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1. THE PROBLEM OF EXTENSION

In complex analysis, we study a certain special class of functions of a complex variable,
which has very strong analytical properties. This section introduces us to heuristic and
historical reasons why we study this particular class.

Historically, complex functions arose from questions such as “What is e® for a complex
number z?” and “What is log?”. The default understanding was that the values of e* and
logi are “out there”, and we just need to “find” them. In our language, the question can be
rephrased as follows.

Given a function f(x) of a real variable, find an extension F(z), that is in
some sense natural.

A complex function F'(z) is an extension of f(z) if F(t) = f(t) for real t. Note that the
essence of this problem is not that we start with a real function, but the question of how
we classify complex functions into two classes: The first class consists of functions that we
consider “natural” or “nice”, and the second class consists of all the rest. Extensions of real
functions will provide us with a large supply of complex functions, but we want to study
complex functions on their own, regardless of whether or not they are extensions of real
functions. Hence the classification problem just mentioned is the question we are really after.

In order to get some insight on the extension problem, let us consider a real polynomial

p(x) =ag+ a1z + ...+ apz"™. (1)
Then everybody would agree that the most natural extension of it to the complex setting is
P(z)=ap+a1z+ ...+ apz". (2)

In particular, when we say that a complex number z is a root of p(z), what we have in mind
is the statement P(z) = 0. However, P(z) is not the only possible extension of p(x), as, for
example,

Q(z) = ap + a1Rez + ... 4 an(Rez)", (3)
and

0 if Imz # 0,

are both extensions of the polynomial p(z).

R(z) = {p(z) if Imz =0, )
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Let us try to identify what makes the extension P(z) special. In the definition (2) of P(z),
we are working with the variable z as a basic entity, whereas in (3) and (4), we break z apart
into its real and imaginary parts, hence treating z as consisting of two real numbers. The
basic philosophy of complex analysis is to treat the independent variable z as an elementary
entity without any “internal structure.” For polynomials, this simply means that we only
allow addition and multiplication of complex numbers. For non-polynomial functions, we still
need some clarifying to do.

As we know, in 1748, Euler used power series to extend the exponential and trigonometric
functions to the complex setting. This is a generalization of how we extended p(z) to P(z),
since polynomials are a special case of power series. We postpone a detailed study of power
series to the subsequent chapter. The next big idea also came from Euler, around 1760. He
was interested in evaluating the definite integral

B
/ f(z) da., (5)
A

by extending f into the complex plane. Thus he assumed F'(z) was an extension of f(z), which
he wrote by using real and imaginary parts as F(z) = M (z,y) + iN(z,y) with z = x + iy.
Now let v be a path in the complex plane joining the points A and B, and write

/ Fz)dz = / (M + iN)(dz + idy) = / (Mdz — Ndy) + i / (Ndz+ Mdy).  (6)

Since F'= M +iN is an extension of f, the integral (6) reduces to (5) if we take v to be the
real interval [A, B]. So the idea is to choose the functions M and N such that the integrals
in the right hand side of (6) do not depend on the path ~. If this can be achieved, then we
can hope to choose 7 so that the integral (6) is easy to evaluate, which would give the value
of the integral (5). The path independence requirement leads to the system
a—N:—a—M, and a—M:a—N, (7)
Ox y Ox oy

which are nowadays called the Cauchy-Riemann equations'.

A

FIGURE 1. To reiterate, if we can extend the real function f(z) into F(z),
in such a way that the real and imaginary parts of F'(z) satisfy the Cauchy-
Riemann equations (7), then the integral (5) over the interval [A, B] would be
equal to the integral (6) along the curve v, and the value of the latter would
be independent of . This gives us a possibility to simplify the integral by
choosing a suitable path ~.

IThese equations were written down the first time in 1752 by Jean Le Rond d’Alembert (1717-1783) in a
work not related to complex functions.
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COMPLEX DIFFERENTIABILITY 3

Example 1. The question arises if Euler’s two procedures are consistent with each other.
Let us check if the real and imