we

just need to be careful about argument values as above. Since —1 = e~ ", we want arg(1) to be
such that §arg(1) = —m, which means that we need arg(1) = —2m. Thus picking a branch of log
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that uses this argument of 1 should work. For example, take a branch cut ¢(z) along (—o0, 0] with
—3m < argz < —m. For this branch we get ¢(1) = In|1| 4+ iarg(1) = —2mi, so

1172 — e%((l) _ e%(—Qm‘) —eim— 1.

In general, this particular branch gives —/x as the square root of any real z > 0. The upshot is
that by varying the branch of log we use, we can obtain holomorphic functions that give whatever
square root values we need.

Here’s some terminology we did not introduce in class yet but will in a few weeks: the function
Z1/2 (=) which uses the branch of log defined by —371 < argz < —m is the analytic continuation
of the real function f(z) = —/z with domain (0, 00). Given a real differentiable function f defined
on some portion of the real axis, an analytic continuation of f is a holomorphic function defined
on a domain in C containing the domain of f which agrees with the value of f at any real input.
The idea is that given f with real inputs, we want to know whether it is possible to extend the
domain of f to include complex numbers while still being differentiable. The particular branch of
z1/2 described above is holomorphic on C\(—oco,0] and gives the value —/z for any z in (0, 00)
(here v/ denotes the nonnegative square root of z), so it is an analytic continuation of —/z. The
principal branch z'/2 = 31082 ig an analytic continuation of the usual nonnegative square root
function /x. (We will see that analytic continuations, when they exist, are unique, which is what
lies behind the fact that there is essentially only one way in which e?, cos z, and sin z could have
been defined, at least if we wanted to get holomorphic functions that give the usual value we would
expect at real inputs!)

1
= e2

Warm-Up 2. For a complex number ¢, we define the “c-th power of z” by

2¢ = eclogz'

The motivation, as in the ¢ = % case, comes from

2¢ = 1°8(*) which “should” equal e¢'°82.

Again, it might not be literally true that log(z¢) = clog z, so we only take this as motivation for
how z¢ should be defined. (We need to have some definition of what z¢ means when ¢ is complex,
because it does not make sense for example to multiply z by itself “/ many times”.) The resulting
expression z¢ = €°1°8% is multivalued since log z is multivalued, so for example we can determine
all the values of (1 + 1)’ to be

(1 + Z)Z _ eilog(l-i—i)
— oi(InV2+i(§ +2mn))

_ ei In ﬁ—(%—{—?wn)

_r_ i
— e 1 27rnezln\/§

= e 1 2™ (cos(In V/2) + isin(In V2))

where n is an integer. The value obtained using the principal branch of log in particular is the one
where n = 0 for example.

To give one reason why z* = €?1°2% is a good definition, we check that it gives what you might
expect as the derivative of z* when we work with a particular branch of log z. Let us denote such
a branch just by log z itself (so, for our purposes in this specific problem the notation logz is
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not multi-valued), where we use the fact that any such branch is holomorphic with derivative %
The function 2! = €198 defined using this branch is also holomorphic as it is the composition of
holomorphic things, and the chain rule gives

i(zz) _ diz(eilogz) —_ eilogz (%) .

To put this into a more recognizable form, we use z = €'°* (true for any branch of log and
properties of exponentials to write

; i - ? . _ . ilog z— . (i
ezlogz [l ellogz 1 _ Zezlogze logz _ ,Lellogz logz _ ze(’ 1)logz‘
= elog z

For the chosen branch of log z, e*=1)1°82 i a branch of zi~! by the same definition 2¢ = e¢lo82,

we do get that

SO

— =izt

dz

as one might hope. The same works for the derivative of any complex power z¢ (i.e., bring the
exponent down and then subtract 1), so the definition 2¢ = e°1°8%# does give the types of properties

we would expect.

Contour integrals. We are now ready to discuss complex integration, which will form the basis
of everything else we will do in this course. The type of integral we will care about is what is known
as a contour integral and is denoted by
/ f(z)dz.
C

Here f(z) is a complex function with z the variable of integration, and C' is a complex curve, or
more specifically what will be called a contour. A contour is a piecewise smooth curve with a
specific orientation, or in other words a collection of oriented smooth curves joined together:

net swosth
\ne e,
/\ \<—_’\\
\
o Ccontour Ono ther o cloged Cw\'bu"‘
cowlour covx§\$’(‘\"3 £ Y
Swostn Pieces

Recall that to be “smooth” means that we have a nonzero tangent vector at each point, and to be
piecewise smooth means that we allow for “sharp” edges at points where one smooth piece finishes
and the next begins. A contour is closed if it ends at the same point at which it began.

Given a parametrization z(t) = z(t) + 1y(t), a <t < b of C' (with the appropriate orientation),
we define the contour integral of f over C by

/Cf(Z) dZZ/abf(z(t))z’(t)dt.

So, on the right side we evaluate f at points z(t) along the curve, multiply the value by the tangent
vector 2/(t) (we discussed how complex numbers like 2/(t) = 2/(t) +iy/(t) can be treated as tangent
vectors back when discussing conformality), and then integrate as the curve parameter ¢ varies.
The resulting integrals can be computed using the same integration techniques you have used all
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you lives since ¢ in particular will be a real parameter. (The definition above can be shown to be
independent of parametrization in the sense that using different parametric equations for C' will
result in the same value for [ f(z)dz.)

Example. Let us compute fc 22 dz where C is the line segment from 0 to 1 +

2 =kt

We parametrize C' as z(t) =t + it for 0 <t <1, so that 2/(t) = 1 + ¢ and hence

1

/z2 dz:/ 2(t)? 2/ (t) dt

C 0 N~ ~—~—

)  dz
1
= / (t +it)2(1 +4) dt

0

= /1 (1 +4)%(1 + 1) dt

0
=(1+i)3/1t2dt
:(—2+2z’)0§
=-2+i2

is our desired value. (Note that constants like (1 + )3 factor out just as with any other type of
integral.) If we instead orient C' in the opposite direction, so moving from 1+ i to 0, the sign of
the tangent vector changes so we get

/_Cf(z)dz:_/cf(z)dng_i%’

where —C' denotes C with the opposite orientation.

More examples. Now we consider fCl 22 dz where C is the upper-half of the unit circle defined
by |z| = 1 oriented counterclockwise. We can parametrize C; by z(t) = €' for 0 < ¢t < 7, which is
just the usual cosine and sine parametric equations for a circle

z(t) = cost +isint

only written in the more convenient polar form. We have 2/(t) = ie®, so we get

/ z2dz:/ (e)?(ie™) dt
Ch 0
=/ ie?te dt
0
=i/ 3t dt
0
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Note that we used % here as an antiderivative of €3
were replaced by a real constant.

If were to integrate 22 over the entire circle |z| = 1 (both top and bottom) oriented counter-
clockwise, we would instead use z(t) = e, 0 < t < 27 as a parametrization, and all that would

change is the final step when we plug in the bounds of integration:

3it
/ 2dz=1i (e - )
J2l=1 3

since e°™ =1 = e”, so the difference is zero. If Cy denotes the bottom half of the circle oriented
counterclockwise, then we can use the fact that combining C'; and Cs gives the full circle to find
the integral of Cy alone:

(with respect to t), just as you expect if i

2

0

671 0

In general we have
/ f(z)dz = f(x)dz+ | f(z)dz
C1+Cs C1 Ca

where C] 4+ Cy denotes the contour obtained by first following C; and then Co (we can split up
integrals by splitting up curves), so

/ zzdz:/ szz—/ zzdz:O—(—%):%
Cs full circle = Cy + C> Ch
2

The integral of z? over the bottom half Cy oriented clockwise instead would be — 3

The most crucial example of all time. We now determine the value of

1
/ —dz
|z|=R ?

where the circle |z| = R of radius R is oriented counterclockwise. We claim that this simple example
is in fact the most important and crucial example out of all that we will consider as it leads to
pretty much all the main applications of contour integration we will see. (I am not exaggerating
here—this one example does essentially explain much of what we will see going forward!) If we
parametrize the circle by z(t) = Re®, 0 <t < 27, we get

1 27 1 ) 2
/ —dz = / —(iRe") dt = z/ dt = 2mi.
l2|=R ? o Re 0

Such a simple computation, with such broad (to be seen) implications.
We get a similar outcome for circles centered elsewhere (still oriented counterclockwise) after
modifying the denominator in % The circle of radius R centered at zg
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2=2.+Re ©
\ .
\2-2\ = \Re€\
=R

is parametrized by
2(t) =29+ Re™, 0 <t <2rm

(adding zp to Re’ translates the previous circle centered at 0 so that its center is zo instead), so

1 2 1 ) 2w iR it 2w
/ dz = / ———(iRe") dt = / Y dt=i [ dt=2mi.
l2—20|=R Z — 20 o (20 + Re't) — z o Re 0

Antiderivatives. If our integrand (i.e., the function we are integrating) has an antiderivative, the
usual fundamental theorem of calculus works just the same:

/ f'(2)dz = f(end point) — f(start point)
C

where f(z) is an antiderivative of f’(z). This comes from applying the real fundamental theorem
of calculus after picking a parametrization: we have

b b
[ £@rds= [ Femod= [ (eo) i = f:0) - 7:0) = fad) - fta)
C a a

where f/(2(t))2'(t) = (f(2(t))’ from the chain rule. So for example, 22 has (holomorphic) antideriva-

tive %23, so for C' the line segment from 0 to 1 4 ¢ we have
141
/szdz: %z?’ ; = %(1—1—1’)3 = %(—24—21') = —% _1_2%7

which agrees with the answer we found before. For the upper-half C; of the unit circle oriented
counterclockwise, we have

just as before. For the full circle |z| =1 we get

/ 22dz=0
|z|=1

since the endpoint and start point are the same. More generally, fclose 4 f'(2)dz =0 for any closed
curve and function f’(z) with an antiderivative.
But we should be careful in applying this antiderivative technique. Consider again

1
/ —dz.
|z|=1 #
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Since % is the derivative of log z, we might expect that

1
/ — dz = log(end/start) — log(end/start) = 0
\

zl=1 %

since the ending and starting points are the same, but we know that this is nonsense since we previ-
ously computed this integral to be 27i. The issue is that log z is not actually a valid antiderivative
of % on a domain which contains the entirety of the unit circle, since, as we know, there is no branch
of log defined on such a domain. If we want a branch of log we have to make a cut, but doing so
then necessarily excludes a point on the circle, so % has no antiderivative over the entire circle at
once. We will see next time, however, that there is a way to use log z as an antiderivative of % in
order to get the correct value of
/ 1 dz = 2m1,
|z|=1 #

only this will require using different branches of log z on different pieces of the circle.

Lecture 12: More on Integrals

Warm-Up 1. We compute fc(z — 1)e* dz where C' is the contour consisting of the vertical line
segment from 1 to 1 4 ¢ followed by the horizontal line segment from 1+ ¢ to —2 4+ ¢. We do so by
splitting C' into its two smooth pieces and use parametric equations for each:

i
§ a7 bud wvaaq oeniaiion
2= LW )

L
< 2= b it
St
T
\

One thing to note here is that trying to find an antiderivative so as to use the fundamental the-
orem of calculus is a fruitless endeavor: we will see soon enough that derivatives of holomorphic
functions are themselves always holomorphic, so that the only functions which could potentially
have antiderivatives are ones that are holomorphic to begin with; since (z —1)e® is not holomorphic
(because of the Z term), it has no antiderivative.

For the vertical segment C; we use z1(t) = 1+ it for 0 < ¢ < 1. This gives

1
/C (z— 1) dz = /0 (z1(t) — 1)e2 D2 (¢) dt
1 . |
= / (it)e' =M dt
0
1 .
= e/ te” " dt
0
<te—it 1 /1 e—i’t dt)
—1

—i | 0
. 11

ie—z +e—zt
0

(&
€
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= —je L _ 7l 4 o

(Note we integrated by parts in the fourth step.)

For the horizontal segment Cy we might try to use z(t) =t + i for —2 < ¢ < 1, but this gives
the orientation opposite to the one we want. This we can correct for however by changing the sign
of the resulting integral, since flipping the orientation changes the sign of the tangent vector 2/(t),
which changes the sign of the integral. Thus if we denote Cs with the opposite orientation by —Co,
29(t) above parametrizes —C9 and we have

/02(z —1)e*dz = —/_@(z —1)e*dz
__ / 1 (22(t) — 1)e2®)2h(t) dt

-2

1
:—/‘@+i—néﬂﬁ

2

1 . 1 .

:—/‘wZﬁ—/(pqwlﬁ
—2 -2

. 1 . 1

= —e_’/ tet dt — (i — l)e_z/ el dt
) —2

A 1 1 1

=—e" (tet’ - et‘ ) —(i— 1)6_’et’
-2 -2 -2
Thus altogether we get
/ (z—1)e*dz = / (z —1)e* dz + / (z —1)e* dz
C Ch Ca

= —ie —eT Tl e —e(3e7?) — (i — 1)e (e —e?).

(No need to simplify here to find a simpler value—highlighting the approach to take was the
important part.)

Warm-Up 2. For fixed z, we determine the value of | oz — 20)" dz where C is the bottom half
of the circle |z — 29| = R of radius R centered at zg oriented clockwise and n is a positive integer:

=R TR

2 = D\g*
but ey

oviedadion

_ (z=z)"M!

F1— everywhere, so

For a first approach, we note that (z — 2z9)" has antiderivative f(z)

(_R)n+1 o Rn+1 _ Rn+1[(_1)n _ 1]

/C(z—zO)”dz:f(zO—R)—f(zo+R>: nrl gl

Note that this simplifies to 0 when n is even and to —2R"*1/(n + 1) when n is odd.
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Alternatively we can use a parametrization. We parametrize —C' (C' with the opposite counter-
clockwise orientation) by z(t) = zg + Re, —m <t < 0. Then

/C(z —20)"dz=— /_C(z —20)" dz
=— / ' (Re™)"(iRe™) dt

—T

0 . .
=—i / R™e™ Re' dt

—T

0
_ _iRn—f—l/ P+t gy

,L'Rn-f—lei(n-l—l)t 0

i(n+1)
RnHL Rn—}—le—i(n—l-l)ﬂ*

—T

n+1

Since e~ tDT = cos((n 4 1)7) = (—1)"*', this agrees with the previous computation.

Integrals and branches. Last time we computed

1
/ —dz = 2mi
|z|=1 #

using a parametrization and noted that it is not possible to compute this using an antiderivative
as is since % does not have an antiderivative on a domain containing the entire circle |z| = 1
since log z has no branch on such a domain. (As a matter of convention, let us assume that when
left unspecified we are always taking the orientation of a closed curve to be the counterclockwise
one, which we refer to as the positive orientation. To emphasize that an integral is being taken
over a closed curve, we often use the notation f for the integral, so the result above is that
Ha=1 1dz = 2mi.)

But it is possible to use antiderivatives to compute the value of this integral as long as we allow
ourselves to use different branches of log. Let C denote the right half of the circle and Cs the left
half. Then C; does lie within the domain of the principal branch of log z and C5 lies within the
domain of the branch ¢(z) defined by 0 < arg z < 27:

Co s
- G doman £\ (=0
W domaw \\_// d ( ]
of La3 x

C\ lo0) =
L(2)

Thus, we can compute the integrals over C and Cy separately using a branch of log as an an-
tiderivative of %, and then add the results. We have

1 1 1
7{ —dz:/ —dz-l—/ —dz
|z|:lz Cy ? Coy %

= [Log(é) — Log(—9)] + [€(—i) — £(4)]
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which is indeed the correct value.

Integrating % over other curves. Since the computation above only uses the values of the
branches Log and ¢ at +i, we get the same integral value 2mi over any positively-oriented simple
closed contour enclosing 0 which crosses the imaginary axis at =+i:

(To be simple means that the contour does not intersect itself except for at the point where it
closes back up.) More generally, there is nothing special about +i and this works regardless of the
intersections with the imaginary axis as long as one is on the positive imaginary axis and one on
the negative axis: if C' is a simple closed contour intersecting the imaginary axis at ia and ib with
a > 0 and b < 0, then

Log(ia) = Ina+ 4%, Log(ib) = In|b| — i3 and {(ia) =Ina+iZ, £(ib) = In|b| +i2F

where Log, ¢ are the same branches as before, so

1 1 1
—dz = / —dz + / —dz
c left part # right part <

= [Log(ia) — Log(ib)] + [€(ib) — £(ia)]
=[na—In|b| +i% — (—i%)] + [In|b| — Ina +i3F —iZ]
=m T
= 2.
If C does not enclose 0, then C lies fully within the domain of a single branch of log, so
fC % dz = 0 since we take the value of that common branch at the end point minus the same start
point. (This works even for more complicated curves that “wrap around” as long as they do not

enclose the origin, since it turns out a branch of log can be defined everywhere along such a curve
by allowing more complicated branch cuts than just rays:

In summary, we have

1
—dz =

Cc <

2mi  if C encloses 0
0 if C' does not enclose 0
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for any positively-oriented simple closed contour.

Deriving real integrals. It is natural to wonder about what it is that contour integrals actually
compute. Do they compute area? volume? something else? In fact, the answer is that we really
will not care so much about such interpretations. (However, note at least that the values of §, % dz
above do encode some geometric information, namely whether or not C' encloses the origin. We will
explore this idea at the end of the quarter.) Instead, a main use of contour integrals comes from
their use in clarifying and simplifying computations involving real integrals, and such computations
will play an important role going forward.
For example, we claim that for n a positive integer we have

- (2n—-1)

5.

2n

tdt =

cos 1-6---2n

1 [? 1-3-
27'(' 0 2

Here, cos?(t) means (cost)?® and the right side uses odd integers in the numerator and even ones
in the denominator. The point is that this integral involves a purely real expression, and yet we will
compute it by complex-analytic means. Computing this using only real methods is possible using
some trig identities, but this ends up being more work and is less enlightening than the approach
we take here. We will derive the value of this integral by considering the contour integral

2n
f 1 <z + 1) dz.
l2|=1 # <

After expanding, we get
2n Cc_1 C_9 1
(z + ;) = 22"t o 122" b o 22?2 ezt co + % + z__2 tot

for some coefficients ¢;. (Note the notation we use for the index ¢ matches the power of z to which
it corresponds.) The point is that every term in the product

involves multiplying a power of z with a power of %, so that we only get powers of z (including
negative powers) as a result with coefficients coming from the number of times each power appears
in the end. (For example, there is only way to get 22" from the product above since this comes
from picking z instead of % from each factor. Actually, there will be no odd powers because there
are an even number of factors in the product (z + %)2”, but this will not be so important for us.)
This then gives

1 1\ c c_
—(z-l——) =22 g 12 e e
z z z z

1
22n+1 ’

so in order to integrate %(z + %) over the unit circle we simply need to integrate each term above
over the circle.
Here’s the magic! Each term in the expansion above except for the < term has an antiderivative

over the entire circle since
d Zk+1 5
d—(k+1> =z" for k # —1.
2
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Thus, since we are integrating over a closed curve, the integral of each of this terms is zero, so all

we are left with is
1 1\ o
—|lz+ - dz = —dz,
|z|=1 # z |z|l=1 #

1

Y- dz = ¢p2mi. (We will come back to the exact value of ¢y in a bit.)

whose value we know: cg 3§|

On the other hand, using the parametrization z(t) = €%, 0 <t < 27 gives

1 1\ 2" 2r ‘ .
jé - (z + —) dz = / e (e e )2iet dt
|z|=1 ? z 0
1

where we use i = e~*. Since e”"e" =1 and e + e* = 2cost, this simplifies to

1 1 2n 21 21
7{ - (z + —) dz = / i(2cost)*™ dt = i22“/ cos®™ t dt.
|z|=1 z 0 0

Thus, comparing the two values we got for the integral of %(2 + %)2” over the unit circle gives

€0

2 1 2
i22"/ cos® tdt = co2mi — — / cos®tdt = o
0 27'(' 0 2 n

If we backtrack, we see that cg is the constant term in the original expansion
22

2n on c_q 1
Z+; =z +-~‘+clz+c()+7++-~+7

This is the coefficient of 2°, which appears whenever we take n z’s and n %’s in

2n times

The number of ways of making such a choice is “2n choose n”, which is

()=

(No need to recall what this is, it is something you would be given in the setup to a problem if

needed.) Hence,
L L )
ar Jy 0 = Qe

If we write the denominator as (2"n!)(2"n!), each factor is a product of even integers
2" =2"(1-2-3---n)=2-4-6---2n,

so in the fraction
(2n)! (2n)!
22npIn!  (27n!)(2nn!)

all even terms in the numerator cancel with one factor in the denominator, and we are left with
only odd factors in the numerator and even ones in the denominator:

L 2WcosQ"tah‘ = 1:3:5.-(2n—1)

2m Jo 2:4-6---2n
as the desired value. (The manipulations we did to get down to this simplified expression are not
important, what matters is the fact that we computed §|Z|=1 %(z + %)2” dz in two ways in order to
derive a real integral value. This is an idea we will see time and again in the remaining weeks.)
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Lecture 13: Cauchy’s Theorem

Warm-Up. Let us take it as given for now that

z . —2+\/§
% 24612::277'2 y—ll
|z|=1 z +4Z+1 2\/3

(We will see how to easily determine this value with minimal computation later this week using
what’s called Cauchy’s integral formula; for now just note that —2 + v/3 is one of the roots of
2% + 4z + 1 via the quadratic formula.) Using this, we derive the values of the real integrals

2 2 :
t t
/ _cost 4 / _ sint
o 4+ 2cost o 4+ 2cost

Using the parametrization z = e, 0 < t < 27, we get

f 2 p /271‘ eit i "
—- - az = Y re— 1 .
oj=1 22 + 42+ 1 o eXt44ett +1

Multiplying by z%:: turns this into

2 ezt o 2 ezt
ez . I 2 et dt = ) . . 1 dt.
/0 e2it + 4ett + 126 Z\/O ett + 4+ et
Now, the denominator is
(cost+isint) +4 + (cost —isint) = 4 + 2 cost,

so our integral is

}1{ z d ,/27r cost—i—z'sintdt ,/2“ cost dt /27r sint gt
—_— Az =1 _— =1 _— — -
loj=1 2% + 4z +1 o 44 2cost o 4+2cost o 4+ 2cost

Comparing the real and imaginary parts of this integral with those of

z . —2—1—\/5
% 2—dZ:27T'L T~
l2|=1 # +4z+4+1 23

2 27 :
—2
/ _cost Lo, (=243 / _osint o
o 4+ 2cost 23 o 4+ 2cost

Cauchy’s theorem. We come now to one of the most fundamental results in complex analysis,
second only to the Cauchy-Riemann equations in importance: Cauchy’s theorem. Cauchy’s theorem
gives the exact value of a wide class of integrals, no computation required. Here is the statement:
if f is holomorphic on a domain containing a simple closed contour C' and its interior, then

]gf(z) dz = 0.

By the “interior” of C' we mean the region enclosed by C, so the result is that as long as the function
we are integrating is differentiable on C' and the region enclosed by C, the integral will have value

thus gives
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zero. A domain D with the property that it contains the interiors of all curves contained within
it is said to be simply-connected, so we can phrase the statement of Cauchy’s theorem as saying
that if f is holomorphic on a simply-connected domain, then fC f(2)dz = 0 for any simple closed
contour C' in that domain.

For example,

?{ e dz =0, and ]{ cos(e®)dz =0
c c

for any simple closed curve C. (These integrands are entire, so the hypothesis of Cauchy’s theorem
is satisfied everywhere.) Certainly we already know that a function which has an antiderivative
will have this integral zero property (since we can evaluate the integral by plugging the common
end/start point into the antiderivative and subtracting), but the point is that we get zero even for
functions which we do not yet know have antiderivative, such as those above. (The fact that all
holomorphic functions do have antiderivatives will be a consequence of Cauchy’s theorem.)

The function % is not holomorphic on a simply-connected domain containing the unit circle
(since it is not differentiable at 0, which is enclosed by the unit circle), so Cauchy’s theorem does

not apply to §|Z|:1 %dz, which we know has value 27i and not zero. (However, Cauchy’s theorem

does apply to % over any simple closed contour that does not enclose the origin, such as say a
circle of radius 1 centered at 1 + i, since % is holomorphic on such contours and their interiors.
The integral over such a curve not enclosing the origin is zero by Cauchy’s theorem, which matches
what we said previously about integrals of %) The integral in the Warm-Up

z . —2+\/§
f 276&‘:277’@ s
|z|=1 z +4Z+ 1 2\/5

is another to which Cauchy’s theorem does not apply since the integrand fails to be differentiable
at —2+4+/3 (a root of the denominator), which is in the unit disk enclosed by the unit circle. (But,
Cauchy’s theorem still plays a key role in finding the actual value of this integral above, as we will
see.) The takeaway is that it is crucial that f be differentiable not only at points on the curve C,
but also at all points it encloses.

Proof when derivative is continuous. Here we justify Cauchy’s theorem, at least in the case
where f' = u,+iv, is continuous on the domain in question. We will see later that this assumption is
superfluous in that f’ is always continuous if f is holomorphic, but this fact will depend on knowing
that Cauchy’s theorem is true without this assumption beforehand. But, this general setup without
assuming continuity of f’ takes more work to justify, which is not going to be essential for us to
understand in this course. We will say a bit about his general setup after this first proof in the f’
continuous case, but this will be purely optional material for the sake of those who are interested
in learning more.

If f" = ug + iv, is continuous, then so are u, and v, by the Cauchy-Riemann equations. If we
pick a parametrization z(t) = z(t) + iy(t),a <t < b for C, our desired integral is

éjf(z) dz = /ab(u +iv) (2 +iy') dt

b b
= / (uz’ —vy')dt + z/ (uy’ + va') dt.

Here we are suppressing the points at which u,v,2’, 9y’ are being evaluated for the sake of clearer
notation, and the second line comes from multiplying out (u + iv)(z’ + iy’) and separating real
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and imaginary parts. Now, we write the resulting integrands as dot products of a vector with the
tangent vector (z,v/):

b b b b
/ (ux’ —vy') dt + z/ (uy’ 4+ va') dt = / (u,—v) - (2',9) dt + z/ (v,u) - (2, y) dt.
a a a a

The point is that the two integrals on the right are examples of line integrals from multivariable
calculus, with the first being the line integral of the vector field (u, —v) over C' and the second that
of the vector field (v,w). Since C is closed and the partial derivatives of v and v are continuous
(here is where this assumption is needed), Green’s theorem from multivariable calculus allows us
to write these line integrals as double integrals over the region D enclosed by C:

/ab(u,—v).(:c',y')dt://D(a(a_xv y) dA = // o — 1) dA
/a(vu) (2, ) dt = // (Z—Z——y)d/l // (uz — vy) dA.

But the Cauchy-Riemann equations then give that both of these resulting double integrals are zero:
we have u, — vy, = 0 and —v; —uy = 0, so

?{Cf(z)dz://D(—vx—uy)dA+i//D(ux—vy)dA://CiodA+i//]:)0dA:0

as desired.

This approach to Cauchy’s theorem in the f’ continuous case highlights the importance of the
Cauchy-Riemann equations in the final step. It also serves to hint at the geometric meaning behind
these equations: Green’s theorem is ultimately a result about notions of “curl” and “divergence”,
which have something to do with “rotation” and “scaling” respectively, which is what “holomorphic”
(with nonzero derivative) should relate to geometrically.

and

Proof in general case. For the sake of completeness and independence from the continuous f’
assumption, let us talk about why Cauchy’s theorem works in general. As mentioned above, this
is purely optional material and understanding the details is not something for which you will be
responsible—which is why we did not do it in class—but it is important if we care about deriving
results from Cauchy’s theorem in the most general way possible. A second benefit is that the
justification we gave above in the f’ continuous case essentially is a “real analytic” approach since
in the end we convert to real double integrals and apply the real Green’s theorem; the only place
holomorphicity really appears is at the end in the form of the Cauchy-Riemann equations. But
Cauchy’s theorem should really be viewed as truly a “complex analytic” result independent of
anything strictly real, so there should be a proof making use of only complex analysis. (The issue,
as we will see, is that the purely complex proof is much more involved than what we saw above.)

In fact, we only give the full details in the case where the contour C' is a triangle; the general
case then comes essentially from approximating general simple closed contours by triangles:

\\/

qp\sroxiu\r\d\\q %ev\m\
Covour \dj *ﬁc\*j\ﬁs

A'ide ’\(‘\uma\t

b Q0 aller plece
\u.3 connectig midpoints
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Take a triangle T" and divide it into four smaller triangles by connecting midpoints of sides, as in
the second picture above. The integral of f over T then breaks up as the sum of integrals over
these four smaller triangles:

/f(z)dz: f(z)dz+/ f(z)dz+ f(z)dz+/ f(z)dz.
T first second third fourth

(Note that the edges of these smaller triangles lying in the interior of the original 7" occur twice in
the sum above—one for each smaller triangle of which it is an edge—but with opposite orientations,
which is why adding the four things on the right together leaves only the contributions from the
original T.) At least one of the four integral values on the right must have modulus at least as large

as 4 times that of fT z) dz, since otherwise adding together the modulus of the four things on the
right would glve somethlng strictly smaller than | fT z) dz|. Denote by T the smaller triangle for
which | [, f(z) dz| is at least as large as 1| [, f(2) dz|:

Note also that the length (i.e., perimeter) of 77 is exactly half the length/perimeter of T, which
follows from the fact that midpoints were used in constructing the smaller triangles.

Now do the same thing with 77 as the new triangle: divide it into four smaller triangles by
connecting midpoints of sides, and pick the smaller triangle T5 for which | sz f(2)dz| is at least as

large as %] le f(2) dz|, so that together with the bound above we get

f(z)dz| > f > =

T>
The length of T5 is half that of T;. Keep going, at each step finding ever smaller triangles T;, such
that

1 1

f(z)dz| > = f(z)dz| > = f()dz|>...> — /f(z)dz
Th 4 Tn—l 42 Tn—2 4” T
and for which
1 1 1
length(T,,) = 5 length(T,,—1) = on length(7T,,—2) =--- = on length(T).

Pick a point zg that lies in the interior of all the triangles 7,, thus constructed. (There is such a
point because the interior of each triangle T, is contained in the interior of the previous 7,1, so the
triangles “shrink down” to a point zg.) Using the linear approximation approach to differentiability
we mentioned awhile back, since f is differentiable at zg we have

f(z) = f(20) + f'(20)(2 — 20) + €(2),
where the “error/remainder” term e(z) satisfies

lim «(2)
2920 2 — 20

=0.

Since f(zg) (a constant) and f’(29)(z — 2z0) (constant times z minus constant) each have antideriva-
tives, they integrate to zero over the closed triangle T},, so

[ 1@z = [ 10+ £ o)z = z0) + el dz = / (2) dz.
Th Tn

n
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€(2)
z—20

Denote by M,, the maximum value of | | among points on the triangle 7T),; since the fraction

£(2)

p—— approaches 0 as z — 2, these maximum values approach 0 as well. We have

< M, so |e(z)| < M|z — 2| for z on T,,.

We now use that fact that we can bound contour integrals by bounding the integrand:

]Qhe<z>dz < ]§%|e<z>udzy

We will say more about this expression after this proof since it is useful in its own right and will
be important in various computations we will carry out as we go. In the case at hand, we use the
bound on €(z) in terms of M,, we derived above to get

/ e(2) dz g/ |e(z)||dz|§/ M|z — 2]|d2).
T, Tn Ty

The distance |z — zp| from any point on 7}, to zp in the interior of 7T}, is never larger than the full
length /perimeter of T;,, so

/n €(z)dz

The remaining integral is the length of T;, (see the discussion on integral bounds that follows this
proof), so we finally have
/ €(z)dz

Putting this together with what we had previously, where

/Tf(z) dz

S/ M, |z — zo||dz] S/ Mnlength(Tn)|dz|:Mnlength(Tn)/ |dz|.
Tn Tn

n

< M, length(T},) / |dz| = M, length(T},)>.

n

f(z)dz
T,

1 1
> e and length(7),) = o length(T),

f(z)dz
T,

gives

/T f(z)dz

As n increases we have M,, — 0, so the right side approaches 0, and hence so does the left side.
But the left side is constant since it is independent of n, so we must have

/T £(2)dz

which is Cauchy’s theorem for a triangle. (Breathe!)

1\2
<4" < 4" M, length(T},)* = 4™ M,, (2—n) length(T") = M, length(T").

f(z)dz
T,

=0, so/f(z)dzzO,
T

Integral bounds. The argument above is indeed quite involved and optional, but the part about
bounding integrals is worth clarifying. The claim is that

LﬂWhSLWMWL
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Now, the left side is the modulus of the complex number which equals the value of the integral
fC z)dz, and on the right side |f(z)| is the modulus of the function we are integrating and |dz|
is mean to denote the modulus/length of tangent vectors along the curve. To be precise, once we
pick some parametrization z(t),a <t < b for C, we get

dt‘ |

A basic fact about integrals like this taken with respect to a real parameter ¢ is that bringing the
“absolute value” /modulus term inside can only make the value larger but never smaller, so

[ 161a:] - )2 (0t < /\f DI ()] de.

(You might have seen this property for real integrals before, but it also holds for complex integrals
with a real parameter. We will not give the justification for this here, but it is in in the book if
you are interested in seeing them.)

If we bound |f(z(t))| by, say, some constant M, we get

/|f DI (¢ ydt</M|z )| dt = M/ ()] dt.

On the right side, 2/(t) describes a tangent vector to C' and |2/(t)] is its length, and you might recall
from multivariable calculus that integrating the length of tangent vectors gives the total length
(also called arclength) of the curve:

/ " |(0)] dt = length(C).

This integral is what denote by fC |dz| (i.e., it is the integral of the length of the tangent vector

piece dz), so
\ [ 1@\ < [ 15@la
C C

says that we can bound the size (i.e., modulus) of an integral by bounding the integrand f(z) and
controlling the length of C. At times we will want to bound | f(z)| by a constant, and at other times
by the modulus |g(z)| of a function g(z) that is simpler to work with, but the end result—finding
a way to control how large an integral can be—will be the same.

Example. We finish by giving an example of the typical type of computation that Cauchy’s
theorem and its consequences will now allow us to carry out. This falls within the strategy of using
contour integrals to derive results about real integrals, where Cauchy’s theorem will tell us what
the value of the contour integral should be.

We derive the fact that

o0
et cos(2bt) dt = /me ¥

—00
for b > 0. This is an improper real integral, which if you recall is defined as the limit of integrals
over bounded intervals as we allow the size of those intervals to increase:

(o] a
/ et cos(2bt) dt = lim et cos(2bt) dt.

—0 a— o0 —a

The point is that we will obtain this value after taking limits in a contour integral. Specifically, we
take C' to be the rectangle with vertices at +a, +a + ib oriented counterclockwise
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—odb v

-a ¢

]{ e dz.
C

On the one hand, the value of this integral is zero by Cauchy’s theorem since e~% is entire, so it is
differentiable everywhere on C' and on the region C' encloses. On the other hand, we can split this
integral into four pieces taking place over the four sides of C"

0 :j{ e dz :/ e dz +/ e dz +/ e dz +/ e dz.
C Cq Co Cs Cy

The integral over the bottom side '} lying on the real axis is just the usual real integral of et
from —a to a: parametrizing C by z(t) =t,—a <t < a (so that 2/(t) = 1) gives

a
/ e % dz :/ et dt.
Cq —a

(Later we will take the limit as our rectangle gets longer using a — oo, in which case this piece
becomes the improper integral f_oooo et dt, which has a known value we will recall at that time.)

Now, consider the integral over the vertical segment C3. Rather than compute this integral
directly, it will instead be enough to determine how large (in modulus) it could be and argue
that in the limit as a — oo this integral will become zero anyway. (Keep this idea in mind going
forward—it is very common.) We use the bound

/ e % dz g/ e ||dz|
CQ C2

mentioned before. The modulus |e_22| among points on the line segment from a to a+ ib has maxi-
2 2 . . . . .
%" which was indeed a problem on the last homework; this comes from parametrizing

and consider the contour integral

22

mum value e?”
the segment as z(t) = a +it,0 <t < b, computing

_ 2 (a2 C(a2—42) —9qi 2_ .2
’€Z‘=’€ (a-Ht)’:’e (a t)6 2azt’:6t a

and maximizing the result for 0 <t < b. This gives

/ e dz S/ |e_z2||dz| S/ eb2_“2]dz|:eb2_“2/ |dz|.
Cz CQ Cz CQ

The remaining integral is just the length of the vertical segment C5, which is b, so

52 2_ .2 2_ 2
/ezdz <el a/ |dz| = b~
CQ CZ

The point is that once we take a — oo, this expression will go to zero, so it will not contribute to
the overall value of the limit. The same thing happens over the vertical segment C4 on the left side
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of the rectangle; the only difference here is that we parametrize by —a + it instead of a + it, but
this gives the same value for |e‘z2\ = ¢t~ as () because the a term is squared, so the max value
and length terms are the same. So, for neither sz e~*" dz nor fC4 e~ dz will we know the definite
value, but this will not matter in the limit.

For the integral fCS e~ dz over the remaining horizontal segment, we use the parametrization
z(t) = t+1ib,—a < t < a, only where we change the sign of the integral to correct for the orientation:

/ e dy = —/ e dz
C3 -C3
a o \9
:_/ ()2 gy
—a

_ _/a e—[(tQ—b2)+z’2bt] dt
—a

a
_ 42 p2 9,
—a

= —ebQ/ et (cos(2bt) — isin(2bt)) dt.

—a

a a
= —ebz/ e cos(2bt) dt + eb2/ e sin(2bt) dt.
—a —a
The second integral in the result is zero since the integrand et sin(2bt) is an odd function and the
interval [—a, a] of integration is symmetric about the origin, but let us not use this simplification
and see in a bit that the result (in the limit) will be zero anyway. Note that the first integral above
looks suspiciously (or not?) similar to the real integral whose value we seek to determine.
Putting everything together gives

0 :?{ e dz :/ e~ dz+/ e~ dz+/ e dz+/ e dz
C Cq Co C3 Cy

a
_ / ¢~ dt + (something bounded by be? )

—a

— e / et cos(2bt) dt + e / e sin(2bt) dt 4+ (bounded by beb2_“2).

—a —a

Now we take the limit as a — co. Note that in order to do so we have to know that the left side
0= fc e~* dz remains zero regardless of the length of the rectangle we are using, which is OK by

Cauchy’s theorem. Since bet’ =@ = peb’e—® 0, the integrals over Cy and Cy that this bounds
also go to zero (this is some kind of squeeze theorem application), so we get

0= / e dt+0—e” / et cos(2bt) dt + e / et sin(2bt) dt + 0.

Note right away that the left side has zero imaginary part, so the imaginary part of the right side
must also be zero, and this gives the aforementioned

/ et sin(2bt) dt = 0.

—0o0

We are left with
0= / e dt — e’ / et cos(2bt) dt, so / et cos(2bt) dt = et / et dt.

— 00 —0o0 —0o0 —00
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The improper integral ffooo et dt (an example of what’s called a Gaussian integral, heavily used in
probability and statistics) has the value y/7. This is often an example computed in a multivariable
integral calculus course, where the technique is to write the square of this integral has an improper
double integral

e 2 2 o0 2 o0 2 o0 o0 2 2
</ et dt) :/ et dt/ e % ds :/ / e~ %) gt ds,
—00 —00 —00 —0o0 v —0O0

and then to convert to polar coordinates to find the value. (We will not go through these details
here, but if you have never seen this computation before you should try it for yourself or ask in
office hours!) Thus we get

/ e~ cos(2bt) dt = e / e dt = /re

—0o0 —00

as our desired value. (Phew!) This example is indicative of the types of things we are working
towards, where as we find “simple” ways of computing contour integrals to which Cauchy’s theorem
does not apply, we will expand on the types of real integrals we can determine via this method.

Lecture 14: Cauchy’s Integral Formula

Warm-Up. We find the value of

—t2/V2 t2
e cos dt
/0 (\/5)

by integrating e=*" over the contour CR consisting of the line segment on the real axis from 0 to

R, the arc of the circle |z| = R traversing angles from 0 to /8, and the line segment from the end
of this arc back to the origin:

CQ\ZC\‘\CL*CWJ
Re\ﬂle
G

~[g

As with the example at the end of last time, we will obtain the desired integral value above as
a limit as R — oo in these contour integrals. Since e~ is holomorphic everywhere, Cauchy’s
theorem guarantees that
7{ e dz=0
Cr

regardless of how large R is, so this will remain true in the limit as R — oo as well.
The integral of e=*" over the bottom segment C of Cp is just the usual real integral

2 R t2
/ e ? dz:/ e " dt.
Cq 0
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The integral over the circular arc Cs is not one we will compute directly, but rather we will find a

way to bound it using
/ e dz g/ le=%"||dz|.
Cz 02

The goal is to find such a bound that will go to 0 as R — oo, so that the integral of e™* over Cy
will go to zero as well in the limit. To find a bound we must bound ]6_22| among points on Cy. If
we parametrize Co using z(t) = Re',0 < ¢t < Z, we have

22

—2(t)? e—RQezn — e—RQ(c052t+isin2t) R? cos2t'

e , SO |e_z(t)2] =e

If we think of this modulus as m, then to find a larger bound we must bound the denominator

from below since making denominators smaller makes fractions larger. Thus, we need a lower bound
on cos2t for 0 < ¢ < g. For ¢ in this range, 2¢ takes values between 0 and 7, and the minimum
value that cosine takes on in this range is cos 7} = % since cosine is decreasing over this range. So

1 1 1
7 < cos2t = = < RVE for 0 <t < 3.
Thus we get
/ e dz) < / e lld| < / e Iz = eIV [ (dz| = Hem IV
CQ CQ CQ
where sz |dz| = %R is the length of Cy. (The length of an arc on a circle is the radius times the

angle the arc subtends.) As R — oo, this %e‘RQ/ V2 bound will go to 0 as we wanted, as can

be verified using L’Hopital’s rule if nothing else. (The point is that e R goes to zero much more
quickly than the rate at which the R term in %R increases.) Note that we have to be mindful about
the bounds we use in order to get this. It is also true that

—1<cos2t for 0 <t < g, or 0 <cos2tfor 0 <t < g,

. .2 _R2 _R2(_ 2 .2 _R2 .
but these give [e=?"| = e 70032t < =R (=1) = ¢F” anqd |e=% | = e 7052t < &0 = 1 respectively,

neither of which will go to zero when multiplied by %8. We will get used to figuring out what types
of bounds to use as we work through more examples.

For the integral over the remaining segment Cs, we use the parametrization z(t) = te’™/® (fixed
argument but varying modulus) for 0 < ¢ < R, only that we have to correct for the orientation

with a negative sign:
’ " 02
/ e dzz—/ e P (t) dt
C3 0
R 2.im/4
—_ _/ e te €z7r/8 dt
0
R
— _eiﬂ/8/ e—tz(cosg—kisin%)dt
0
R
- _eiw/s/ o122 —it2/VE gy
0

R
_ i7r/8/ —t2/\/§( T )dt
= —e e COS —= — 18in == .
0 V2 V2
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2 2
(Hopefully it is clear now how we will be able to derive the value of an integral involving e ~*"/ V2 cos(%)

from this!)
Putting it all together gives

O:?{ eZde:/ eZde—l—/ eZde—F/ e dz
Cr Cy Co Cs

R
= / gt + (something bounded in modulus by g TR —R?/ \/_)
0

R
_in/8 —t2//2 12 12
e /0 e (cos 5~ isin ﬁ)dt
for any R > 0. Taking R — oo then gives

o0 oo
_ —t2 _im/8 —t2/V2 AR
0 /0 e dt+0+ —e /0 e (cosﬁ isin ﬂ)dt.

The first integral has value ‘/T;r (it is half of the Gaussian integral ffooo et dt = /7 from last time

since the integrand is even), so

0= 4 — /8 fOR e‘tz/‘/ﬁ(cos % — jsin %) dt,
and thus ~
; et /‘/_(cos%—zsm f/ﬁ)dt: ‘/2_6*”/8: 4(cosg—isin§).

Taking real parts gives

S

iy
OS8

e t/V2 cos dt =
| ()

as our desired value! (Taking imaginary parts will give you the value of [e e”/V2 gin( f) dt.) If
you happen to know the value of cos §, you can write this as

/ et /\/_cos(\[)dt */_coss 4(%\/2%-\/5):4\/24—\/5.
0

Making a change of variables u = turns this into

21/4
o
/0 emu? cos(u?) du = 21/4\/2—1— 21/4\/1—1—

which is more often the way in which such an integral is expressed.

Deformation theorem. The fact that functions which are holomorphic on and interior to a
simple closed contour integrate to zero is useful, but perhaps just as useful is the following result
known as the deformation theorem. Indeed, the deformation theorem plays the key role in deriving
what’s called Cauchy’s integral formula, which we will discuss in a bit, which itself is the holy grail
of all integration results.

The statement (of the deformation theorem) is that if C1 and Cy are simple closed contours
with one, say Cs, lying fully interior to C7, then

fe)dz= ¢ f(z)dz
(71 (72

for any f that is holomorphic on a domain containing C4,Cs and the region between them. The
point is that if we can “deform” one contour into the other through a region on which f remains
holomorphic, the value of the integral does not change:
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For example, the integral of % over the circle |z| = R is 274, and thus so is the integral of % over any
simple closed contour enclosing 0 since any such contour can be deformed into a circle; we knew
this already via a branches of log argument, but this gives a more geometric justification.

To prove the deformation theorem, take the contours C; and C5, and “cut” the region between
them into two pieces by putting in segments ~; and ~» as follows:

£ oot
D e, ot T

down
3, dnan

and

£ Wolomerpnic
Wiere | orteat By
ad Ty Y

The left of this region is then enclosed by the contour we will write as
(left C1) + (up m1) + (left — Cs) + (up 72),

where we traverse the left half of C, then move up 1, then traverse the left half of C5 but in
the clockwise orientation, and then move up 2 to close up. Similarly, the right half of the region
between Cy and C5 is enclosed by

(right C1) + (down ~1) + (right — Cs) + (down ~2).

The integral of f over each of these region boundaries is zero (!!!) by Cauchy’s theorem since f is
holomorphic on the the left and right half regions they enclose:

f(z)dz:O:?{ f(2)dz.

fileft C1)+(up v1)+(left —C2)+(up v2) (right C1)+(down ~1)+(right —C2)+(down 72)

So, adding these two integrals together should also give 0. But when adding, we get two terms like

/ f(z)dz + / f(2) dz,
left Cy right C

which combine to give fCl f(2)dz. We also get
[ @[ p@d=§ fe
left —Cs right —C —Cy

and all that remains cancels out: we get the integral of f over “up v1” plus the integral over “down
~1”, which gives 0, and similar to the pieces over up/down ~,. Thus, adding the terms in

f(z)dzzOz}I{ f(z)dz

fi‘left C1)+(up 71)+(left —C2)+(up 2) (right C1)+(down ~1)+(right —C2)+(down v2)
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leaves only

2)dz 2)dz = 2)dz = — 2)dz = 2)dz
) 1§ 5e) O,SOfolf() f_czf() OIS

which is the desired deformation result.

Cauchy’s integral formula. Cauchy’s integral formula gives a way to express values of holomor-
phic functions as integrals. We cannot oversell how crucial having such a representation is, and all
of the “big” results we will see in the coming week arise from this one fact. The claim is that if f
is holomorphic on a domain containing a simple closed contour C' and its interior (satisfied if the
domain is simply-connected, for example), then

1 f(z)
20) = — | —>—dz
f(z0) 21 Jo z — 2o
for any zg interior to C. The point is that the right side only uses the values of f along the contour
C itself, and yet from these alone we can recover the value of f at any point within C:

No matter how large C' is, nor how far away from zy the points on it are, we always have enough
information to determine f(z) exactly.

We will save the justification (which will depend on the deformation theorem, which in turn
depended on Cauchy’s theorem) for next time. But we emphasize for now just how different this
result is from anything in real calculus. In the purely real setting, the analogous thing would be
trying to obtain the value f(z¢) for zy in some interval solely from the values on the “boundary”
(i.e., endpoints) of that interval:

valve of Y, cawast
?oss\\;\t,j Yo recourred

Som v-lue ot
evéYS\\A\S AR

But there is no way in which such a thing can happen for real differentiable functions, since there
are many many many functions we can come up with that have the same values at the endpoints
but wildly different values at “interior” points. The value f(xg) in general has nothing to do with
the value of f at points far enough away, but in the complex setting there is an intimate connection
between the value of f at one point zy and its values even very far away.

Example. Here is a first (silly) example. The constant function f(z) = 1 is holomorphic every-
where, so the assumption in Cauchy’s integral formula is satisfied for all simple closed contours C'
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enclosing a given zy and we get that

F(z0) = L S dz—iyi L g

2 cZ— 2 2 zZ— 29

The left side is 1, so after rearranging we get

1
% dz = 27i
Cc R~ 20

as expected. This example is “silly” because we do not need the integral formula to obtain this
value (it follows from examples we have seen before), but perhaps more so because the justification
of Cauchy’s integral formula will use the fact that this integral has this value, so it is circular
reasoning to obtain this value from the integral formula.
Here is a better example. Consider
§oo
l2l=2 %~ 2

The function cos z is holomorphic everywhere, so we can apply the integral formula to any simple
closed contour. With 29 = 5, we get

™

j{ O8° gy = 2mi(cos 5) = 0.
l2[=2 %~ 2

(Compared the form of the integral formula we originally gave, here we have just put the 27i in a
different place.) Similarly, we have

™
2=2% 732

eZ
S
7|{z—1|:1 # -1

(Note the contour of integration is a circle centered at 1, not 0.) As written, it is not in the form
required of the integral formula yet since the denominator does not look like z — zg. But since
22 —1=(z—1)(z + 1), we can write this as

j{ ¢ dz = 7{ e dz = 7{ 762/(2 +1) dz.
z—1j=1 2% — 1 —1j=1 (z = (= +1) le—1]=1 2 —1

That is, we incorporate the z + 1 in the denominator into the function f(z) = %,
holomorphic on a domain containing the circle of radius 1 centered at 1 and its interior:

7{ SE e = 2mi(sin ) = 2.
|

Another example. Consider

which s

\nic
z son o8
0 “© \no\w

e
g((,l\ = 2\ \nere

/Q\\zr\\:\
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The function f(z) = % fails to be differentiable only at z = —1, but this falls outside the interior

of the given contour, so we are good to go. We thus get

zZ z 1 2
7{ 26 dz:% 7@/(z+ )dz:27ri( ¢
|z—1]=1 #~ — 1 lz—1]=1 # — 1 z+1

If we considered a contour whose interior included both —1 and 1, such as in

7{ idz—% SR
loj=2 2% — 1 =2 (= D(z+1) 7

Cauchy’s integral formula would now no longer be applicable. We will near the end of the quarter,
however, that such integrals can still be easily computed using the method of residues, of which
the integral formula is the simplest non-trivial case.

) = 2mi(§) = mie.

z=1

Back to Warm-Up from last time. In the Warm-Up from last time, we began by taking the

value
z =2+ \/§
S dz =27 | ————
=1 2% +42+1 2v/3

for granted, which now we can justify. As in the previous example, in order to apply the integral
formula we must factor the denominator. By the quadratic formula, the roots of 22 + 4z + 1 are

—4£V16-4 _ —4:|:\/ﬁ__2j:\/§7

2 2
s0 22 +4z+1=(2—[-2+3])(z — [-2 — V3]). Note that of these two roots, only —2 + /3 lies
inside |z| = 1, which is what makes the integral formula applicable since f(z) = m is then

holomorphic on and interior to |z| = 1. We get

z L z/(z —[-2 —/3]) . z
BT T T T e e (z—(—z—@ z__m)

After plugging in z = —2 + /3 and simplifying we do get the value we claimed was correct.

Lecture 15: More on Cauchy’s Formula

Warm-Up 1. We compute the contour integrals

1 e
—d d —d
?|{sz1 (z—7)(1—r2) = an ji'g 211"

where 0 < r < 1 in the first integral and Cg in the second is the contour enclosing the upper half
of the disk |z| < R for R > 1, so that Cr consists of a line segment on the real axis and the top
half of a circle of radius R > 1. We compute both using the Cauchy integral formula.

First, note that (z — r)(1 — rz) is zero when z =r or z = 1, but the only one of these that lies
within [2| = 1is z = r (recall 0 < r < 1) since 1 > 1:
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S

The function f(z) = LZ is then holomorphic on and interior to |z| = 1, so Cauchy’s formula
applies and we get

1—r
fo e MU (] )2
lzj=1 (2 = 7)(1 —r2) =1 2T 1—rz|,_, 1—r

For the second integral, we have 2241 = (2 —i)(z +1), and of the two roots +i of this expression
only 7 lies within Cg:

(3 notNC
e Ao
2-\\.
Neel® &, R>\
{
-R !
-L

(This is where we need the R > 1 assumption; for 0 < R < 1 the second integral is zero by Cauchy’s

__ e¥

theorem since Z%; is then holomorphic within the circle |z| = R.) Thus g(2) = = is holomorphic

on and interior to C'g, so we get
iz 12 : 12 -1
]{ ; dz:]{ Mdz:%ri(e : ):m(e—_):f.
cp 2 t+1 Cp 21 z2+1,-, 21 e
21 00
1 t
/ dt (for 0 <r <1) and / ORT gt
0

Warm-Up 2. We determine the values of
1 —2rcost + r2 o L2

The point is that these are not some random standalone integrals, but rather they actually follow
directly from the computations in the first Warm-Up! Indeed, go back to the first integral we
computed in the first Warm-Up and instead use the parametrization z = e%,0 < t < 2r. We get

1 1
—dz= - —dz
zj=1 (2 = 7)(1 —7r2) l2j=1 2 — T2 =T +71%2
27 1 "
= . . _(7e") dt
/0 67't—7’627't—7’—|—7"26” (Ze )

27 1
= _ _ dt
/0 1 —reit —reit 4 p2
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where in the last step we multiplied numerator and denominator by e~* in order to simplify. But
then —re’ —re~" = —2rcost, so the final integral above is precisely 4 times the one listed first in

this Warm-Up, so by taking the value for the first contour integral in the first Warm-Up we get

_/2” 1 gt 2mi /2” 1 gt 27
2 = —7F, SO == .
o 1—2rcost+r? 1—r? o 1—2rcost+r? 1—r2

For the second integral, we consider

et s
=t
%CRZQ—Fl T

from the first Warm-Up take the limit as R — oo. As we take this limit the value % does not
change since C'r remains a simple closed contour enclosing ¢, at least for R > 1 which is a fine
assumption since in the limit R — oo we only care about large values of R anyway. If we denote
the bottom segment of C'r by C; (oriented left to right) and the top circular piece by Cy (oriented
counterclockwise) we have

1z 1z 1z
E:% ;;dz:/ ;;dsz/ ;;dz.
e cp 7+ 1 o 2 +1 o, 2+ 1

The integral over C just becomes the integral with respect to the real parameter z = t on the

interval [—R, R]:
iz R it
/ ———dz = / .
Oy < +1 ~R te+1

Note that the real part of this integral uses cost in the numerator, which is what will give us the
value of the integral we desire after taking the limit.

For the integral over the circular piece Cs, we argue that this will go to zero in the limit. Indeed,
we have % = ¢!@ 1) = ¢~Vei? 5o

e'? ‘ e Y 1

= <
22+1 |22+ 1] — |22+ 1]

since y > 0 for points along C5. For the denominator we use what’s called the reverse triangle
inequality, which says that |z| — |w| < |z 4+ w|. (The triangle inequality gives the other direction
|z +w| < |z| + |w]|, so the takeaway is that the modulus of a sum is always bounded form below by
what we get when subtracting individual moduli and is bounded from above by adding individual
moduli.) In our case this gives |22 + 1| > [22| — |1] = |z|> — 1, s0

e? I e Y 1 1 1

2241|2241 T 22+1 T |22-1 R?2-1

Note that we needed to bound |22 + 1| from below not above since it occurs in the denominator of
a fraction, and the fact that |z| = R in the last step just comes from the fact that z lies on the
circular arc Cq, which is the top half of the circle |z| = R. With this bound we get

iz

/ 6”d</ ¢ \d|</ Lojgz= 2t /rd|
VA YA —|az| = AR
02212—}-1 - 02 22+1 - C2R2—1 R2—1 C2

The remaining integral is the length of Cy, which is 7R (half the circumference of a full circle), so

iz
/ 26 dz‘ < ;TR .
Cs z +1 R —1
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The right side goes to 0 as R — oo, so, as we claimed, so to does the integral over Cs.

Taking R — oo in
1z iz 1z
=}( 26 dz:/ 26 dz+/ ;—dz
CRZ +1 CIZ +1 CQZ +]_

7T_/Oo et dt+0_/°° cost+z'sintdt
e Joo1+1t2 [ A ‘

° cost 0
— 5 dt=—
oo L+t e
as our desired value. (Both of the integral in this Warm-Up are, yet again, instances of phrasing

a real integral in terms of a complex integral and then applying results about contour integrals to
make the resulting values simple to determine.)

o3

thus gives

Taking real parts then gives

Proof of integral formula. We now give a justification for the integral formula

1 (2)
20) = — dz.
f(z0) 2mi Jo z — 2o
Recall here that f(z) is meant to be holomorphic on and interior to the simple closed contour C
containing zg in its interior. The first observation to make is that, by the deformation theorem
from last time, we can replace C' more concretely by a small circle centered at z:

T oyt
2-2-

oelwee
So can defovm

Indeed, we can deform C' into any other simple closed contour around zy as long as we do so through
a region on which the integrand % remains holomorphic; this integrand fails to be differentiable
only at zg (when the denominator is zero), which does not lie between C and |z — 29| = €, so we
are good to go. Eventually we will take a limit as ¢ — 0 and the circle around zy shrinks, and the
point is that doing so does not change the value of any of our integrals by deformation.

Consider then

21 Jo z — 2o 2 z— 29

1 ﬁdz—f(zo)—iylg_ _ MdZ—f(ZO)-

Using the fact that

1
]{ dz = 271,
|z—z0|=e # — 20

we can write the constant f(zp) as

- 1 1 1 f(20)
f(ZO) B f(ZO) <2—7I'Z ﬁ—zd:e Z— 20 dz) B 2—71'2 sz—zd:e 2= 20 dz.

J/

~~

1
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(In the final step we can bring f(z) into the integral simply because it is constant with respect to
the variable of integration z.) We should note that when first introducing complex integrals a few
times ago we made a point to highlight how important (crucial, in fact) the value

1
]{ dz = 2mi
|z—z0|=e # — 20

was going to be, and now we can see why: it plays a key role in writing f(zp) as an integral, and

thus plays a key role in the proof of the integral formula and in all the (amazing) consequences we

will see in the next week! None of this would work without knowing this one specific integral value.
With this integral expression for f(zg), we can write

L 1) g~ ) = Lf 1) g L f(z0) 4,
270 J|a zg)=e Z — %0 270 J|a )= Z — %0 270 J o zg)= 2 — 20
_ Lf{ f2) = f(=0) .
2T Jozg=e 220

The strategy is to now argue that this resulting integral will approach 0 as € — 0; if so, then our
original
1 (2)

2mi Jo z — 2o

dz — f(20)

that this equaled by deformation will approach 0 as well, but since this remains constant (since it
uses the original contour C' and not the small circle around zp) as € — 0, it must have the value
zero to begin with, giving

1 (2)
- dz — —
211 Jo z — 20 2= f(z) =0,

which is the Cauchy integral formula after rearranging. To show that
1 f(z) — f(20)

— ——————~dz—0ase—0
28 J)s = 2 — %0

we find some bounds. Denote by M, the maximum value of |f(z) — f(29)| among points z on the
circle |z — zg| = € we do not care about what this maximum equals exactly, but we care that
M, — 0 as € — 0, which is true because f(z) — f(z0) as z — zp by continuity, meaning that the
difference f(z) — f(z0), and hence maximum, will approach zero as well.

We have
f(2) = f(z0)| _ 1f(2) = f(20)| _ Me
Z— 20

I

|z —z0] T €

where we use the fact that |z — zg| in the denominator has the value e for points on the circle
|z — 20| = €. The length of this circle is 2me, so

1 — —
278 Jo—sp)=e 2 — 20 1274] J)s— 20| =e zZ— 20

1 M,

< — —|dz|
27 |z—zo|=e €
M

= = (2m¢) = M.
2’/T€( me)
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As mentioned above, M, — 0 as ¢ — 0, so we get

L, Mdz%Oase—)O
271 zZ— 20

|z—z0|=¢€
as desired, which completes our proof, as explained above. (Remark: The Cauchy integral formula
is the thing that will lead to important consequences, but its proof depends—in addition to the
integral of ﬁ over a circle- on the ability to deform contours, which depends on Cauchy’s theorem.
This is why Cauchy’s theorem is considered to be the more fundamental result in this subject!)

Differentiating under the integral sign. So we have

Flo) = & fw) ..

2m Jow — 2z

for f holomorhpic on and and interior to a simple closed contour C' for any z enclosed by C. Here we
have written z instead of zy since we now want to think of z itself as a variable rather than a fixed
point in the interior, which then requires us to use something other than z—say w—as notation
for the variable of integration. Thus we think of the right side above as a function of z, and ask
whether or not this function is differentiable with respect to z. In fact it is, as guaranteed by what
is called the method of differentiation under the integral sign, which says that the derivative of the
right side exists and is given by what we get if we differentiate inside the integral instead:

i (o) = i () o

The book has a justification for this using the limit definition of the derivative, but instead we will
postpone the reason for why this works until later where we will come at it from a different—and
simpler—perspective.

Assuming that this is valid for now, since

d (f(w) ) _ f(w)

dz \w — z

1

by writing ﬁ as (w — z)~ " as usual, we get

)= o= 4 L) gy,

2m Jow — 2

But

so the derivative of the right side is the derivative of f, and thus

fiz) = - ;g W)y,

T 27 Jo (w—2)

giving an expression for f’(z) as an integral as welll So, both f(z) and f/(z) are expressible as
integrals, with the only difference being the power of w — z that occurs in the denominator of the
integral.
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Cauchy’s formula for higher derivatives. We can keep going. Differentiation under the integral
sign applied to the right side of

oy f(w)
Ry ATt

where we use the fact that (w — 2)~2 differentiates (with respect to z) to 2(w — 2)~3. Part of the
result here is that this derivative exists in the first place, so since

F(z) = i]i f(w)  dw,

2w Jo (w—2)

gives

we get that the derivative of the left side must exist as well with

f”(z)— 1 %C 2f(w) dw.

T omi Jo (w—2)3

In particular, we get that when f is holomorphic, f’ is holomorphic as well with derivative f”(z)
given by the integral expression above. (Again, we will come back to see why this work in a way
that avoids differentiation under the integral sign, so there will be no leap in logic.) This is big, as
this says that the derivative of a holomorphic function is itself always holomorphic, which is very
far from what happens in the case of real calculus, where there are many functions that have a
first derivative but not a second derivative. This is why only holomorphic functions can hope to
have antiderivatives (a fact we’ve mentioned before), and why f’ is always continuous when f is
holomorphic: f’ is differentiable and differentiable implies continuous. Moreover, this is why u, and
vz in f' = uy + iv,—and hence u, and v, as well by the Cauchy-Riemann equations—are always
continuous, which we had said before was a “superfluous” assumption. All of this follows from
the fact that values of holomorphic functions are expressible as integrals, and thus ultimately from
Cauchy’s theorem. (The proof we first gave from Cauchy’s theorem assumed f’ was differentiable,
but we can avoid the circular reasoning by arguing along the lines of the second, more involved,
argument we gave without assuming continuity of f’ in the case of integrating over a triangle.)

We then get that the third derivative of f exists by differentiating both sides of

f”(Z) _ L 2f(w) dw ~ f/”(Z) _ L% 3 Qf(w) d
C

C2mi Jo (w—2)3  2mi

(w—2)t

and then the fourth derivative, and so on without end. The conclusion is that a holomorphic f is
infinitely differentiable with its derivatives given by

1 n!f(w) . n! f(w)
M)y = —  2I\7) )y = = ¢ ST
" (2) 57 %C (w2 dw, or commonly written as "/ (z) ol j{C (w = ) dw.

Each time we differentiate we pick up an extra coefficient contributing to n! overall, and we increase
the power of w — z in the denominator by 1.

Example. For example, let us finish by computing

sin z
j{ 7 dz.
|z|]=1 <

5




By thinking of the denominator as z* = (z — 0)* with 0 enclosed by the circle |z| = 1, we see that
this is in the form required of Cauchy’s integral formula for higher-order derivatives, in particular
a third derivative in this case. After moving the 2"—' in the integral expression for f("(z) given

™
above to the other side, we have
zO) ’

sin z omi [ d3 .
?{4:1 o dz = E (@(sz)
a3

33 indicates taking the third derivative. The third derivative of sin z is — cos z, so

dz
j{ _sirzz dz:@(—cos()):—@:—ﬂ—i.
|z|=1 z 3!

where

Lecture 16: Liouville’s Theorem

10 z
]{ Z e,
|z—i|=1 (z—1)

for all positive integers n. For m = 1 this is just the usual Cauchy integral formula for function
f(2) = 21°+ €2, which is holomorphic on a domain containing the circle |z —i| = 1 and its interior.
So for n = 1 the value is

10 z
% ﬂ dz = 271 (210 + ez)
lz—i|]=1 % — 1

Warm-Up 1. We compute

= 27i(i'% 4 ') = 27i(e’ — 1)

zZ=1

10— 42 = —1. For n > 2 we can use the higher-order derivative form of Cauchy’s formula:

210+ e 271 a1
dz = 10 z
7|{z—z-=1 =" 1) (dz”—l " te ))

which by relabeling n for n > 2 as n+ 1 for n > 1 so as to better match the usual integral formula,

we can write as 0
2+ e 2mi (- d™ o
——dz=— [ —(z e’
%z—ill (z — i)t n! <dzn( +e)

For n > 11 the n-th derivative of 2'° is zero and the n-th derivative of e* is e?, so for these we get

ori (ﬁ(zm +€z))

n! \ dz"

since 1

)
z=1

z=1

z=1

For 1 < n < 10, the n-th derivative of 21 is 10-9--- (10 — n + 1)2'97", so for these n we have

2m (d" .
o (@@m e >)

Thus in summary, and after relabeling n + 1 back as n, we have

i |
- nif[lo-g---(w—wr 1)i10-m 4 ¢f].

z=1

}{ 210 4 e? 4 (ani),e’ ifn>12
——az = e .
lo—ij=1 (2 —1)" (Tff;)! [10-9---(10 = (n — 1) 4+ 1)i!0-=D 4] if 1 <n < 11.
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(The latter case includes the n = 1 case where no derivatives of f(z) are needed and we obtained
2mi(e’ — 1) as the value above.)

Warm-Up 2. We compute

> cost
/ _cost gy
—oo (1 +12)2

> cost 7r

— o dt=—

oo L+t e
by integrating 1‘1% over the contour forming the boundary of the top half of the disk |z| < R and
taking the limit R — oo, and in fact the computation of this new improper integral proceeds in

exactly the same way only with a slightly different holomorphic function.
Consider

Last time we computed

eiz eiz
(22+1)2  (2+14)2(z — 1)

With the same contour Cr as with the example last time, only the “singularity” ¢ lies interior to

Cpr once R > 1, so

eiz
(z+1)2

remains holomorphic on and interior to Cg. Thus by Cauchy’s integral formula (for first deriva-

tives), we get

6iz eiz d eiz
T dZ = 5, 5 dZ = 271'2 - 5
fcR (1+2%) 7€~R (z = 1)%(z +19)? (dz (= + z)z)
This derivative can be computed using the quotient rule, and after doing so and evaluating at 7 we
get T as the value of this integral. (Just happens to be the same as what you get for fCR <= dz

1+22
from last time!)
The integral over the bottom segment of C'r becomes

R et
|
_r (141¢2)2

so taking the real part of the limit as R — oo will give the value we need. For the integral over the
circle piece of C'r, we proceed just as last time with the only difference being that we bound

z=1

iz e Y 1

S eE—12 = -1y

e
(224 1)?

e’LZ

instead of with just ﬁ at the end as we had last time. This gives
d v
3 4% (221 1)

/ iz
2 f—
circular piece (Z + 1) circular piece

as a bound, which goes to 0 as R — oo.
Thus we get

dz] < (R)

1
& —1)?

m _/ Ldz — /R e—ltdt+ (something that will go to 0)
e  Jo, (2+1)2277 Jp(1+t2)? & & ’
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so after taking R — oo and taking real parts we get

™ *  cost

— = —— dt

e Jow (1+17)?
as the desired value. (With the same argument and same contour, you can find the value of
fOO cost

oo (1) dt for any positive integer n.)
Liouville’s theorem. Cauchy’s integral formulas place big restrictions on behaviors of holomor-
phic functions. The first such restriction we will look at is known as Liouville’s theorem, and implies
that, in a sense, functions which are entire—meaning holomorphic on all of C—can often be de-
scribed fairly explicitly. (Next time we will look at what’s called the mazimum modulus principle,
which is the second main restriction we get on behaviors of holomorphic functions.)

Liouville’s theorem states that an entire function which is bounded must be constant. Here,
to be bounded means that there is a restriction on how large the modulus values |f(z)| can be, so
that |f(z)| < M for some M > 0 and all z. This is very different than in the real setting, where
there are tons of non-constant differentiable functions which are bounded: cosz, sinx, and arctan
for example. Not so in the complex case, where all we get are constant functions. (Of course,
Liouville’s theorem does not apply to cos z and sin z since these are no longer bounded when taking
imaginary directions into account.) Here is the reason. Start with Cauchy’s integral formula (for

first derivatives):
)= L ?{ _fw)
f (Z) B 27 |lw—z|=R (w - Z)2 dw

where R > 0 is an arbitrary radius. Using the bound |f(w)| < M that holds regardless of what R

is, we get
o Fw)l
) 7{ REAC) P

27 w—z|=R |w - ZP
1 M

IN

=
= dw
21 R? |lw—z|=R | |

This holds for all R > 0, so taking R — oo (possible since f is entire) gives

|f'(2)] <0, so f'(z) = 0.
The point z was arbitrary, so f has derivative zero on all of C, so f is constant.

Example. The fact that bounded entire functions are all constant may not seem so useful on
its own, in particular since when checking the “bounded” condition would we not know that our
function was constant already? But the true power of Liouville’s theorem lies in its clever uses.

For example, suppose f = u+ iv is entire with negative real part u at all points. Geometrically,
this says that the image of all of C under the transformation f(z) lies in the left-half plane:

78



fe £ <0

The claim is that such a function must in fact be constant! (In particular, the picture above, which
suggests the image is the entire left-half plane, cannot happen; as soon as the image lies in the
left-hale plane, the image will be a single point and nothing else.) We do not know at the outset
that f must be bounded, so the strategy is not to apply Liouville’s theorem to f itself but instead
to a well-chosen entire function constructed from f.

Consider the function e/(*). This is entire by the chain rule (composition of entire functions),
and with f = u + iv we have
u+iv‘ — LU

lef| = |e ev.

Since u is always negative, e* is always bounded by ¢’ = 1, so ef is bounded. Thus Liouville’s
theorem says that /() must be constant, say with constant value c:

3 = .

To get from here to f, note that this equation says that f(z) is a value of logc for all z. But
values of log ¢ all differ from one another by a multiple of 27, so the values of f(z) for varying z
must all differ from one another by a multiple of 27i as well. The image of f must be connected
as the domain C is connected and f is continuous, so this image cannot consist of more than one
value of log ¢ since as soon as two values are attained the image is no longer connected:

¢ gé‘d&» by 21

IS »

o

e

Vvales of \bﬁ c

Thus f(z) is a single value of log ¢ for all z, meaning that f is constant.

With slight modifications, we can also rule out other types of half-plane images for an entire
function. For example, if instead the real part of u was positive, applying Liouville’s theorem to
e~7(?) would give a way to show that f must be constant. If the imaginary part v of f = u + iv
was positive, then we use the entire function e*/(?) instead since

leif‘ _ ‘ez’(u+iv)| _ ‘e—v-i-iu’ _ e—v,

and if v was negative we use e~*/. Thus no picture like
¢/ 1 \4@

79



is possible for the image of an entire function.

Another example. For another type of application of Liouville’s theorem, suppose f is entire
and is bounded by e* in the sense that

[F(2)] < e?].

i
)

We claim that we can very explicitly say what function f has to be. Indeed, after dividing by |e
which is never zero, we get

FE)| o)
es | =
But then % is entire (by the quotient rule) and bounded, so it must be constant % = ¢, and

then f(z) = ce® is simply a constant multiple of e*. Being bounded by the entire function e* thus
places severe restrictions on f itself, so that we have no choice as to what f must look like. If
then f(z) and e* happened to agree at even one point, maybe z = 0, we would get that ¢ = 1 so
f(z) = e* would agree everywhere.

Note again that this is very different than the case of real calculus, where there are numerous
functions we can draw which are bounded by e® and yet are not multiples of e*:

Fundamental theorem of algebra. Finally we give a standard use of Liouville’s theorem, namely
to prove the fundamental theorem of algebra. The fundamental theorem of algebra is the claim that
all nonconstant polynomials with complex coefficients have at least one complex root. Of course
this is not true if we stick only with real numbers and roots, since, for example, 2> 4+ 1 does not
have a real root. The claim is that as soon we allow complex roots, we always get existence, even if
we allow complex coefficients as well. For small degree polynomials we might have explicit formulas
for the roots (such as the quadratic formula in the degree 2 case), but here we are saying that even
without an explicit form of a root, we can always guarantee one exists regardless of the degree.

Say that p(2) = an2™ + an_12""1 +--- + a1z + ap is our polynomial, and let us suppose that
p(z) did not in fact have any complex roots. Then the denominator of ﬁ is never zero, so ﬁ is
entire. The intuition is that this reciprocal should be bounded since

|anz" + n12" 1+ Faz+ aopl

should go to oo as |z| — oo, meaning that ﬁ should decrease in modulus and hence be bounded. If
so, then Liouville’s theorem implies that ﬁ must be constant, and hence p(z) must be constant as
well. Thus the only way in which a complex polynomial can fail to have a root is for that polynomial
to be constant, which is just a rephrasing of the claim made by the fundamental theorem of algebra:
if the polynomial was not constant to begin with, there must have been a root.

To be more precise in the “bounding” part, we use the reverse triangle inequality:

|an2™ + an—12""1 + -+ arz +ag| > |anl|2" — |an—12""1 + - + a1z + ag.
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As |z| increases, the n-th power |z| will grow more rapidly than any lower order power, so the
first term |ay||2z|™ on the right side above will eventually get much much larger than the term
lan_12""1 + -+ 4+ a1z + ag| being subtracted. In particular, for large enough |z| we have that

lan||2|™ will be at least as large as |a,—12" "1 + -+ + a1z + ag|,

SO

-1

|anl2]" = |an—12""" 4 - + a1z + ao| > |an||2]" = Flan||2[" = Flan||2["

once |z| is large enough. This then gives

1 1 1

< <
[anz + a1 1 a1z + agl - Janll2 — Jan12 1+ arz + a0l - Lfagl2]"

once |z| is large enough, so p(z) is bounded outside some large enough circle |z| = R, and since it is
also bounded within |z| < R, it is bounded everywhere as needed. (The fact that ﬁ is bounded

within 2| < R comes from the extreme value theorem you would have seen in a multivariable
calculus course, but we will not be concerned with the details here.)

Lecture 17: Maximum Modulus Principle

Warm-Up 1. Suppose f is entire and has image lying fully on one side of the line y = x. We
show that f must be constant:

S

3 %
\\\\j f i
\W\\L\QS ‘\‘ LS Constan

The point is that regardless whether the image is above y = x or below, we can rotate to put us
into the scenario of having negative real part, which we argued last time forces an entire function
to be constant.

If the image of f lies above y = x, we consider

g(z) = ™ f (2).

This g is still entire and has image lying in the left-half plane z < 0 since multiplying by e
rotates by 7/4. Thus g is constant by a result from last time, so

in/4

constant = ei”/‘lf(z) ~ (constant)e_i’r/4 = f(2),

meaning that f is constant as well. (Recall that the argument showing that ¢ is constant is
a consequence of Liouville’s theorem and uses the fact that Reg < 0 implies €9 has bounded
modulus.) If instead the image of f were below y = x, we would use

9(z) = e (2)
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to get an entire function with negative real part and proceed similarly.

Warm-Up 2. Suppose f is entire and satisfies | f°)(z)| < 3|e**| for all z. We derive what f has to
look like fairly explicitly. From the given inequality we have

< 3.

‘ FO(2)

eiz

The function f©®)(z)/e'* is thus entire (denominator is never zero) and bounded, so it is constant
by Liouville’s theorem. This means that f®)(z) is a multiple of ¢**:

fO(z)

S ¢ O (2) = ce®.

From here we can take antiderivatives to recover f. Anti-differentiating once gives
(4 () = cet
[P(z) = ielz + ag

for some constant ag. Let us relabel 7 as c since { is still just some arbitrary constant. Anti-

differentiating again gives
FB(2) = ce”® +ag ~ f3(2) = ce” + apz + a1
where again we relabel the constant in front of e** as c. Continuing eventually gives
f(2) = ce” + agz® + a12° + a22® + a3z + ay
for some constants c, ag, a1, as, as, a4.

Mean value theorem. Let us return to Cauchy’s integral formula

o L FICOIEN
f(20) ﬁz—za:r

2 zZ—2p

where f is holomorphic on some simply-connected domain containing zy and the circle |z — zg| = 7.
Parametrize the circle using z = 2o + re',0 < t < 27 to write this integral formula as

1 [ flzo+re) 1 (% f(zo +ret) 1 (% ,
=— [ DT T gpeitar=— | DT Jpeitgr— — ") dt.
f(z0) 27ri/0 (z0 + rett) — Zozre 27 Jo reit ¢ 27 Jo f(z0 +ret)
This final identity
1 2w )
f(z0) = o ), f(zo +re)dt

is called the mean value theorem for contour integration, and expresses the value of a holomorphic
f at the center zg of a circle as the average of its values f(zo + re'’) along the circle itself. Indeed,
the right side “adds” up the values of f along the circle, and “averages” them out by dividing by the
length 27 of the interval of integration. The fact that the value of f at any point can be expressed
as such an average value is, as usual, in stark contrast to what happens for real functions. Note as
well that it does not matter how large or how small the circle is—we always get the value at the
center when averaging the values on the circle.
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Maximum modulus principle. The mean value theorem has many consequences in complex
analysis, but we will only give perhaps the most important one. Intuitively, if f(zp) is meant to
be the average of values on a circle, then the “size” of f(zp) should relate directly to the “sizes” of
this circular values, and in particular it should not be true that f(zp) is “larger” than the values
f(z0 + re't) along the circle since f(zp) cannot be an average of values which are all “smaller”.

We make the notion of “size” precise by talking about moduli, so the upshot is that there
should be a restriction on how large |f(z0)| can be in relation to |f(zo + re')|. The mazimum
modulus principle is thus the claim that, if f is nonconstant, the maximum of |f(z)| on a disk
|z — 29| < r cannot occur at zy (or, in fact, any interior point), and must occur along the boundary
circle |z — z9| = r. More generally, this holds for regions other than disks: if R is a bounded closed
region in the domain on which (nonconstant) f is holomorphic, then the maximum modulus of f
on R must occur on the boundary of R. This, again, is in stark contrast to what happens for real
functions since it says that the typical type of “maximum” pictures from a multivariable calculus
course like

CowveY  Wapgem ™ Complex  Cose

cannot happen in the complex setting. In fact, the true takeaway is that the notion of “local
maximum” does not exist at all in the complex case, or rather that the only way a local maximum
can exist is for f to be constant everywhere.

To see this, suppose f has a local maximum at an interior point zy of the region R. (If a global
maximum exists at an interior point, then that is in particular also a local maximum, so this local
maximum case covers the original statement of the maximum modulus principle we gave above.)
To be a local maximum means that

|f(20)] > |f(2)| for z in some disk |z — 29| < r centered at z.

From the mean value theorem we know that
27

1 it 1 o it
Fo) = 5= [ ot retyar so o) < 5o [ 1o+ ety

But the local maximum property |f(20)| > |f(z0 + re®| then gives

2 ) 2
£Ga)l < 5= [ U Go+retlar < 5o [ ol =11l

Hence we must have equality throughout:

27 )
| f(z0)| = %/0 | f (20 4 re't)| dt.

Write the left side as the integral 5 f02 " |f(20)| dt and subtract one side from the other to get
1 [ .
o | 150l = 15Go + eyl dt =0
T Jo
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Here |f(20)| — | f (20 +7e'| is a nonnegative (because of the local maximum property) continuous
function, and the only way the integral of such a function can be zero is for the function to be zero
itself, so

()|~ 17 (o + re™ =0, or | f(z0)] = |£(z0 + re™)|.

But the radius 7 could have been anything (as long as we remain within R), so by shrinking this
radius we get that f must have constant modulus on the original disk |z — 2| < 7:

15\ comstant o eack

cCivc\l Qround 2o , S° constamt
o dUlk ond RUCTI QI !

e} on R

Constant modulus implies constant function based on an early homework problem we did, so we
get that if f has a local maximum at the interior point zp, it must be constant on a disk around zj,
and this implies that f is constant on the entire region R. (The fact that constant on a disk implies
constant everywhere comes from the identity theorem we will state in a few days. The book has an
argument which avoids the identity theorem, but the identity theorem gives a cleaner approach.)

Example. We determine the points at which |22+ 3z — 1| has a maximum value on the disk |z| < 1.
The function f(z) = 22 4+ 3z — 1 is not constant, so the maximum modulus principle tells us that
the maximum must occur along the boundary circle |z| = 1. (In similar problems in a multivariable
calculus course, checking for maxima along the boundary is not enough and interior points must
also be considered, so view the maximum modulus principle here as a tool for narrowing down
where the maximum must occur.) Thus we need only consider the value of f at points z = e*:
|22 + 32 — 1| = |* + 3¢ — 1]
— |eit||€it +3— e—it|
= |3 + i2sint|

= /9 + 4sin?t,

where in the second step we factored out e in order to be left with the e —e ™% piece that simplifies
to a sine expression.

The value \/9 + 4sin? ¢ is maximized when sin®t = 1, so at t = £3. Thus |22 4+ 3z — 1] attains
it maximum on the disk |z| < 1 at z =4 and z = —i, and this maximum value is v/9 + 4 = v/13.

Minimum modulus. If f(zp) = 0 at some zp, then 0 is the minimum value of |f(z)| since a
modulus can never be negative. But if f is never zero, then the minimum modulus f will be some
positive number. If f is never zero, then % is holomorphic, and the minimum value of | f| becomes
the maximum value of |%\ Thus the maximum modulus principle applied to % gives what we call
the minimum modulus principle for f: if f is non-constant and never zero, then the minimum
modulus of f in some bounded region R must occur on the boundary of R. In particular, “local
minimums” do not exist in the complex case for nonzero nonconstant functions:
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Lecture 18: Power/Taylor Series

Warm-Up 1. We find the maximum and minimum values of |e*’| on |z| < 2. Note that e’
is never zero, so the desired minimum value is positive. The maximum and minimum moduli
principles imply that these extreme values occur on the boundary circle |z| = 2. Parametrizing this

as z = 2e" gives
’€Z2’ — |e462“| _ |e4cos 2t+14 sin 2t’ — e4cos 2t

The maximum value thus occurs when cos 2t = 1, so when ¢ = 0, 7, and the minimum value occurs
when cos2t = —1, so when ¢ = £7. Hence the maximum of le**| on |z| < 2 occurs at z = +2 and
has value e* and the minimum occurs at z = 427 and has value e 4.
Warm-Up 2. We derive the fundamental theorem of algebra as a consequence of the minimum
modulus principle. Recall that the fundamental theorem of algebra says that if p(z) is a nonzero
complex polynomial, then p(z) has a root, which we previously justified using Liouville’s theorem.

Suppose p(z) = apz™ + -+ + a1z + ag has no root, so that the minimum modulus principle
applies. In particular then, the minimum of |p(z)| on any disk centered at 0 does not occur in the
interior of that disk unless p(z) were constant. Using the inequalitiy

p(2)] = lan||2[" = (lan-1]]z[""" + - +|as||2| + |ao])

derived from the reverse triangle inequality, since |z|"
power above as |z| — oo we see that

grows much more quickly than any other

Ip(2)| = 00 as |z| — oco.

But then on some large enough circle |z| = R we would have

Ip(2)| > |ao| = [p(0)]

since |p(z)| can get arbitrarily large, which would say that the minimum of [p(z)| on |z| < R would
not occur on the boundary circle since the modulus of values on the boundary are larger than
that at the interior point z = 0. This can only happen if p(z) is constant, so the only complex
polynomials without roots are the nonzero constant ones as claimed.

Integrals and series. Let us come back to Cauchy’s integral formula. Fix zy in the domain of f
and take a circle centered at zy as a contour, so that
1 w
f(z)=— f(w) dw.

270 Jjw—zg|=R W — %

for z in the disk |z — z9| < R. We now use this to derive a nice way of expressing f(z). Write the
ﬁ term in the integrand above as




were in the first step we subtract and add zg and in the second step we factor w — zy out of the
denominator.

The point is that the final term in parentheses we are left with is of the form Ile for y = 5)_—2%’
and such expressions can be expanded by means of a geometric series:
1 o0
— = " for |y| < 1.
=y >y for [yl
n=0
Recall that this series identity means that Y >° jy" converges to ﬁ for |y| < 1, which in turns

means that the partial sums
l+y+y*+-+y"

approach ﬁ as n — oo for |y| < 1. This comes from the fact that

9 1— yn+1
l+y+y +---+yn:ﬁ for y # 1,
which is an identity we saw back on the first homework, and the fact that powers of y approach
0 when |y| < 1. This all works the same way as what you would have seen in a previous calculus
course for a real geometric series, where now the only difference is that we get convergence on a
disk |y| < 1 of radius 1 instead of just an interval as in the real case.
With this we can write our expression ﬁ above as

1 1 1 1 i z—2\" i": 1 ( o
= = = —_—\(Z — Z
w—z w-—z \1- 2% w — Zp w — 2o (w — zp) L 0

w—2z0 n=0 n=0

z—20
w—20

when | | <1, or equivalently |z — zg| < |w — zp|. Multiplying through by f(w) then gives

— 20)" when |z — 29| < |[w — 2|

TR RPN el

Holomorphic implies analytic. We substitute this series expression for % into the right side

of the integral formula -
1
270 Jjw—zg|=p W — 2

and manipulate a bit to get

z —i f(w) dw
1) ){w

270 Jjy—zg|=p W — 2

1 > flw
B 2—7” |lw—z0|=R <Z (U) — 20

n=0

Sy (L _ fw)
- nz:;) (27Ti fj’w—lol=R (w— 20

(If you have seen the notion of uniform convergence before, note that we are using the fact that
power series always converge uniformly on closed regions within their disks of convergence in order
to be able to swap summation and integration in the final step above. If you have not seen this
notion before, no worries as it is not something we will develop in this course.)
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What we get as a result is thus a power series representation for f on the disk |z — z9| < R.
Functions which are expressible as power series centered at any point in their domains are said
to be analytic, so the upshot (this is what’s called Taylor’s theorem in complex analysis) is that
holomorphic functions are thus always analytic as a consequence of the integral formula. This is
big, as it is not true in the real case that differentiable functions are always real analytic (take the
second quarter of the real analysis sequence to see why). Morever, power series themselves always
have a first derivative, a second derivative, a third derivative, and so on, so we get as a consequence
that holomorphic functions are always infinitely differentiable; we had previously alluded to this
when discussing “differentiation under the integral sign”, but now we have the definitive reason as
to why this is true.

Recall that the book uses the term “analytic” to mean just “holomorphic”, and the point is
that we now know the two terms are equivalent. However, as mentioned earlier, we prefer to use
the term holomorphic to mean differentiable at all points in a domain as opposed to analytic, since
the true meaning of analytic has to do with the property of being representable as a power series.
Yes the two notions end up meaning the same thing in the setting of complex analysis, but not in
the setting of real analysis, so it makes sense to make a slight distinction between how these terms
are used. The fact that holomorphic functions are analytic is really a fundamental fact in complex
analysis, and using the term “analytic” to mean “holomorhpic” does not quite get this across.

Coefficients and convergence radii. Recall (from a previous course) that the coefficients in a
usual power series expansion

flz) = Z an(z — 20)"
n=0

are the Taylor coefficients of f at z:
TARIED
ap = ——=.
n!
In the power series expansion we derived above the coefficients were

1 f(w)
Ay — — = dw,
" 2mi |lw—z0|=R (w - Zo)n+1

but we can now recognize this as precisely the integral that appears in Cauchy’s formula for higher-

order derivatives: )
" (z 1 w
f ('O)ZTj{ f( )n+1dw-
n! 70 Jjw—zo|=r (W — 20)

Thus the expression we derived above is indeed the Taylor series of f centered at zg. To be more
precise, it is this derivation which justifies the higher-order Cauchy formula obtained before without
having to worry about whether “differentiation under the integral sign” is actually valid—it is valid,
as a consequence of the holomorhpic implies analytic result.

The convergence of the Taylor series

© £(n)(,
fo =3 Ty
n=0 '

is also easy to determine. Recall that this series expansion was derived from Cauchy’s integral
formula when integrating over a circle |w — 29| = R centered at zp. This integral formula holds for
any such circle on which f remains holomorphic, so we get a valid convergent series for

|z — 20| < |w— 20| = R
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for as large a radius R as we can take while maintaining holomorphicity. This breaks down once
we hit a “singuarlity” of f, which we take to mean a point at which f is not differentiable:

Sw\)u\m‘-\‘:)) rodius '('
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Thus, the upshot is that the Taylor series
N (L f(w) w7 (20) .
10-3 (o f ) (e = 19 =32 P2

has radius of convergence equal to the distance from zy to the nearest singularity of f. Whereas
in a previous calculus course you had different tools available to find radii of convergence—such as
the ratio test or the root test—mno such things are necessary in the complex setting, where radii are
easy to find!

Examples. The geometric series

1 (o]
1—=z :Zzn
n=0

converges for |z| < 1, so has radius of convergence 1. This makes sense from our discussion above,
as 1 is the distance from the center 0 to z = 1, which is the only singularity of 1:2.
The Taylor series of e* centered at 0 is the usual one

oS
z zn
=D
n.

n=0

as can be found by noting that all derivatives of e* are e?, and evaluating these at 0 always gives 1.
Since e is entire, it has no singularities, so the power series above has infinite radius of convergence
since we never hit a singularity when moving away from the center 0. The same is true of the Taylor
expansions of sin z, cos z, or any other entire function.

More examples. The Taylor series of 1le centered at i, say, has radius of convergence /2 since

V2 is the distance from i to the singularity 1 of 1T1z We thus get a disk of convergence for this
series which looks like
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This particlar Taylor series can be found using the same type of geometric series manipulation we
used in the “holomorphic implies analytic” result:

! 1 1 1 1S —i\" &1 n
1—22(1—1')—(2—2‘):1—@'(1—;;):1—1';0(1—2-) :Zm(z—w-

n=0

The Taylor series of H% centered at 2 has radius of convergence

distance from 2 to +i = [2+i| = /5

since the only singularities are at z = %, which are of equal distance to 2. Restricting this disk

of convergence to the real axis gives the interval of convergence of the real Taylor series of ; + ——

centered at 2, which thus has real radius of convergence v/5 as well:
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Trying to determine this real radius of convergence using only real methods is likely to be a fruitless
(or at least very challenging) endeavor, with the main reason being that finding the desired real
Taylor series using real methods only is nearly impossible. There is no discernible pattern to the
derivatives of ;= at 2 that makes finding the general Taylor coefficient feasible, and without these
explicit Taylor coefﬁments no ratio nor root test is applicable. And yet, we see that by viewing this
real Taylor series as the restriction of a complex Taylor series, the radius is simple to find.

Lecture 19: More on Power Series

Warm-Up 1. We represent lir2)Z s a power series centered at 2 and determine the radius of

z+z)
convergence of this series. This latter question is one we can easﬂy answer now: the radius will

equal the distance from the center 2 to the nearest singularity of G +Z)2, which in this case is i, so

the radius of convergence is |2 — i| = /5.

To obtain the desired series expansion we start with the same type of geometric series manip-
ulation we saw in the derivation of Taylor’s theorem (holomorphic implies analytic) last time. We
have

I 1 1 1 1 1
. - . - . —92 - . —92 .
itz (i+2)+(2-2) i+2\14+%3 i+2\1-(-53)

Using the standard geometric series ﬁ => 0oy for ly| < 1, we thus get
1 1 1 1 i( z—2)" i (1) (22
itz 42 1—(—%) i+24=\ it+2 n:0(1-|—2)"+1

which is valid when |75 2| <1 <= |z—2| < |i+2| = /5, as expected.
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Recall that real power series are always differentiable and can be differentiated term-by-term,
and in fact the same applies to complex power series. We can thus differentiate both sides of the
expression obtained above to get

o0
B Sy o 2)71—1
. +1 b
n=1 (Z + 2)”
and then multiply through by —(z — 2) to get
z— 2 > > 1)"*in
— —9)n
(i+ 7; z+2"+1 7;1+2n+1 )

which is the desired expansion of G +Z)2 centered at 2.

Warm-Up 2. Suppose f is entire and satisfies | f(z)| < 10|z|* for |z| > 100. We justify the fact
that f must be a polynomial of degree at most 4. For this we use Cauchy’s integral formula for

higher-order derivatives:
|
™) gy = fw) .
£ 271 f|{z|:R w4

where we take the radius R to be larger than 100. Using the bound |f(z)| < 10]z|* for |z| > 100,
we then have

. n! |/ (w)] n! 10R n! 10R* .
£ )(0)|§%%Z|:R |w[“+1| |_27T}|(| Rn+1| w| = — Rn+1(27rR)—n'10R

If n > 4, we are left with a negative exponent of R here, so the limit as R — oo is zero and thus
we get that
F™(0) = 0 for n > 4.

Now, since f is entire is must equal its Taylor series centered at 0 at all points, so

> f(n)
f(z) = Z ! n'(O) z" for all z.

But the coefficient in this series are 0 for n > 4 since f(0) = 0 for this values, so the series is
just a polynomial and

F(z) = f(0) + f'(0)z + 5.7(0)2% + 5. (0)2° + 1 f1)(0)=*
s a polynomial of degree at most 4 as claimed.

Isolated zeroes. The fact that holomorphic functions are always expressible as power series leads
to more restrictions on their behavior. Suppose f is not constant and has a zero at zy. Expand f
as a power series centered at zg:

o0
flz)= ch(z — 20)" on some disk |z — z| < R.
n=0

The constant term above is ¢g = f(zp), which is zero by assumption. If all coefficients were zero
then the power series and hence f would be the constant zero function, but we are assuming f is not
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constant. So, not all coefficients in the expansion above are zero; say the first nonzero coefficient
is ¢k, so that the expansion above looks like

F(2) = crlz — 20)% + cpo1(z — 20)F T+ -
where k > 1. Factor out (z — 2p)* to get

f(2) = (z = 20)¥[ex + cx1(z = 20) + -] = (2 = 20)"h(2),
h(=)

where h(z) is the name we give to the holomorphic function defined by the series in brackets above.

Since ¢, = h(zp) is nonzero (because ¢ was supposed to be the first nonzero coefficient in the
expansion of f), h(z) is also nonzero on some disk around zp. Thus, on this disk the only way in
which

f(2) = (2 = 20)"h(2)

could be zero is for the (z — z)* factor be zero, but his happens only at zy. The upshot is that there
is a disk around zy on which the only zero of f is zg itself, so zg is what we call an isolated zero of
f. (Being isolated means that there is some positive distance between it and the next closest zero.)
For example, the zeroes of sin z are z = nx for n an integer, which are indeed isolated.

As a consequence, the only way in which a holomorphic can have non-isolated zeroes is for f to
be the constant zero function. In the real case this is not true, as a real differentiable function can
be zero an entire interval without being zero everywhere:

ok ¥ae

cw\mk
K $W\ Gons

vwv\ isoloded 2eroer -
ceal diiferentiotle Lunchims

But in the complex case, if a holomorphic function were zero on an interval (or on a disk), it would
necessarily be zero everywhere as it would have non-isolated zeroes.

Identity theorem. This leads to the fact that if two holomorphic functions agree on non-isolated
points, then they must be exactly the same function. Indeed, if f and g agree at non-isolated points
(such as all points within some disk or on some line segment), then f — g has non-isolated zeroes,
so f — g must be the constant zero function, meaning that f = g everywhere on their domains. We
will call this result the identity theorem.

Again this is in stark contrast to the real case, where we can have differentiable functions like

o L0 e
ad agee o this

Smal) iy *""‘J

Qgrec e j“'

all agreeing on some interval while being different elsewhere. If f and g are holomorphic and all we
know that is they agree even on some incredibly small disk (say the size of an electron!), we will
then know that they agree everywhere. Good stuff.
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Uniqueness of analytic continuations. With the identity theorem we can now go back and
justify various definitions we gave previously and easily justify various identities. For example, ages
ago we defined e* as

e® =e"cosy + e’ siny

where z = x + iy. At the time we motivated this by using the idea that e**% “should” equal e®e®
and by using the definition we gave on the second day of class for e?; we stated at the time that
we would eventually see we really had no choice in matter, and now we can understand why. The
point is that if f is any entire function which gives the values f(z) = e* when z is real, then f
must necessarily be given by

f(z) =€ cosy + ie” siny.

Indeed, both f and the right side here are entire functions (we verified the right side was entire
previously using the Cauchy-Riemann equations) which agree on the real axis, so since points on
the real axis are not isolated, f and the right side above must be the same function everywhere.
We call the right side above the analytic continuation of e® for x real, since it is the only way we
can extend f(x) = e* for x real so as to be holomorphic for z complex. Analytic continuations, if
they exist, are unique as a consequence of the identity theorem.

This then is the reason why the definition ¢ = cosf + isin @ from the start of the quarter was
the only possible thing we could have used. It is also the reason why the definitions we gave for

cosz = 3(e” + e %) and sinz=1(e” 4+ e %)

were the only one possible: both right sides here are holomorphic (entire) and agree with cosz and
sin x respectively for z real, so they must be the analytic continuations of cosx and sin z to cos z
and sin z for z complex.

We can use this idea to give a quick justification for the identity

sin? z 4 cos? z = 1 for z complex,

at least taking for granted the fact that this holds when z = x is real: both sin® z + cos? z and the
constant function 1 are entire and agree on the real axis (which consists of non-isolated points), so
sin? z 4 cos? z and 1 agree everywhere. This identity can of course be verified algebraically using
the definitions of sin z and cos z, by the identity theorem approach gives a nice clean approach.
Similarly, if we fix w and think of both

T and e*e”
as entire functions of the variable z, then since e*T* and e*e” agree when z,w are real, they must
agree everywhere so that e*T% = ee® for all z, w.

Lecture 20: Laurent Series

Warm-Up. Suppose f is entire and real-valued on an interval (a,b) on the real axis. We justify
the fact that f is real-valued on the entire real axis. This applies to functions like e, sin z and
cos z for example, where if we only they knew they were real-valued on some small real interval, we
would immediately get that they were real-valued at all real inputs. We use the fact that if f(z) is
entire then so is the function

/),
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which was a problem back on the set of practice problems for the first midterm. (The point is that
f(Z) will satisfy the Cauchy-Riemann equations if f itself does.)
To say that f(z) is real-valued when z is in (a,b) means that f(x) equals its own conjugate, so

f(z) = f(z) = f(Z) for = in (a,b).

(The conjugate on z in the final term comes from x = T being real.) This says that f(z) and f(Z)
are entire functions that agree at the non-isolated points of (a,b), so these functions must agree
everywhere:

f(z) = f(z) for all z.

For x any real number (not just in (a, b)), this gives f(z) = f(x), which means that f(z) is real for
real = as claimed.

Series expansions with singularities. Power series can be used to express holomorphic functions

as series, but often we want to be able to handle functions which have singularities. (Think about

% that appear in Cauchy’s integral formula for example.) How can we come up

the integrands -
with series expansions that incorporate singularities?

For example, take

eZ

(z—2)%
The numerator is entire so we can expand it as a power series centered at 2 using the usual

e =3 > yw"/nl:

z _ 242-2 _ 2 22 _ 2 — _ C (. __o\n
e“=e =e’e —engzo—n! _nE:On!(z 2)".
Dividing by (z — 2)3 then gives
e® 1 = e? 0 = €2 n—3
(Z_2)3:(Z_2)3ZE(Z_2) :ZE(Z_Q) :
n=0 n=0

The resulting series is almost a power series, only that some of the exponents of z — 2 are negative,
meaning that we get z — 2 terms in denominators:

e? e2 e2 e? e2 e
GC_2P (-2° G-2¢2 2G-2 3@

(z=2)+--

This is an example of what is called a Laurent series, in this case centered at 2. The nonnegative

exponent terms

e?  e? e?

§+I(z—2)+§(z—2)2+---
n 2 2 2 2
e® e e e e
— s _2n—3
(z—2)3 (z—2)3+(z—2)2+2!(z—2)+zn!(2 )

n=3

v
power series

define an ordinary power series, so this piece converges on some disk centered at 2. The first three
terms on the right above above exist everywhere except at z = 2, so the full Laurent series converges
on a punctured disk.
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Another example. For another example take

1 1 1
(z—2)(z—1) 2z—-2 =z-1

We can certainly expand this as a power series centered at 0 on some disk around 0 since this
function is holomorphic on such a disk. (The radius of the disk is 1 as this is the distance from the
center 0 to the nearest singularity z = 1.) But what if we want to expand this as a series centered
at 0 on a region that goes beyond z = 1?7 A power series will not suffice due to the singularity at
1, but if we allow negative exponents of z we can make it work.

In fact, we claim that we can express this function as a Laurent series centered at 0 on the
annulus 1 < |z| < 2, which is the region between the circles |z| = 1 and |z| = 2. Indeed, take the

Lz piece and manipulate as

- _Z 2n+1

where along the way we use a geometric series. By geometric series stuff, this converges when
|5] <1, so far |z] < 2.
For the Z—il piece we do something similar, only by factoring out z at the start of our manipu-
lation:
r 1
z—1  2(1-1)

1= /1\"
ZE,Z;(Z)

1
=D

n=0

This converges when |2| < 1, so for 1 < |z|, which describes the region outside of a circle. Thus,
putting everything together gives

1 1 1 §:1 N i:l
== —_ = — —_—Z J— —_—
(z=2)(z—1) 2z-2 2z2-1 —~ 2nt+l Zntl’

n=0

which is a Laurent series centered at 0. This converges on the overlap of |z| < 2 and 1 < |z|
(overlap between we need each piece to converge separately), so we get convergence on the annulus
1 < |z| < 2 as claimed.

Laurent series. Let us be more precise. A Laurent series centered at zy is a series of the form

o0

Z an(z — 2)",

n=—oo
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where we allow negative exponents of z — z5. In general, a Laurent series will converge on an
annulus, which is the Laurent analog of how a power/Taylor series converges on a disk. To see why,
it is useful to break up the sum above into the negative exponent terms and everything else:

o0 o
Za_n(z —20) "+ Z an(z — 20)"
n=1 n=0

The second sum is a usual power series, so it converges on a disk |z — z9| < Ra. For the first sum,
we consider instead the power series which has the same a_,, as its coefficients:

o0
E a_pw".
n=1
1

This converges on some disk |w| < 71, so by substituting w = oz, We see that the negative-
so for % < |z = 20|. Thus the full

exponent piece of our Laurent series converges when | 1 2

Laurent series

o0 o0

Z an(z — 20)" Za_ (z — 20) n+Zan(z—zo)”,

n=-—00 n=0

converges on the overlap Ry < |z — 29| < Ra, where R; = T—ll, which is an annulus. (In the case

where Ry = 0, the annulus is actually a punctured disk as in the ﬁ example. When Ry = oo

we get convergence on the unbounded outside a circle, and when Ry = 0 and Ry = oo we have

convergence on a punctured plane.)
As another example, consider e!/*

N G ) N |
N

n=0 ’ n=0

1

. Using the usual e =" jw™/n! when w = 3, we get

which is a Laurent series centered at 0 that converges on the punctured plane C*. This series looks

like 1 ] ]
1/z _ =
e -4 3053 + + +1

with infinitely many negative exponent terms—w1th increasing powers of z in the denominator—
heading towards the left.

Deriving the coefficients. Recall that in the usual Taylor series case, the coefficients of

o0
= Z an(z — 20)"
n=0

are explicitly given by
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What are they given by? To start, we first integrate both sides around some circle centered at zq
and exchange integration and summation:

 f)dz = B i an(z — 20)" | dz = i an(z—20)"dz |
|5—20|=r |z—z0|=r |2—zpl=r

n—=—oo n=—oo

Every (z — z9)™ term at the end except for the n = —1 term has an antiderivative %H(z —2p)
so these terms integrate (over a closed contour) to zero by the fundamental theorem of calculus.
(We saw this same idea in an example when integrating 1(z + 1)?" a while back.) Thus the only

potentially nonzero term in the final sum above comes from the n = —1 term, so

_ = B n _ a—1
ﬁ;—zozr f(z) de= Z <»%iz—z0|:r an(z ZO) dz) fz—zd:r Z— 2 =

n=—oo

n+1
)

But the integral of ﬁ over the circle |z — zg| = r is 27 (the most crucial integral of all time!), so

we get
a—1 .
% f(z)dz = ?{ dz = 2mia_q,
|z—20|=r |z—z0|=r # — 20

- f(z)dz.

2mi |z—z0|=r

and thus

(This specific coefficient a_; is called the residue of f at zp, where the name comes from the fact
that it is what’s “left behind” after integrating. We will discuss residues and their uses in detail in
a few days.)

The other negative exponent terms can be derived similarly by essentially “shifting” the expo-
nent that is left behind when integrating. For example, from

o0

f(2)= D an(z—z)"
n=—00
we have
o0
(z=20)f(2) = Y an(z—2)""".
n=-—o00
When integrating the only potential nonzero term comes when n+1 = —1, so when n = —2. Thus
. 1
7{ (z — 20)f(2) dz = 2mia_g, 80 a_9 = — (z — 20)f(2) dz.
|z—z0|=r 2mi |z—z0|=r

To get a_3 we would integrate (z — 29)?f(z) instead, and in general we get

1 1
a—p = — (z —20)" " f(2) d=.
" 2mi |z—zo|=r
To derive formulas for the nonnegative-exponent terms, we instead divide by powers of z — z:
we have o
f(2)

1 s -
(z — 29)F = (z — 20)F Z an(z — 20)" = Z an(z — 20)" k.

n=—oo n=—oo
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so that the term left when integrating occurs when n — k = —1, so for n = k — 1. Thus

f(z) : 1 ?{ f(z)
———~—dz = 2miag_1, SO Qp_1 = — ————dz.
‘ﬁ;*z()':r (Z - Zo)k 27TZ |Z*Z()|:T‘ (Z - Zo)k

The upshot is that we can derive expressions for the coefficients of a Laurent series in terms
of integrals, analogously to how the coefficients of a Taylor series can be expressed in terms of
derivatives. (Note that a power series is a special case of a Laurent series, namely the case where
all negative exponent terms have coefficient zero. Thus the Laurent coefficients for ay_; when k > 0
should literally match what we expect from usual Taylor series, and indeed they do: the integral

formula 1
L 1,
21 J|—o)=r (2 = 20)

for ai_1 derived above does give % when f is holomorphic by the higher-order derivative

form of Cauchy’s integral formula.) We caution, however, that these integral formulas for the
Laurent coefficients will not be a useful took for actually computing Laurent series, where other
simpler methods (such as ones we used in the examples we saw before) are usually available; rather,
these integral formula are more conceptually useful as a way to highlight the connection between
Laurent series and integration, which we will develop more next time.

Lecture 21: More on Laurent Series

Warm-Up. We expand

22—i 1 1

2(z—i) z  z—i
as a Laurent series centered at 1 in three different regions, namely in the disk |z — 1| < 1, in the
annulus 1 < |z — 1| < v/2, and in the region v/2 < |z — 1| outside the circle |z — 1| = v/2, which we
think of as an annulus with infinite “outer” radius:

e regoms | e Lauredt Sexies

(S

In the first region, the Laurent expansion of this function is actually an ordinary power/Taylor
series expansion since the function is holomorphic on |z — 1| < 1. We use a manipulation with a
geometric series:

1 1 > . 00 . §
;:1+(z—1):;(_(z_1)) —;(—1) (z-1)
1 . 1 . 1 B 1 o _Z_l n_oo (_1)n . §
e R =N e R W o S
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The first series converges for [z — 1| < 1 and the second for [2=1| < 1 <= |2z — 1| < V/2, so their
sum converges for [z — 1| < 1:

2z — i S . (Z1)n

n=0

To get convergence in the annulus 1 < |z — 1| < /2, we can keep the second series the same as
it already converges for |z — 1| < /2 as is, but we must “invert” the z — 1 term in the first series
in order to get convergence for 1 < |z — 1|. We do this again via a geometric series manipulation:

1 1 B 1 L &SN & (=
;_14-(2—1)_(z—l)(z%l-}-l)_z—lnz:o( 2_1) _z:o(z_l)n—kl.

n—=

This converges when | 15| < 1, so for [z — 1| > 1 as desired. Thus we have
22 —i 1 1 = (=) = (—1)
_ = — = B ——— — ]_ n
i) 2 z=i g(z—nw*ga—i)nﬂ(z )

on 1 < |z—1| < /2. Note that the inner and outer radius of this annulus are precisely the distances
from the center 1 to the nearest singularity at 0 and the further singularity at i, respectively.

Finally, to get convergence on v/2 < |z — 1| we leave the first term above as is and invert the
second using

[e.e]

1 1 B 1 1 1=\ (==
z—i_(l—z’)+(z—1)_(2_1)(%+1)_z—1;< 2_1) _Z (z — 1)t

n=0

which converges when |fracl — iz — 1 < 1, which is the same as /2 < |z — 1|. Thus we have

22t _ RGN Y G VC i
z(z—i)_ t T Z z—l E:o (z — 1)n+

n:0 n=

on V2 < |z—1].

Cauchy’s formula for an annulus. Laurent series converge on annuli in general, and indeed our
aim is to now show that holomorphic functions on annuli do always have Laurent series representa-
tions. The fact that holomorphic functions can always be represented by power series (centered at
a point at which the function is differentiable) was a consequence of the Cauchy integral formula,
so in order to derive Laurent series expansions (centered at a point at which the function might
not be differentiable) we need an analog of the integral formula for annuli. The result is that if f
is holomorphic on an annulus, then for any z in that annulus we have

L) L S

21 Jo, W — 2 21 Jo, w — 2

f(z) =

where Cy,C; are simple closed contours in the annulus which lie exterior to and interior to z
respectively:
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If f were holomorphic on the region interior to C7, the integral over C; above would be zero by
Cauchy’s theorem (note that ﬁ is holomorphic on this interior region since z lies exterior to C),
so the formula above reduces to

o S

21 Jo, w— 2z

f(z) =

)

which is the usual Cauchy integral formula. This new version is thus more general in that it handles
the case where f is not holomorphic everywhere inside C}.

This justification for this annular integral formula is an application of the deformation theorem.
Take a small circle C' around z between C7 and 02:

\\ J

We can deform the outer contour Cq into C' combined with C7 as follows:

That is, we deform Cy by “wrapping” it around C' and around C with an ever-shrinking neck as we
go, so that at the end we end up with C', C, and a line segment ~ connecting them. (This resulting
contour is no longer simple, but rather consists of three simple pieces.) These deformations never

f (w)

pass through the interior of C nor that of the circle C, so remains holomorphic throughout the

deformation and thus the integral of f;(—_g over the orlgmal Cg equals its integral over the deformed

contour consisting of C, C, and the line segment ~:

de— Mal f(w )d —i—fmdw
v

Cp W— 2 o, w—2z cw—2 w—z

But actually, the line segment ~ occurs twice in deformed contour, as can be seen by looking at the
“neck” during the deformation: one side of the neck approaches ~, but so does the other side, so we
get two copies of v at the end only with opposite orientations! Thus, the final integral above is really
two integrals over the same ~ but with opposite orientations, which means that this contribution
is zero and we are left with

de: de—l— Md

CQUJ—Z Clw—z cWw—=z
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Since C' is a circle around z, the usual integral formula applies to the second integral above:

de:%rif(z).
cWw—=z2
Thus we get
f(w) dw = fw) dw + 27if(z),
Oy w—z Cl —Z

which after solving for f(z) gives the desired integral formula for an annulus.

Laurent’s theorem. With Cauchy’s theorem for an annulus we can now derive a Laurent series
expansion. Take Cy and C to be circles in the annulus on which f is holomorphic with C interior
to CQZ

P 5 Wolewn svpWnic
e / heve
/ 4 o
\
( o z \
N
~ |
N \ ° \
Ao\«\\ Mo ‘ ‘ 2, \ ‘
o & ' , ,
el t5 / - = /
Were /

h / Cl

For z between Cq and Cy we thus have

foy L Sw) 1 )

©2mi c, W—2 21 Jo, w — 2z

Now, take zy to be any point interior to C', as in the picture above. We expand around zy by doing
the same type of geometric series manipulations we have seen plenty of times (precisely what we
did for Taylor’s theorem before, which was the result that holomorphic functions are expressible as
power series), where for the first integral above we expand in powers of z — zp while for the second
we “invert”

L f(w) dw — 1 M dw

f(z):2—7ri C, W— 2 21 Jo, w — 2z
L fw 1 )
271 Jo, (w — 20) — (2 — 20) 271 Jo, (w — 20) — (2 — 20)
_ L 1 CONN I L% 1 PACONN P
27 Jo, w— 2o l—ﬁ 2mi Jo, 2 — 20 ’“Z"_—Z‘;—l

Using

1 Zoo (z —zo)" d — )"
1— 2= (w — 2zp)" =20 jg - Z (z — zo)"

and integrating term by term then produces a Laurent series expansion for f(z) centered at z:

> . (some integral coefficient)
f(z) = E (some integral coefficient)(z — zp)"™ + E ( & W
Z— 20

(The expressions for the “integral coefficients” are precisely the ones we derived a few days ago
for a general Laurent series.) The resulting Laurent expansion converges on the largest annulus
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Ry < |z — 29| < Rz on which we can take circles Cy and Cy so that the annular integral formula is
valid with f remaining holomorphic. (This is why in previous examples we get annuli that reach
no further than singularities.)

Isolated singularities. As a special case of Laurent’s theorem, we obtain Laurent expansions
centered at isolated singularities. We say that zg is an isolated singularity of f is f is holomorphic
on a punctured disk 0 < |z — 29| < R centered at zy. (We make no assumption about the behavior
of f at zp itself.) By treating a punctured disk as an annulus with zero inner radius, f then has a
Laurent expansion centered at zg.

For example, ﬁ has an isolated singularity at 2, and we previously derived the Laurent
expansion

e* >, e? 3 e2 e2 €2 > e? 3
- Z(y—9) 3 = Z (z— 92\
z—2) ;Jnﬂz ) (z—2)3+(z—2)2+2(z—2)+§n!(z e

which is valid on the punctured plane 0 < |z — 2|. Here is some terminology: we say that the

isolated singularity of 2 in this case is a pole of ﬁ, which means that there are only finitely

many (nonzero) negative exponent terms in the Laurent expansion; the fact that the largest degree
that occurs as a denominator is 3 means that this is a pole of order 3.

The expansion
(o9}

1
1/z _
€ - Z nlzn

n=0

we computed last time occurs around the isolated singularity 0 of e'/#. In this case we call 0 an
essential singularity since the Laurent expansion contains infinitely many negative exponent terms.
We will say something about the properties different types of singularities have next time.

Example. For a final example, consider
-
(z=2)(z—1)’

which we previously expanded as a Laurent series centered at 0 in the annulus 1 < |z| < 2. But we
can also expand around one of the singularities of this function, say 2. Note that % is holomorphic
on a disk around 2, so we can expand this as a power series centered at 2:

> 1 11 T (i ) = i(—l)"(z -2)".
n=0
Thus dividing through by z — 2 gives
1 S n n—1 1 )
ng(—l) (z=2)" = -1+ (2 =2) = (2=2)"+ .

Thus 2 is a pole of the given function, this time of order 1, which is what we call a simple pole.
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Lecture 22: Singularities and Residues

Warm-Up. We find the Laurent expansions of each of the following functions at the given isolated
singularity:

e —1 1 ) 1
7 at 0, W at 1, (Z — ].) COS(m) at 1.
First, we can expand e® as a power series:
X _n 2
z z
ef = —=14+z+—=+---.
;n! +a+ o+

Subtracting 1 gets rid of the constant term in this expansion:

X _n 2

=N L P
e—1=>) PrRRE R R
n=1
Finally we can divide through by z to get the desired Laurent expansion of ez;1 around 0:
e —1 2.zl > 2" z 22
p—rg —_ — ]_ —_— —_— e,
2 ; l nz:%(nﬂ)! toty

In fact, the Laurent series in this case is just a power series with no negative exponent terms, which
is what it means for 0 to be a remowvable singularity of 627_1 The point is that the “singularity”
at 0 is not actually present in the sense that we can give the function a value at 0 so as to make it
holomorphic, thereby “removing” the singularity. To be precise, the function

f<z>={1z e

is actually entire since it is given by the power series

> 2" z 22
f(z):Zmzl—l-i-i-g—F---
n=0
eZ

for all z. The value 1 = f(0) we assign to ©=! at zero to make it holomorphic comes from the
constant term in this power series expansion. The fact that 0 initially appeared to a singularity of
627_1 is actually just an artifact of the way in which this function was written, and by looking at
the Laurent/power series we see that the singularity isn’t really there.

Next we look at

1 1
(22+1)2  (z2—19)2(z+1)?
To expand as a Laurent series around 7 we can note that —— is holomorphic on a disk around 7,

(z+4)°
so it should be possible to expand this as a power series centered at ¢ and then divide through by
(z —1)? to get the Laurent expansion we want. To find the power series expansion of ﬁ we will

1

o centered at i:

differentiate the expansion for

1 1 1 1 z—1 - (_1)n \n
z+i_2i+(z—z‘)_2¢(1+z2_—ii)_2 O<_ % ) —2)(2i)n+1(z—Z)

n=
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so taking derivatives gives

o0
( )n An—1
-y e
ot (2i
Thus the desired expansion of [EZs) +1)2 is
1 - (—1)n 2 (1) 3
2 2=~ _-22 At (2 )" :Z (2 )"
(2241) (z —i)% 7= (20)" — K

This sum looks like
1

2
(20)2(z— )2 (20)3(z — i)

so 1 is a pole of order 2 of

+ (higher-order terms),

(z2+1)2
Finally, we start with the usual Taylor expansion of cos w:

__<” (_1)n n
COS W = nz:% (Qn)' ’LU2 .

Setting w = % gives

o8 (z i 1) - i ((;le?; (2 —11)2n

and multiplying through by z — 1 yields

1\ (- 1
(2 —1)cos (z — 1) a Z (2n!) (z — 1)1

n=0

as the desired expansion of (z — 1) cos(-25) centered at 1. Since this expansion has infinitely many
terms with negative exponents (or in other words infinitely terms with z — 1 in the denominator),
1 is an essential singularity of (z — 1) cos(15).

Fun with removable singularities. The presence of removable singularities allows us to apply
previous results that at first glance might not seem applicable. For example, suppose f is entire
and satisfies |f(z)| < |z| for all z. We claim that this forces f(z) to be a constant multiple of z.
We saw a similar example earlier where |f(z)| < |e*| forces f(z) = ce® for some constant ¢, where
in that case the justification used the fact that e® was never zero to say that fe(f) is entire and
bounded by the |f(z)| < |e?*| condition, so that Liouville’s theorem is applicable. In this case, the

condition |f(z)| < |z| gives

but at first glance only for nonzero z since otherwise the left side is not defined. The point is
that z = 0 is a singularity of ( ) here, so Liouville’s theorem does not seem applicable because it

appears that @ is not entire.
However, the point is that the singularity at 0 is actually removable (!!!), so that Liouville’s
(2)

theorem will apply once we remove it. Since 0 is an isolated singularity of f7
quotient as a Laurent series centered at 0:

1) _

z

, we can expand this

C_2 C_1 2
st taztezt 4o
z z
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If any of the negative exponent terms above were actually present here, then we would have that
|@| grows without restriction as z approaches 0 since the negative exponent terms zlk “blow up”
to infinity in modulus as z approaches 0. But

‘@ <1 for z # 0,

SO @ is bounded near 0 and thus cannot increase in modulus without restriction. This means that

the negative exponent terms in the Laurent expansion cannot not actually be there, or in other
words that all of the negative exponent coefficients c_,, must actually be zero. Thus the Laurent
expansion above must actually look like

f(2)

T:co+clz+02z2+---,

which is a normal power series, so the singularity at 0 of @ is removable. Thus we can give this
function a value at 0 (namely, whatever the constant term ¢ is) so as to make it entire. This entire
function is still bounded by 1, so Liouville’s theorem implies that @ is constant, so f(z) = cz for

some c. The upshot is that things like Liouville’s theorem and the maximum modulus principle
still apply even in the presence of removable singularities.

The same reasoning shows that if |f(z)| < |sin z|, then f(z) = csin z for some constant ¢ since
all singularities of glglzi will be removable. More generally, if | f(z)| < |g(2)| for any entire functions
fs»g, then f(z) = cg(z) by the same logic—the only way one entire function can bound another is
if they were multiples of one another, which means that entire functions are in a sense “unique”

when it comes to bounding.

Poles vs essential singularities. Suppose f has a pole at zg, so that the Laurent expansion of
f around zy looks like

o C—n C—n+1
Fo) = i

Then (z — 29)" f(2) has the expansion
(2= 20)"f(2) = con + Cont1(z — 20) + conga(z — 20) + - -

This means that the singularity of (z — 2z9)" f(z) at zp is actually removable, so (z — 29)" f(z) is
holomorphic; if we call this function g(z), then

(2 = 20" () = 9(:) = f() = 22
Thus, to say that f has a pole at zy means that, the singularity is not itself immediately removable,
but that it becomes removable after multiplying by some polynomial (z — zp)™ of largest enough
degree. As a consequence of the manipulation above, near a pole zp a function can be written as
the quotient (zg_ (zz))n of a holomorphic function by some large degree factor (z — zp)™, so that poles
are basically the singularities that arise when dividing by polynomials that have roots.

If f has an essential singularity at zp, there there is no large enough degree factor (z — zp)"™ we
can multiply in order to remove the singularity, so essential singularities remain no matter what we
do. (This is where the term “essential” comes from—they are an essential aspect of the function
that cannot be gotten rid of by manipulating.) We will not discuss the behavior of a function
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near an essential singularity in this course, but the behavior can get quite wild. Look up the
Casorati- Weierstrass theorem and Picard’s theorem to learn more.

Residues. Among all the terms in a Laurent expansion of f around an isolated singularity zg, the
main one we will care about is the first negative exponent term:

f@) =+

C—1

Z — 20

this one

The reason for this is, as we saw when deriving an expression for the Laurent coefficients in terms
of integrals, this is the only term that matters when integrating f along a closed contour around
z0- As we mentioned before, because of this property we call the coefficient c_; the residue of f at
20, and we denote it by

Res., f = c_1 = coefficient of .
Z — 20

We will talk about the importance of residues and their uses next time, but for now we focus on

computing them.
For example, in the Warm-Up we found that

1 _ 0 (_1)n+1n(2
Z+1)? & @)

1 B y
@2 -2 (@)% 9)

— )3 = higher-order terms).

The residue of f(z) = m at 7 is thus

2 2 1 i
Reslf——w ——@ = 4—1 __Z
But actually, we do not need to know the full Laurent expansion in order to compute the residue
in this case, and more generally this holds true for poles. (For essential singularities you really do
need the full expansion, which is part of what makes them tougher to work with outside of basic
examples.) Being able to compute residues without computing full Laurent series is what makes
their use in computing integrals (next time) actually worthwhile since Laurent series in general can
be actually tough to compute.
In this case, we note that

1 B 1 ~1/(z+1i)?
(2412 (=022 +9)?  (2—0)?

which is the quotient of a holomorphic function (on a disk around i) with some power of z — i.
(Recall that this is the type of behavior you can expect near poles in general.) Consider the general

setup of such a quotient i ZQS))Q with g(z) holomorphic. Being holomorphic, ¢(z) is expressible as a

power series centered at i:
g(2) =ap+ai(z —i) +ag(z —i)* +---
Dividing by (z — i)? then gives

g(z) ao a
G2 o Troitetal-on)t,

105



so that Res; f = a;. But this coefficient comes from the (z — i)! term in the original Taylor
expansion of g(z), so we know that this coefficient is given by the derivative of g(z) at i:

Res; (zg£22)2 =aj = ¢'(i).

Thus, we are able to determine this residue solely from knowing this one derivative, without knowing

full Laurent expansion of i zgg))Q

In the case of f(z) = (ZQil)z = (2_1)21(27%)2, we thus have

d 1
sl =42 ((z+i)2)

just as we computed before.

2
z=1 (Z + i)g

z=1

Example. We find the residue of

£(2) P4+ 24224241
z fry
(z—1)

at 1, which is a pole of order 4. For a general holomorphic g(z), we have an expansion

9(2):ao—i-al(z—1)—}-@2(2—1)24-a3(,z_1)3+...7

so that the % term in 0 f_(zl))4 occurs at the degree 3 term in the Taylor series of g. The coefficient

a3 in this Taylor expansion is ¢ (1)/3!, so this is the residue of 1 Zg_(zl))4 at 1. For the given f(z), we

thus get

1 1
Resy f = 27— S+t 4B+ 1) 221:5(6022+24z+6)

90
= — =15.
z=1 3!

Lecture 23: Residue Theorem

Warm-Up 1. We find the residues of
cos(iz)
(22 —-4)(2+2)

at each of its poles. (We will see why we get poles in the course of computing these residues.) If
we factor 22 — 4 = (z — 2)(z + 2), we see that our function is

cos(iz)
(z —2)(2+2)?’
so there are singularities at 2 and —2. For the singularity at 2, we think of our function as

cos(iz)/(z + 2)?
z—2

with a numerator that is holomorphic on a disk around 2. If we expand this numerator as a power
series centered at 2 and then divide by z — 2 to get the Laurent series of the given function at 2, we
see that the 2—12 term will come from constant term in the power series expansion of the numerator:

f) a0
2—2 z-=2
——

residue term

f(z2)=ap+ai(z—2)+az(z -2+~ +ay +az(z—2)+---.
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(So we see that 2 is indeed a pole of order 1.) This constant term in the Taylor expansion of f(z)
is the value f(2) of f at the singularity, so in our case this is the value of cos(iz) 4t 2. Thus

(z+2)2
cos(iz) cos(iz) cos(21)
Resg | ——F—— | = | —= = .
(z —2)(z +2)2 (z+2)2) |, 16
For the residue at z = —2 we use a similar idea. Our function is
cos(iz)/(z — 2)
(z+2)2

with a numerator holomorphic on a disk around —2, so expanding this numerator as a power series
at —2 and dividing by (z +2)? gives the Laurent series. The difference is that now it is the (z +2)?
(first power) term in the Taylor expansion that gives the residue:

f(2) ao

ai
= ) 2)2 4 ... —
f(z) =a0+ai1(z+2) +az(2+2)" + e (Z+2)2+Z+2+a2+

(So we have a pole of order 2.) The coefficient a; in the Taylor expansion of f is now the first
derivative f’(—2) evaluated at the pole, so we have that

Res_o <%) - dilz <C(Z)S£i;)) 2=—2

_ (—(z — 2)isin(iz) — cos(iz))

(Z o 2)2 z==2
 4isin(—27) — cos(—2i)
= 16 .
In general, a function of the form
f(z)
(z — zo)"

where f(z) is holomorphic on a disk around zy has a pole of order n at zy with residue given by

o) ()
(z — 29)™ (n—1)!"°

Res.,

which is the coefficient of (z — 29)"~! in the Taylor expansion of f around z.

Warm-Up 2. Now we find the residues of

eZ

sin z

at each of its (as we will see) poles. The singularities come from points where the denominator is
zero, so let us consider the singularity at O first. A key observation here is that 0 is a simple zero
of sin z (or a zero of “order 1”), which means that it is zero of g(z) = sin z but not of its derivative

J'(z) = cos z.
In fact, residues for quotients % where g has a simple zero at zy are given by a formula that
works in general. Indeed, we start by expanding g(z) as a Taylor series:

9(2) = ag + a1(z — 2z9) + az(z — zo)2 + .-
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The value ag = g(zo) is zero by the simple zero assumption, but a; = ¢'(2¢) is not zero. Thus the
expansion above can be written as

9(2) = a1(z — 20) + az(z — 20)2 + = (2= 20)[a1 + a2(z — 20) + as(z — 20)2 + -]

where we factor z — zp out of every term. If we denote the sum a; + as(z — 29) + - -+ in brackets
simply by h(z), then we have

9(2) = (z = 20)h(2).
Moreover, h(zg) is the constant term a1 in the expansion of h(z), but this came from the (z — zg)?
term in the expansion of g, which is a; = ¢’(29) # 0. The upshot is that the function h(z) in

9(2) = (z = 20)h(2)

is nonzero at zp, which reflects the fact that zp as a zero of order 1 of g(z) and not of a higher
order. If instead zy were a zero of order 2, meaning that g(z9) = 0 and ¢'(z9) = 0 but ¢”(29) # 0,
we would be able to factor (z — zp)? out of the Taylor expansion of g(z) (but not a third power) to
get

9(2) = (2 — 20)?h(2) with h(zg) # 0.

For a zero of “order n” we would have ¢g(z) = (z — 2z9)"h(z) with h(zy) # 0.
So, in the simple zero case we have g(z) = (z — z0)h(z) with h(zp) # 0, so that

fle) __ fle)  _ f(&)/h(z)
9(z) (2 —20)h(2) z2—20

This is now in the form where % has a pole of order 1 at zy since % is holomorphic on a disk
around zg. (This is why we need h(zp) # 0, since otherwise 1/h(z) would not be differentiable

at z9.) Thus, simple zeros of g(z) correspond to simple poles of ch Ejg (actually, if f(z) is also zero

at zg, then you get a removable singularity instead of a simple pole, but the residue computation
gives the correct value regardless so we will not dwell on this fact), and more generally (by similar
reasoning) zeros of order n of g(z) correspond to poles of order n (at least when the numerator is
not zero at the singularity) of ; ((2 . In the simple case, we then have that the residue of %go(z) at
0 is just the value of the holomorphic numerator at 0

Res, 1) _ £0)
9(z)  h(z0)
But if we go back to the definition of h(z), the value h(zp) came from ¢’(zp), so the conclusion is
that
Res @ = 1 (z0) when g has a simple zero at zg.

“g(z)  g(x0)
Note that, once again, we are able to compute the residue (albeit with more effort in this case)
without knowing the full Laurent expansion. Formulas for the residues of £ in the cases where g has
zeroes of higher-orders can be found by the same methods, although the formulas get complicated
fairly quickly; we will only need a few examples of this later. Functions which are holomorphic

except for the presence of poles are often called meromorphic functions, and these are essentially

the types of things you get by taking quotients L of holomorphic functions.

g
If we apply this to our original &, where sin z has a simple zero at 0, we thus get
e? e? el
Resg — = = = =1.
sinz = (sinz)|,—o cosO
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eZ
sin z

In fact, all zeroes n7 of sin z are simple as well, so the residues of at its poles are

z e"l"r
=———=(=1)""".
cos(n)

eZ
Respr —— = ——
sin 2 a(sm 2)

e

zZ=nm

Residue theorem (simplest version). Residues were supposed to be the things “left behind”
when integrating a Laurent series, and now we will make this precise in what’s called the residue
theorem. The simplest version of the residue theorem states that

}{ f(2)dz = 2mi(Resy, f)
C

where C' is a simple closed contour enclosing zg and no other singularity of f. Indeed, this is
precisely what we obtained when deriving the integral formula for the Laurent coefficient a_;. We
call this the “simplest” version of the residue theorem since soon we will consider a more general
version which allows for the presence of multiple singularities.

For example, e!/# has a singularity at 0 (an essential one), and from the Laurent expansion

1 1 1
1/Z_§ e
€ _n:On!z”_ +222+z+1

1/z

we derived before we see that the residue of e'/# at 0 is 1. Thus the residue theorem gives

?{ e'/* dz = 2mi(Res €/?) = 2ri.
|z]=1

Examples. Now we compute

7{ sin z d
——dz.
|z|=1 222 —5z+1

222 52+ 1=(22-1)(2—2) =2(z — 3)(z — 2),

The denominator factors as

so we have singularities at § and 2, but only 1 falls within |2| = 1. Thus

sin z sin z
__ME = omiR, __smE
?{le 222 Bz 41 681/2(222—52+1)

by the residue theorem. To compute this residue, we can view our function as

sin z _ (sinz)/(2(z —2))
222 —5z+1 z—3

with holomorphic numerator, in which the residue is the value of the holomorphic piece at %:

R sin z B sin z
12 92 5. 01) ~ \2(z—2)

Alternatively, we can view % as a simple zero of the denominator and use

in 1 in L
_ _simjy _sinj

1 2(3-2) 3

Z:§

a1
_sm2

3

sin z
1 4z — 5
2

R sin z sin z
€S =
V2\222-52+1) " L(2:22—5z+1)

— =1
z= z=3
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Thus our desired integral value is

sin z sin z 27isin %
————dz=2mR 7 =2
7{4:1 22 _bz41 7" esl/?<2z2—5z+1> 3

1

If we integrate over the circle [z — 2| = 1, which encloses 2 but not 3, we shift to using the

residue at 2 instead, which is still a simple zero of the denominator:

sin z sin z sin z
—————dz=2m R — | =273
fi_mzl 922 —hr 1 T2 (2z2—5z+1) m(4z—5)

Now let us invert our function and integrate over the unit circle again:

?{ 222 -5z +1
—dz.
|z|=1 sl 2

We have singularities z = nm, where sin z is zero, and of these only 0 lies within the contour. This
is a simple zero of the denominator, so

_ 271 sin 2
z=2 3

222 5241 222 —5z2+1 222 —52+1
Resg - = — = - - =1,
sz 7z Sz 2=0 COs z 2=0
and thus ) )
222 - 5241 222 - 5241
7{ 2 ot 9miResg (i) — 2mi.
|z|=1 sin z sin 2

Relation to integral formulas. For something like

§o e,
|z—zo|=r # — %0

where f is holomorphic on a simply-connected domain containing |z — zg| = r, the residue theorem

gives
7{ M dz = 2mi (Resz0 /(z) ) .
|z—zo|=r % — 20 Z— 20

We have a simple pole so the residue is the value of the numerator at zy, so that

?{_ _ /(z) dz =2mif(zp).

Z— 20

But this is precisely what we had before in Cauchy’s integral formula, so the upshot is that the
integral formula is just a special case of the residue theorem. More generally, % has a pole of
order n+1 at zg, so the residue comes from the coefficient of degree n term in the Taylor expansion

of f, which is f(")(z)/n!. Thus the residue theorem gives

f 7]’(2) dz = 271 (Resz0 7f(z) ) = 27ri—f(n) ('ZO),
|z—zo|=r

(z — zg)"H1 (z — z0)" 1 nl

which is nothing but Cauchy’s integral formula for higher-order derivatives.
If f(2) has no singularities, or in other words if we can treat any singularity as removable, then
every residue is zero (since the Laurent series is just a power series with no negative exponent terms
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at all), so the residue theorem gives ¢, f(z) dz = 0, which was the original Cauchy’s theorem. The
upshot is that the residue theorem subsumes every main integration result we saw before, so it is
the ultimate integration theorem. (Of course, though, the residue theorem in the end is itself a
consequence of Cauchy’s theorem, since the residue theorem depends on existence of Laurent series
which depends on Cauchy’s integral formula for an annulus which depends on the deformation
theorem which depends on Cauchy’s theorem!)

Multiple singularities. Now consider

sin z
j{z—dz
C2Z —5Z+1
1

where C' is a simple closed contour that encloses both of the singularities 5 and 2 we worked with
before. What does the residue theorem say in the presence of two (or more) singularities? The fact

is that all we need to do is include more terms, one for each additional singularity:
sin 2 sin 2 sin 2
————dz=2mi | R ———— +Reso —5——— | .
j{02z2—5z+1 ‘ m( esl/22z2—5z+1+ 682222—52—1—1)

To see why this works consider (as in the justification of the annular integral formula) a defor-
mation, where we deform C' into two small circles C7, Cy each enclosing only one of the singularities:

<

-
~ \
\ AN /N c e
. - \m N \,\A N
A 2| o\ o =1 2
\ / \ [\ / -
N / NN

—

(As in the annulus case, we actually get a line segment connecting our two small circles as well,
but the contribution to the integral from this vanishes since the line segment occurs twice—once
for each side of the “neck” being squeezed into the segment—with opposite orientations.) After
deforming we thus get

sin z sin z sin z
c22¢—bz+1 227 =5z +1 cy 22 =5z +1

By the simpler version of the residue theorem, since C; only encloses %, the integral over C] uses
only the residue at %, and similarly the integral over Cs uses only the residue at 2. Thus

}{ sin z d ?{ sin z d +7{ sin z d
—_——az = — Az ———— a4z
0222 —-52+1 c, 222 —5z+1 c, 222 —52+1

= 2ri(residue at 1) + 27i(residue at 2)

= 2i[(residue at 3) + (residue at 2)].

The same idea works when C' (still a simple closed contour) encloses even more singularities, so in
general the integral is 27¢ times a sum of even more residues.
For the example at hand, using the residues we computed previously we get

sin z sin z sin z
————dz=27mi [ R —— +Resg —————
fi222—5z+1 ? m( 1297 511t 682222—5z+1)

1 .
sins  sin2
=2omi [ ——2 .
m< 3 + 3 )

Residue theorem (general version). We can get even more general with the residue theorem
beyond multiple singularities alone and consider non-simple closed contours as well. For example,
say with the same function as above with singularities at % and 2, for a contour like
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we get two copies of what we would have for a single simpler contour enclosing % only: the “inner”
loop of the contour above gives 27i times the residue value, but then the “outer” loop gives the
same value, so over all we would get

7{ f(z)dz = 2?4 f(2)dz = 2 times 27i(residue).
C simple contour

We call 2 here the winding number of C' at % since it counts how many times C' “winds” or “wraps
around” % So the integral is

7{ f(2) dz = 2mi(winding number)(residue).
c

The contour

3

has winding number 2 at % and winding number 1 at 2 since it wraps around % twice but only once
around 2. The integral is
2mi[2(residue at 3) + 1(residue at 2)].

The contour

has winding number 3 at % and winding number —1 (note the negative) at 2: counterclockwise
windings count as positive and clockwise windings as negative since clockwise orientations change
the sign of an integral. It is even possible to have winding number zero, either because the contour
does not wind around a point at all or because the number of counterclockwise and clockwise
windings cancel each other out:

vt x\

\u\ax\j =b

g

,K condvibudes - |
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The general version of the residue theorem, which allows for non-simple closed contours, is thus

% f(z)dz = Z 27i(winding number)(residue).
C . -
singularities

within C

Our book does not consider the case of general winding numbers, and only considers the positively-
oriented simple contour case where all winding numbers are 1. Indeed, this is really the only setup
we will care about as well, but it is good to know that more general versions are available.

Lecture 24: More on Residue Theorem

Warm-Up 1. We compute

2 4 2 4
]{ 2:72-’_ dz and ?{ Z Zl.j dz.
oj=1 €% —1 lo—1=2 (z — 1)(e”* — 1)

In the first case, 0 is the only singularity and it is a simple zero of €* — 1, so

4

224z44 224244 )
= = - = —4i.
7

eiz — 1 _Cgl(eiz_l)

dz

224244
2=0 e

Resg

2=0

Thus the residue theorem (note the winding number is 1) gives

2 4
7{ Frets dz = 2ri(residue) = 27mi(—47) = 8.
=1 € =1
For the second integral, there are now two singularities within |z—1| = 2, namely 0 and 1. So we
need both residues to get the value of the integral. If we write our function as holomorphic/(e** —1),
we can again use the simple zero formula to get

2 4)/(z—1 2 4)/(z—1 —4
by /G (/)| A,
e —1 (e —1) =0 U
For the residue at 1 we write our function as holomorphic/(z — 1) to get
6

Res;

ez — 1

@2+zt%%@”—1):(zl+z+4)

P
z=1 € 1

Thus (both winding numbers are 1)

2
4
7{ ( Fret dz = 2mi[(residue at 0) + (residue at 1)]
|z—1]=2

z—1)(e?* = 1)
6
= 2mi | 44 -
m( Z+e1—1)

1271
et —1°

j{ 1+2
—dz.
|o—1|=2r 1 —COSZ
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Singularities occur when cos z = 1, so at z = 2nm. The only two of these within the circle |z—1| = 27
are 0 and 27, so we get two residue contributions to the integral. However, neither of these are
simple zeroes of g(z) = 1 — cosz, but in fact they are zeroes of order 2, meaning that ¢g(z) and
¢'(z) = sinz are both zero at the singularity but ¢”(2) = cosz is not. The simple zero formula
from before thus does not apply, so we need something new.

Let us consider a general g (j) with 2o a zero of order 2 of g(z). We proceed using the same

method as in the simple zero case: expand g(z) as a power series
9(2) = ap +a1(z — 2) + az(z — 20)® + az(z — 20)* + -+,
where now ag = g(z0) and a; = ¢’(20) are both zero, but as = ¢”(2¢)/2 is not. Then
9(2) = as(z — 20)* +az(z — 20)> + - = (2 — 20)%(ag + az(z — 20) + -+ ) = (2 — 20)*h(2)
where h(z) = a2 + az(z — 2z9) + - - - with h(z9) = a2 # 0. This gives
f(z) flz)  _ fR)/Nz)

9(2) (2 =20)%h(z) (2 —20)*
This is now the setting of a pole of order 2, where the residue comes from the derivative of the
holomorphic numerator:

Res, JEE) _ 8 (102

_ _ h(20)f"(20) — f(20)M'(20)
h(z)

h(z0)? ’

P (z—20)2  dz

2=20

with the last step coming from the quotient rule. Now, the values h(zg) and h’(zy) can be determined
from those of the original g(z) by using the Taylor expansion definition of h(z) built from the original
expansion of ¢g(z), where

1/ "
h(ZO) = a9 = g (22:0) and h/(ZO) = a3z = g 3<;ZO)
The upshot is that
L / _1 1"
Res, Q) — 29 (20)f (Zlo) 6 2(z0)g (z0) when ¢g(z) has a zero of order 2 at z.
9(2) 19" (20)
In general, it is possible to find similar formulas for the residues of F2) 1o matter the order of

9(z
the pole, but these formulas get crazy quickly, as we can already see in tfle second-order pole case

above. The simple pole (i.e., simple zero of the denominator) case and the general

fz) [ V()
(z — zo)" (n—1)!

one are the only formulas worth knowing by heart. For all other types of residues it will be simpler
to derive a formula as needed using power series manipulations. (In particular, no need to memorize
the order 2 zero/pole formula derived above!)

For the example at hand, with f(z) =1+ z and ¢g(z) = 1 — cos z we have

f(0)=1, f(0)=1, ¢"(0) =cos0=1, and ¢""(0) = —sin0 = 0.
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The residue of % is thus

Since z = 27 is also a zero of order 2 of g(z) = 1 — cos z, the same formula gives

1+ 2 B %9/1(271')'}”(277) — %f(277')g”’(27r) _ % ~0

1—cosz Lgr(2m)2 =2
297 (em

Resor T
1

(The only different value here from the z = 0 case is f(27) = 1 + 27 instead of f(0) = 1, but this
ends up being multiplied by ¢"”’(27) = 0 so it does not matter in the end.) Thus

1
j{ % dz = 27mi(2 + 2) = 8mi.
|z—1|=27

— COSz

Real integral example. Let us now compute the real integral

27 9
/ cosf a9,
o 4—2cosf

which we do by expressing this as a contour integral over the unit circle. Since 2cosf = e + =%,

we have , )
/271' 2cos 6 o — /27r 619 _|_ 6710 o
o 4—2cosf g 4— (e +e )

We make another algebraic manipulation by multiplying numerator and denominator by €% (so as
to get rid of negative exponents) to get

27 27 246
2cos 6 e +1
/ ———df = / g 50 db.
o 4—2cosf o 4e? — (e?? 4+ 1)
The point is that this is precisely the type of integral that arises when integrating over |z| = 1 using
the parametrization z = €¢?,0 < § < 27, except that such a parametrization would also introduce

a 2/ = ie" term which is so far missing from our integral. So, we introduce this term by putting
ie" in the numerator and denominator to get

27 27 240
2cost 1 .
/ &dgz/ L g
o 4—2cosf o 1e?[4e?? — (e20 4 1)]
2
1
2j=1 12(42 — 2% = 1)

?{ 2241 d
=1 ——————— az.
|z|=1 Z(2’2 — 4z + 1)

(In the last step we factored out % = —i and used the negative to change some signs in the
denominator.)
To compute the resulting contour integral we use residues. The roots of z2 — 4z + 1 are

44416 -4
ARV,
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Of these two roots, only 2 — /3 lies within the circle |z| = 1, so only z = 0 and z = 2 — /3

. . 2
contribute residues of = z7+1

D) that we care about. If we write

2241 22 +1

222 =4z +1)  2(z-[2-V3])(z—[2+V3))’

we get that
1

z=0 (2 - \/3)(2 + \/g)

22 +1
(z = 2-V3)(z—[2+V3])

residue at 0 =

and

(2-v3)?2+1 4-2V3

2241
2(z — 2+ V3))

™ 2cos6 22 +1
Sk 7 S e s
/0 4 —2cosf 27{41 2(22 =4z +1) :

= i(2mi)(first residue + second residue)

:—27r<1+4_2\/§>,

residue at 2 — V3 = I e \/3)(_2\/§) 523

Thus

3-2V3
assuming my computations were done correctly.

Improper integral example. Finally we compute the real improper integral

o) 2
oo 1+

This was actually computed on a previous homework, where the strategy was to integrate ﬁ
over the circle sector bounding an eight of a circle of radius R and then taking a limit:

\Ma\kgj m—\a(jrq( ﬁvfj\’\
s
W 599 RACY

& e

- \y

't Q\ > | dx

Wore Nave % \dawo Sh e

(Actually, the homework problem asked about the integral fooo 11% dx starting at 0, but this
integral is half of the one we are now looking at here since % is even with respect to x, meaning
that its integral over (—oo, 0] is the same as its integral over [0,00).) What made that homework
problem a bit challenging was in integrating over the line segment forming the top of the contour,
where the parametrization z = te’™/* was used. With this H—% becomes H—#’ and then multiplying
numerator and denominator by the conjugate of the denominator is what led to li%'

This contour was necessary to use back then since at that time we only had Cauchy’s theorem
available, so we needed a contour that enclosed no singularities of H% But now that we can work
with more general residues, we have a simpler approach to this same integral, namely by integrating
ﬁ% over the top half disk contour Cp

116



Restricting ﬁ% to the real axis immediately gives the improper integral we care about, so as long
as we can find the value of the integral over the entire contour using residues and what happens to
the integral over the circular piece, we are good to go. (In the previous method, we also needed to
know fo T + 175z dr = 5 since this is what we get when restricting +
contour on the real axis, which is also something that makes this previous method more challenging.
All of this is avoided by using a different function and contour and making use of residues.)

The roots of 1 + z* are the fourth roots of —1, and only two of these lie within Cg, at least for
R > 1. Thus we have

2 ' |
f © 7 dz = 2mi(residue at "™ 4 residue at ¢>™/*).
Cr 1+ 2

Both singularities are simple zeroes of the denominator, so we can use

f(2)  f(x0)
ez 02) = ¢'(x0)

to find the residues. We have
22 zg 1
Reseo 7oA =03 =

SO

2

z , '

jé 7 dz = 2mi(residue at ei™/4 4 residue at 3™/ 4)
cp 1tz

= 271 (% —im/4 l€*3m'/4)
= Z(cos(§) — isin(§) + cos(¥) — isin(2f))
=5(-2 7) -

As R — o0, this value will remain the same.
On the other hand, the integral over the bottom portion of Cg is

2 R 2
/ Z_4dz_/ L
CRr bottom 1+z —R1+x

which gives the desired improper integral after taking R — oo. For the integral over the top circle

arc of Cr, we bound:
2 2 2 3
z |z R TR
dz §/ |dz| g/ — |dz| = ——,
/z|=R,yzo 1424 lsl=Ry>0 |1+ 24| sl=Ry>0 B =1 R -1

where we use the reverse triangle inequality |1 + z%| > |2%| — 1 = R* — 1 in the third step. This
final expression goes to 0 as R — oo, so we are left with

T 2y
— = lim —dz
\/5 R—o0 Cr 1 + 24
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22 22
= lim / 1 dz + / —— dz
R—00 CRr bottom 1+z |z|=R,y>0 14z

00 {E2
= ——dx+0
/001+af:4

00 2
=/ A
oo L+ 2

which agrees with the value found on the homework.

Lecture 25: More Integrals

Warm-Up 1. We write

2 1
———df
/0 1+ cos?6

as a contour integral over the unit circle |z| = 1 and determine the points at which we need the
residues in order to find the value. (We will not actually evaluate the integral itself, only see the
ingredients that go into doing so. You will compute a similar integral in full on the final optional
homework.) We start with the substitution cosf = 3(e” + %), so that

1 1 4
1+cos20 1+ [L(el0 e )2 4+ (e +emi0)2

(In the final step we multiplied by % to clear fractions.) Looking ahead to where we will eventually
integrate over the circle |z| = 1, with the parametrization z = € we have

1 4 4 4 472

T+cos20 4+ (P +e )2 4+ (2412 44 (2242+%) 2A+622+1

where in the last step we multiplied by % in order to clear the = term.
z z

The given integral should thus be obtainable by integrating this final expression above over the
unit circle, except that we have not yet taken into account the tangent vector 2’ = e’ term. To

account for this we can we multiply by ZZiz to get

1 422 iet 4z d
= —_— = —-— Z’
1+cos?f 24 +622+1 \ie? i(24 4622+ 1)

where z = ¢ in the denominator cancels with one z in the numerator 422. Thus

2
1 1 4z
———df = - ——d
/0 1+ cos?0 iﬂi|:124+622+1 ‘

is our desired contour integral.
To compute this we need the poles of the integrand, which come from the roots of the denomi-
nator. If we think of the roots as coming from the equation

(222 +6(2%) +1 =0,

4

‘variable” to solve for the quadratic formula gives
—6++36—4 /
z2:%:—3i2\/§, s0 z = £/ -3+ 2V/2.
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So, there are four roots, but we only need the roots that fall within |z| = 1. Since —3 — 2v/2 falls
outside |z| = 1, so do the square roots of —3 — 2v/2, while since —3 + 2v/2 falls within |z| = 1,
so do +v/—3 + 2v/2. Thus in order to finish computing this integral we would need to determine

the residues of Mﬁ at v —3 + 2v2 and —v/—3 4 2v/2. (These residues are not challenging to
compute, just a bit of work because of the numbers involved. As stated at the outset, we will not
finish the computation here but you will work out a similar problem on the homework.)

>~ 1
[t
0 1+2x
1

First we note that since ——5 is even with respect to x (replacing x by —z gives the same function),

1426
we have that o 1 | oo )
[
0 ].+$ 2 7001+$

To compute the latter, we integrate H% over the boundary Cg of the top half of the disk |z| < R
and take R — oo:

Warm-Up 2. We compute

On the one hand, H% has poles at the sixth roots of —1, and three of these, namely

eZ7T/6, i, and €z57r/67

fall within the top half of the disk. Thus

1
% ——5 dz = 2mi(sum of three residues).
Cr 1+ 2

Each singularity is a simple zero of the denominator 1 + 2%, so all of the residues are given by

1 1

1
Res,, = =
1426 414 26)

.
6z

20

Hence we get

Y SN DN N
o 1+ 20 2T AT Gevn/6 T 6i5 | Geizon/6

= %(e*ifmm — i 4 ei257/6)
= 7g(e‘“"”/ 6 —ite /)

= %(21 sin(—7/6) — 1)

= T (-2)
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_ 2m
=3
(Note that e=®7/6 = ¢=i7¢im/6 is the negative of the conjugate of e~/ so e=17/6 4 =i/ j5 9;
times the imaginary part of e~/ 6)
Now, the integral of ﬁ over the portion of C'r that lies on the real axis where z = «x is

R
1
[
_R1+I

The integral over the circular arc of C'r is bounded by

/ 5 S/ %W'Z S/ %Iddzgi
|zl=Ry>0 1 + 2 j2=Ry>0 |1+ 2°| |2l=Ry>0 B — 1 RS —1

where we use |26 + 1| > [25] — 1 = |2]%® — 1 = RS — 1. This final expression goes to 0 as R — 0o, so
the integral over the circular arc vanishes in the limit. Thus

2 . 1
— = lim 6dz
3 R—o0 Cr 1+ 2
R
1 1
— lim / —de+/ - dz
R—o0 7R1+"I’. |z|=R,y20 ].—I—Z

[ o
= €T )
oo L+ 26

oo 1 _ 1 oo 1 o
S0 fo s 42 = 3 f—oo s dzr = 3.

dz

New type of contour. We finish now by computing

* sinx
dx,
e X

This will be a somewhat elaborate computation since it will require with a contour we have not used
before. This integral plays an important role in the study of what’s called the Fourier transform
and in the study of certain partial differential equations such as the heat equation, so its value is
important to know in those contexts.

To start, we will integrate the function

For z = x real this is %, whose imaginary part is Sig” , which is why in the end we will be able to

extract the value of the integral we want. One might ask why on do not simply integrate

sin z

z
instead as this too will produce % when z = z is real, and the answer is that in order to get
the bounds we will need on certain parts of our contour it will be important that we work with
exponentials, which are generally simpler to bound than other functions like sin 2.

Since % has a singularity at 0, the contour we use cannot be one that passes through the
origin, which eliminates every contour we have used so far in such improper integral computations.
Instead, we consider the following contour, which is almost the boundary of the top half of a disk

|z| < R only with a small “bump” put in near the origin:
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Call this contour Cr, with “large” radius R we will take to oo and “small” radius r we will take to

0. (Having to take two limits now is part of what makes this more elaborate.) The function % is

perfectly holomorphic on a simply-connected domain containing C'r ., so Cauchy’s theorem gives

61'2
j{ —dz=0.
CR,?" z

When integrating over the portions of C'r;, on the real axis we get two terms

—r _iT R _ix
(& &
/ —dz + / —dx,
R T r X

one for each line segment making up the bottom of Cgr,. In the limit as R — oo and r — 0, these

combine to give
0 i oo iz oo ix
e e e
/ —d:v—}-/ —dw:/ — dx,
o T 0o T oo T

whose imaginary part is the integral we seek to compute.
Now, for the integral over the “large” circular arc of radius R making up Cr, (spoiler alert:
this will go to zero in the limit), we need bounds. With the parametrization z = Re®, we get

etz T eiReit ) T o
/ Z dy = / iRe” dt = / 7:ezR(cost—H sin t) dt
i 3
large arc < 0 Re"t 0

iz
&
/ —dz
large arc <
s

At the end here we use the fact that sint takes on the same values for 0 <t < 7 as it does for
5 <t <7, so that the integral of e~ Rsint over [0, 5] is the same as its integral over [, 7], which
is why we are able to double-up in the expression above. This now allows us to use the inequality
sint > 2 which is valid on [0, Z] (but not on [%, 7] in fact, which is why we needed to “double-up”),

2
to get

50 T T /2
< / |Z-e—iR(cos t+i sint)’ dt = / e—Rsint dt = 2/ e—Rsint dt.
0 0 0

w/2 /2 T /2
2/ o—Rsint gy < 2/ Rt/ gy _ _ T —~R(t/7)
0 0 R

T -R
=—(1- .
S o=pme®

(No need to know the inequality sint > % used here by heart.) This final expression indeed vanishes
as R — 0o, so we get that the integral over the large circular arc vanishes as well.
Putting it all together gives

eZZ
0= lim —dz
R—o00,r—0 Cr, %

iz iz iz
. e e e
= lim (/ —dz+/ —dz—i—/ —dz)
R—00,7—=0 bottom segments < large arc < small arc %
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T iz
(&
—dz.

> e
= / —dx + 0+ lim

—o T =0 Jomall arc #
What remains then is compute the limit of the integral over the small circular arc of radius r. (Note

that this small arc does not depend on R, which is why we need only consider the limit as » — 0

and not R — oo.) For this we note that

The second function on the right actually has a remowvable singularity at 0 since

. 1 ‘ 1
e”:1+iz+§(z’z)2—|—--~wezz—lziz+§(iz)2+-",

so that after dividing by z we still left with a usual power series. In particular this means that
is bounded near 0 since there is no % term to cause it to blow up, so we can pick some bound
iz 1

e
small arc z small arc

where 71 is the circumference of the small circular arc. As r — 0, this right side vanishes, so the

e —1

|€“=1| < M near 0. This gives

e — 1
'|dz\ g/ Mldz| = M,
z small arc

€“=1 Gyver the small arc goes to 0 as r — 0 as well.

integral of

Thus taking r — 0 in
et 1 e® —1
/ —dz = / —dz + / dz
small arc ? small arc small arc <
gives
. e —1 . 1
lim dz = lim —dz.
70 Jsmall arc ?

=0 Jsmall arc <

This final integral can be computed directly using the parametrization z = re,0 < t < 7 (which
gives the wrong orientation since the small arc moves clockwise), and we get

1
—dz = —mi.
z

elZ

dz = lim
=0 Jsmall arc

Hence ) ) )

oo e’LIE e’LZ o0 eZZE

O:/ —dx + 0+ lim —dz:/ — dx — 1,
z o T

lim

=0 Jsmall arc <

70 Jsmall arc

o T
SO ,
00 IT ] . . . . *® ginx
— dz = mi, and taking imaginary parts gives dr = m.
oo T o T
sin x _ T
dr = 3.

sinx

T

Huzzah! Moreover, since is even with respect to z, we also get fooo -
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Lecture 26: Argument Principle

Warm-Up. We compute
o0 3
x
Vg
0 1+ 1’2
This is the final improper integral we will consider and illustrates a final subtlety in such compu-
tations. The complex function we will use is

L1/3

14 22

since this (appears to) restricts to the given integrand when z = x is real. However, we must be
careful now in working with z!/? since doing so requires picking a particular branch! We make a
branch cut along [0, 00), meaning we pick argument values 0 < arg z < 27. The issue now is that
the contour we use, then, cannot pass through this branch cut, so we have to be clever about what
we do. We integrate over the contour,

‘\AJ{‘V\‘\‘*Z simel
c«a\\aS

T
where we imagine that pieces close to positive real axis on the right are in fact “infinitesimally
close”. Thus, we move along the top “infinitesimally close” segment, then along a large circle
|z| = R, then along the bottom “infinitesimally close” segment (going towards the left!), and finally
along a small (clockwise) circle |z| = r.

To be clear, we are being a bit informal here since “infinitesimally close” does not have a precise
meaning. We will literally think of these segments as if they were on the real axis without being
the “same” as segments on the real-axis. To be more formal, we should really consider a contour

like that above only where the “infinitesimal gaps” were true gaps of some size h measured by an
angle, and then taking a limit as the gap h — 0 shrinks in the end:

but we will not expect this level of formality here. The informal approach does give the correct
value, albeit with some details swept under the rug. The segments being “infinitesimally close” to
the real axis means that we can treat the large and small circles as if they were complete circles.
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So, with these caveats, we proceed as follows. Denote the contour above by Cg ;. The function

,1/3

= has poles at +i (at least for large enough R and small enough r), so the residue theorem gives

1/3
j{ 2—2 dz = 2mi(residue at ¢ + residue at —i).
CR,r 1 + z

Both of these poles are simple zeroes of 1 + 22, so the residues are

1/3 1/3 N1/3
Resy; ﬁ = 22_z . = (::gz .
For the chosen branch of 2!/3, we have
i= /2y 1B — pin/6 and = 372 (—i)1/3 — Bmif6,
SO

(We will simplify this further at the very end in order to get a nice numerical result.)
Now, for the integral over the large circle |z| = R, we use bounds:

1/3 1/3 1/3
2T gl < g = B orp),
|2|=R 2241 |

z|=R |Z|2_1 R? -1
(Note again that we can treat the circles as if they were complete circles due to the “infinitesimal
gaps” we use, which is why the circumference is 2rR.) Overall we get R*3 in the numerator but
R? in the denominator, so the limit as R — oo is zero. For the integral over the smaller circle
|z| = r, in fact the same exact bounds apply only with a different radius:

1/3 1/3 1/3
§ < L g = T (2,
zj=r 2%+ 1 2= 2] — 1 r2 —1

This still goes to 0 as r — 0, now because the numerator goes to 0 and the denominator to —1.
(The small circle is oriented clockwise, so the integral changes sign, but the negative of 0 is 0 so
the orientation does not matter in this case.) So, in the end neither of these circles will contribute
to the contour integral value after we take limits R — oo and r» — 0.

For the “top” segment infinitesimally close to [r, R] on the positive real axis, we have z = ze’
for the argument values chosen “infinitesimally above” the real axis. This gives that

o VE QR VE P UE B 7

0

is the usual real cube root function, so as R — oo, — 0 the integral over this segment becomes

e8] 3
\/52dw.
o 1+=z

However, for the “bottom” segment infinitesimally close to [r, R], in order to get the correct cube
root of z = & we must use & = ze’>™ to describe these real values since the argument approaches
27 along this bottom direction for our chosen branch, which gives

21/3 — (x627ri)1/3 — \3/56271*2'/3
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along this segment. Thus, in the limit, the integral over this “bottom” segment becomes

0 3/,2mi/3 o 3
xre ; €T
L[N e s [T VT

0 1+:E2 0 1+5L'2

where the negative corrects for the leftward orientation along the bottom segment.
Altogether then, we get

1/3 00 00
7T(ei7r/6 — ei?”r/G) = lim 2 5 dz = / \3/52 dx — 62”/3/ %2 dr,
?:)N())o CR,T1+Z 0 1+I’ 0 1+CL'
which after solving for fooo 1_952 dx gives
00 \3/5 ﬂ.(eiw/(ii _ ei37r/6)
o 1+22 T T 13

2mi/6

To put this into a nicer form, we can do some algebraic manipulation. Factoring e out of

numerator and e™/3 = ¢2/6 out of the denominator gives

ﬂ.(eiw/ﬁ _ ei37r/6) 7T€27ri/6(e—i7r/6 _ ei7r/6) ﬂ.(e—iw/ﬁ _ eiﬂ'/ﬁ)

1 — e2mi/3 - emi/3(e=im/3 — emi/3) T e—im/3 _ emi/3

The remaining differences of exponentials are both of the form w — w, which gives 2¢ times the
imaginary part of w:

m(e~/6 —e™/0)  72isin(—m/6) w(-1/2) o«

e=it/3 —emi/3 T 2isin(-m/3)  (—v3/2) V3

Thus we conclude that

/oo % W(ei”/ﬁ _ ei37r/6) T
0

d = - = —
14+ 22 z 1 — e2mi/3 \/g

is our desired value. (At least informally. As mentioned before, to be precise we would need to
include an actual gap to replace the “infinitesimal gap” we used and take a limit as the gap shrinks.
Our informal approach gives the correct value nonetheless because the integral over the top segment
with an actual gap approaches the integral over our segment with infinitesimal gap in the limit as
the gap shrinks, and similarly for the integral over the bottom segment with an actual gap.)

Back to winding numbers. Recall that the winding number of a closed contour around a point
detects the numbers of times the contour “wraps” or “winds” around that point, with counter-
clockwise windings contributing +1 and clockwise windings contributing —1. We will now give a
more formal approach to winding numbers, which leads to the fact that we can use them to detect
zeros and poles in a manner summed up by what’s called the argument principle.

As motivation, let us consider the example of

1 322

- ig dz.
27 |z|=1 z

We can compute this integral directly by simplifying the integrand:

1 322 1 3 3 1 3
—— ist:— —dZ:—_ —dZ:—(Qﬂ'Z):?)
21 Jz=1 2 27 J)z=1 2 271 Jyz=1 2 2
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Now, consider the effect the transformation f(z) = 2% in the denominator of our integrand has on
the contour of integration |z| = 1. For z = €*,0 < # < 27 on this contour we get

3 3i0
f(z) =2"=e",
which as 0 varies from 0 to 27 traces out the same unit circle but three times overall:

one <opy

®
ey
0<6 €21

w i\«\A\'.S
Al =3

The upshot is that the value of the integral 2%” j;|z|=1 SZ—Z?,Q dz = 3 above is precisely the number of
times the image circle is traced out under the denominator f(z) = 23, so it is indeed the winding
number of the image circle around 0. The numerator 3z2 of our integrand is precisely the derivative

of f(z) = 23, so this example hints at a relation between

1 f'(2)
210 Jiz=1 f(2)

and the winding number of the image of |z| = 1 around 0. The argument principle states in part
that this relation is true for more general f(z), as we will soon see.

Moreover, we can interpret this winding number as encoding a change in argument values. After
all, the reason why the circle above is traced out three times is because for 0 < 6 < 2% we have
that the argument of €3 increases from 0 to 27 to give one copy of the circle, then as 6 runs from

%’T to %’r we pick up another argument change in € of 27 from 27 to 47 giving a second copy of
the circle, and finally for %” < 6 < 27 we pick up one final argument change of 27 from 47 to 67

for a third copy. We say that 67 is thus the change in argument values for f(z) along |z| = 1, so
that dividing this argument change of 27 gives precisely the winding number of the image:

dz

1
Q_AC arg f(z) = winding number of image contour around 0.
i

(On the left we denote the argument change by Acarg f(z). The argument change in general
will be an integer multiple of 27, which is why dividing by 27 will give an integer. For clockwise
windings the argument change is negative since arguments decrease in clockwise directions, which
matches what we also expect of winding numbers.) The upshot is that the relation between the
integral above and winding numbers seems to suggest that

1 ! f(2)
%AC arg f(z) = 3 7{2:1 B dz

is true, at least in this one example, but the argument principle will say this holds in general.
We make one more observation about the value

1 322

— —dz = 3.
27 |z|=1 23 :

The denominator f(z) = z3 has one zero in |z| = 1, but in fact this is a zero of order 3, or, as we
also say, of multiplicity 3. The value 3 we got for this integral matches this counting of zeroes with
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multiplicity, which suggests a relation between this number of zeroes and the winding number or
change in argument in general.

Argument principle. The argument principle makes this all precise, even allowing for the pres-
ence of poles in addition to zeroes! Suppose that f is meromorphic—a term we briefly introduced
a while back to mean holomorphic except for possible poles—on and interior to a simple closed
contour C' on which f is nonzero nor has poles. The argument principles states that the change
in argument of f along C, the winding number of the image around 0, the integral of fTI, and the
number of zeroes and poles all encode the same information via:

/
Acarg f(z f

=2n(Z — P),

where Z denotes the number of zeroes of f (z) within C' counted with multiplicity and P the number
of poles of f within C' counted with multiplicity. (The multiplicity of a pole is just its order, just
as the multiplicity of a zero is also its order.) Dividing by 27 gives the version

A f,
—Acarg f(z 2m - P

where the left side is now the winding number of the image contour around 0. The name “argument
princple” comes from the change in argument interpretation.

The takeaway is that we can detect argument changes in terms of the number of zeroes and
poles since both of these are detectable by the integral in the middle. We will exploit this next time
to give our final result of the quarter about counting numbers of zeroes of holomorphic functions.
We will justify the left side of the argument principle above shortly, and will leave the right side
(an application of the residue theorem) to next time.

Examples. Consider
1 Zn_l

dz.
27 Jey 320 — 1

To put this into the form required of the argument principle the numerator of the integrand should
be the derivative of the denominator, so we multiply and divide by 3n:

1 f 3nzn!
o dz.
2mi(3n) Jz= 32" — 1

The argument principle says that this integral value is 3% times the number of zeroes minus the
number of poles of f(z) = 32" — 1 inside |z| = 1. There are no poles and the zeroes are the n-th
roots of %, all n of which (counted with multiplicity) lie within the unit circle since % is within the
unit circle. Thus

1 3nz" 1
211 |z|=1 32" —1

Lo / G N SR
2mi Ji =1 327 =1 3n\2mi 1320 =1 ") 3n 7 3

Moreover, Z — P = n is the winding number of the image of |z| = 1 under 32" — 1 (or % times the
change in argument of f(z) = 32" — 1 around |z| = 1), which makes sense intuitively because an
n-th power will cause things to wind around n times.

dz=7—P=n,

SO
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For

L ARG
z'?@:? 12

where the numerator is just literally the derivative of the denominator (I just wanted to avoid
computing this and putting a complicated thing in the numerator), the argument principle gives
the value as

RO 7V N
Z’fidg z/(z —1)2 dz =2n(Z — P)=2n(1-2) = —2m.

Indeed, f(z) = ﬁ has one (simple) zero in |z| = 2 at 2 = 0 and one pole in |z| =2 at z = 1,
but the pole is of order 2, so Z — P =1 — 2 when counted with multiplicity. This implies that the
winding number of the image of |z| = 2 under the transformation f(z) = ﬁ is

1
—Acarg f(z) =2 - P =—1,
2
even without having to know what this image contour actually looks like!

Argument side of argument principle. We finish for now by justifying the
/

e .

f(z)

side of the argument principle. We give two approaches, one highlighting the winding number in-
terpretation and the other the change in argument interpretation. (Both of which are different than
the justification the book gives!) First, we use the fact that change of variables (or substitutions)
in complex integrals works the same way as they do for real integrals. Namely, in

Lrre
ijé;f(z)d

we make the substitution w = f(z), so that dw = f’(z) dz and hence

Lpre, 1yt
z}if{z) dz—if}(c)wdw.

But we know that integrating % over a closed contour gives 27i for each time the contour wraps
around the origin, so this final integral is % times 27i times the winding number of the image f(C')
around 0, which is ;~Aarg f(2):

somss)= 1 f

2
L as =t f L = i winding) = Homild Acarg f2)) = Acarg £(2)
- z2== —dw = —(27i - winding) = —~(27i[5-Ac arg f(2)]) = Ac arg f(z).
i Jo f(2) v Jpoyw i i 2
Alternatively we note that % is the thing you would get by differentiating log(f(z)), assuming

that we had a branch of log for which log(f(z)) made sense as a holomorphic function. We cannot
guarantee that such a branch exists on the entirety of the given contour C, but by breaking C' up
into pieces we can in fact use logarithms to compute the integral. Namely, consider
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By picking these sample points p; close enough to one another, we can ensure that we can find
branches of log(f(z)) that at least makes sense on each segment of C' between such pairs of points.
(We will not justify this, but it is a similar idea to what we used way back when to compute
flzlzl % dz using branches of log.) The branch we need might change as we shift from one segment
to the next, but that is OK; moreover, the different branches used give the same value at the
endpoint where one segment overlaps the next.

For the segment between p; and po for example, we thus get that the chosen branch of log(f(z))

is a valid anti-derivative of %, so the fundamental theorem of calculus gives

/ I, log(f(p2)) — log(f(p1))-

iece from p; to p2 f(z)

For the next piece between po and p3 we get

'z B
/ d= = 10g( (ps)) — 1o(f(p2)).
piece from p2 to p3 f(Z)

Adding these gives the integral over the piece from p; all the way to ps, and the point is that the
two log(f(p2)) terms cancel out. (Recall that even with different branches the values at the point
where one segment switches to the next are the same.) Continuing in this manner by moving to
P4, then ps, and so on eventually gets us back to p, = p1, but where the branch of log(f(z)) at the
end as we moved all the way around is not necessarily the same as the one with which we began.
The integral over all of C' is thus

740 J}(<)> dz = log(f(pn)) — log(f (p1)).

where again to be clear p,, is the same point at p; but the two log(f(z)) terms on the right could
denote different branches. But either way In |f(p,)| and In|f(p1)| are the same, so

log(f(pn)) —log(f(p1)) = [In|f(pn)| +iarg f(pn)] — [In|f(p1)| + iarg f(p1)]
= i(arg f(pn) — arg f(p1)),

which is precisely iA¢ arg f(z). Thus ¢, % dz = iAc arg f(z) as the argument side of the argu-
ment principle states.

Lecture 27: Rouché’s Theorem

Warm-Up. We justify the zeros and poles sides of the argument principle, namely

F'G) g —oriiy
}éf(z) dz = 2mi(Z — P),
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which is an application of the residue theorem. The singularities of % come from either zeroes

of the denominator f or poles of the denominator, so

f

All we need to do is compute the necessary residues.
Suppose first that zg is a zero f of order m inside C. Then, as we have seen before, we can
“factor out” (z — zp)"™ and write f as

f(z) = (z = 20)"h(2)

for some holomorphic h with h(zp) # 0. With this we get

!
?((z)) dz = 2mi g residues + E residues
z

zeros within C poles within C'

f'(z) = m(z — 20)" " h(z) + (2 — 20)" W (2)
from the product rule, so

f'(z2)  m(z—20)""th(z) + (2 — 20)"H () m N h'(z)

f(2) (z — 20)™h(2) Cz—2z h(z)’

The quotient % is differentiable at zo (because the denominator is nonzero at zg), so this is

m
zZ—20

expressible as a power series on a disk around zy, which means that adding

series gives the Laurent expansion of % around zg:

to this power

!
F'(2) - (some power series).

f(2) zZ— 20

This means that zy is a simple pole of fTI with residue m, so the sum of residues over the zeros in
the integral above is

E residues = E order /multiplicity = Z.
zeros within C zeros within C

If instead zg is a pole of f of order m inside C, in fact the same reasoning applies only with m
replaced by —m. Indeed, for a pole of order m we have

— a—m A—m+1
IE) =g Tyt T

m o __ 1

so that we can factor out (z — 2z9) ™™ = =

to get
f(z)=(2—=20) "[acm + a—ms1(z — 20) + - -] = (2 — z0) "[some power series nonzero at z|.

Thus f(z) = (z — 20) ™h(z) for some holomorphic h(z) nonzero at zy, so fT/ can be computed in
the same way as before. The difference is that we get —m(z — z9) ™™ ! (with a negative in front)

for the derivative of the first term, and this results in

f'z) _ —m  h(z)

f(z)  z—z + (z)
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The residue at the (simple) pole zg is now the negative of the order, so

Z residues = Z —order/multiplicity = —P.

poles within C poles within C

Hence

jé; ];‘/((5)) dz = 2 > residues + ) residues | =2mi(Z - P)

zeros within C' poles within C'

as claimed by the zeros/poles side of the argument principle.

Rouché’s theorem. For our final result we use the argument principle to give a method for
determining the number of zeros a given holomorphic function has in a given region. For such a
function (assumed to be holomorphic) there are no poles so the argument principle gives

1 1
2—(change in argument) = — (integral of derivative divided by function) = (number of zeroes).
7r i

One way to determine the number of zeroes is thus by computing the integral in the middle, and
indeed this is something that people do with the aide of computers since the types of integrals
you get are in general going to be too complicated to compute by hand. But here we consider a
different approach, where we are able to determine the desired number of zeroes by comparing our
given function to a hopefully simpler one for which the number of zeroes is obvious.

The precise statement of this technique is known as Rouché’s theorem. The claim is that if f
and ¢ are holomorphic on a domain containing a simple closed contour C' and its interior, and if

lg(2)| < |f(z)| at all points on C,

then f(z) and f(z) + g(z) have the same number zeros (counted with multiplicity) within C. In
practice, the “dominating” function f is one for which the number of zeroes is easy to determine,
and f 4 g will then be something more complicated, but if we can ensure a bound like |g| < |f]
on C' then we will know that f 4 g has as many zeroes as the simpler function f inside C. (Note
that bound is only required to hold on the contour, but we derive information about the behavior
within the contour.)

To justify this we appeal to the

1
(winding number) = 2—(change in argument) = (number of zeroes)
T

identity in the argument principle. Consider

%Ac arg(f(2) + 9(2)) = g Ac arg(£(2)[1 + 43)),

where on the right we factored f(2) out of f(z)+g(z). Note that on C, since |f(z)| > |g(z)| we have
that f(z) # 0 since |g(z)| is always at least zero, and hence dividing by f(z) as above is possible.
Moreover, the reverse triangle inequality gives

£ (2) +9(2)| = [f(2)] = 1g(2)| > 0 on C

by the assumption that |g(z)| < |f(z)|, which is good because f + g being nonzero on C' is necessary
to make the argument principle applicable.
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Taking arguments of products corresponds to adding arguments, so

s Acas(f()[1+ 5] = Acars(f(2) + g Acarg[l + 4]

and thus

g(z)]
f&r
The left side is the number of zeros (with multiplicities) of f+ ¢ within C' by the argument princple,

and the first term on the right is the number of zeroes (with multiplicities) of f within C, so Rouché’s
theorem will be justified once we know that the remaining term on the right must be zero:

- Acars(f(2) +9(2)) = EAcara(f(2) + L Acarg[l +

EAcargl + %3] =0,

Here’s the magic: the assumption that |g(z)| < |f(z)| on C gives that
g(z)) ‘ l9(2)]
1+=—=)—-1==+%<1lonC,
’( f(2) £ (2)]

so the complex number w =1 + ?8 always satisfies [w — 1| < 1. Hence w =1+ % lies in the

open disk of radius 1 centered at 1, so the image of C under 1 + ?8 fully lies in this disk:

A

wind'ng
ol
oarow ©

6 O

But %AC arg[l + %] is the winding number of this image around the origin, which is thus zero
(") since the image does not wind around the origin at all. Therefore
9(2)

%Ac arg(f(z) + g(2)) = 3=Acarg(f(z)) + ?%Ac arg[l + W] = = Acarg(f(2)),

0
so the number of zeros of f + g (the left side) within C equals the number of zeroes of f (the right
side) within C. Boom!

Example. Let us use Rouché’s theorem to determine the number of zeroes (I do not believe I
have been consistent throughout these notes as to whether to write the plural of zero as “zeros” or
“zeroes”, c’est la viel) of the polynomial

2T+ 4t + 28+ 1

that lie within the circle |z| = 2. This polynomial is the function f(z) 4 g(z) in the statement of
Rouché’s theorem, so we need to come up with a simpler function f(z) dominating the remaining
g(z) for which the number of zeroes is easy to determine. We use

f(z) = 27, so that g(z) = everything else = 4z% + 2% + 1.
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Certainly the number of zeroes of f(z) = 27 within |z| = 2 is easy to find: there is only one root at
the origin, but itis counted with multiplicity 7, so we get 7 zeroes.

Thus if we know that |f(2)| > |g(z)| on |z| = 2, we will be able to conclude that f(z) + g(z) =
27 4 42* + 23 + 1 has 7 zeroes within |z| = 2 as well. But for |z| = 2, we have

[f(2)] = [27] = |2 = 2" = 128

and
lg(2)] = 422 + 2+ 1| <42 + 2P+ 1=4(2Y) + 23 +1 =73,

(where we used the triangle inequality |a + b| < |a| + |b| to bound [4z% + 2% + 1| by taking a sum
of individual moduli), so we do have |f(2)| > |g(z)| on |z| = 2, and thus everything works out.

Interlude: fundamental theorem of algebra. If we instead had
214924 + 28 41,

the inequality |92% + 23 + 1| < |27| no longer holds for |z| = 2 since using the triangle inequality on
the left gives a largest value of 9(2%) + 23 + 1 = 153, which is larger than 27. So Rouché’s theorem
does not apply to this polynomial over |z| = 2, but it does apply for a larger radius like |z| = 100,
so we would get that 27 + 92% 4 23 4+ 1 has 7 zeroes (counted with multiplicities) inside |z| = 100.
A similar idea works if we have even larger coefficients, as long as we make our circle large enough.

In general, if a,z™ + -+ + a1z + zp is any nonconstant polynomial (and with leading coefficient
an # 0 so that our polynomial is of degree n), since |z|™ will increase more rapidly than any smaller
power as |z| increases, we can get a bound like

|an2"| > |an—12"" + -+ + ag| for large enough |z|.

Rouché’s theorem then says that
anz" + -+ a1z + 2o

will have the same number of zeroes as does a,z" in some large disk. This thus gives n > 0 roots,
which is hence another proof of the fundamental theorem of algebra!

Back to example. We know that 27 + 42% + 23 4+ 1 has 7 zeroes within |z| = 2, and now we
want to determine how many of these lie within the annulus 1 < |z| < 2. To do so we need only
determine now many zeroes lie within |z| = 1 since the number within the annulus will be 7 minus
the number within |z| = 1. For |z| = 1 we cannot hope to use the same “dominating” function z”
as before since

|42 + 23 +1| =5at z=1 on |z| = 1 for example,

so |42* 4+ 2% + 1] < |27| is not true on |z| = 1. We will instead use f(z) = 4z* as the dominating
function (for which the number of zeroes is still easy to determine), and g(z) = 2" + 2% + 1 as
“everything else”. We have

|27+ 23 41 < 2T+ |22 +1 =3 < 4 = 4]2% = |42%| for |2| = 1,

so |g(z)| < |f(2)] holds for these functions on |z| = 1. Thus Rouché’s theorem implies that 4z*
and z” +42% + 23 + 1 have the same number of zeroes within |z| = 1, which is thus 4 since 4z* has
one root of order 4 in this disk. Therefore, there are 7 — 4 = 3 zeroes in the annulus 1 < |z| < 2.
(Actually, as we saw in the proof of Rouché’s theorem, the condition |f| > |g| on |z| = 1 implies
that f+ g is not zero on |z| = 1, so these 3 zeroes actually lie in the fully open annulus 1 < |z| < 2.)
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Another example. Now we determine how many zeroes
4,100 | .50 _

has in the annulus % < |z| < 1. The strategy is the same as before: count the number of zeroes
within |z| = 1 and subtract from this number within |z| = 3. Since

|e?| = e where z is the real part of z,

we have that |e*| < e! = e since the largest real part of a point on the circle |z| = 1 is z = 1. Thus
we have
12°0 — | < |2+ |e*] < 1+ e <4 =1]42" on |2] = 1,

50 42190 4 250 _ ¢% has 100 zeroes (counted with multiplicity) within |z| = 1 since 421%° does.

On the smaller circle |z| = £, note that [2|'% = - and |2°° = 5 are incredibly small so we
cannot expect that these can serve as good “dominating” functions in Rouché’s theorem. Instead
we thus use —e”® as the dominating function, which is OK because we still know how many zeroes
this function has... none! The smallest possible real part a point on |z| = % can have is —%, SO

4 1 1
100 | 50 100 50 —-1/2

421 + 2% < 42" + |2 = 55 + 555 < e /2 < |e*| on |2l = 5

(You can verify the inequality in the middle using a calculator: 2{% + 2% is something like 0.0000...

with a good number of zeroes in front, while e =1/2 = ﬁ is something like 0.6....) Thus 42004250 —¢?

has the same number of zeroes within |z| = 3

on |z| = % also prevents there being any zeroes on this circle, so all 100 zeroes of 42190 4 250 — ¢
inside |2| = 1 actually lie within the annulus § < || < 1.

as does —e®, which is zero. The inequality that holds
z

Final example. Finally, fix some real a > 1. We show that z + a — e* has exactly one zero on
the left half plane Rez < 0. This is not a region enclosed by a contour (such regions are always
bounded), so we have to be more careful about how we apply Rouché’s theorem.

Let us take some radius value R > 0 (to be specified later) and consider the contour Cpr
consisting of the left half of the circle |z| = R together with the line segment from —iR to iR on
the imaginary axis:

If we want to determine how many zeroes z + a — e* has in the half-disk enclosed by this contour,
we need to single-out a piece of this function for which zeroes are easy to find. Let us thus take the
function z 4+ a, which has one zero at —a within Cg as long as R is large enough, say for R > 2a.
(We will see why we use 2a instead of just a shortly.) With such a choice of R, we thus have

|z4+a| >|z| —|la|]=R—a>2a—a=a>1for |z| =R.
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The modulus of €7 is e®, which is at most 1 on the left half-plane, so in particular we get
le*| <1 < |z + a] for z on the circular arc part of Cg.

(This is why we wanted R > 2a instead of R > a; R > a still makes Cg enclose —a, but we do not
get that z + a dominates e* in this case.) For z =it (with —R < ¢ < R) on the part of Cr on the
imaginary axis we have

lz+al=|it+al=vVt2+a2>a>1=|e",

so z+a dominates e* on this segment as well, so 2+ a dominates z +a on all of Cr. Thus Rouché’s
theorem implies that z + a — e® has one zero within C'g since z + a has one zero within Cg.

But this is true for any R > 2a. As we increase R we still only get one zero within Cg, so by
taking R — oo we get exactly one zero in the entire left half plane as claimed: a second zero in
the left-half plane would have to occur within some large enough C'r that would thus contain two
zeroes, which is not possible. Thus, by taking contours that increase in size we can use Rouché’s
theorem to detect zeroes even over unbounded regions.

Thanks for reading!
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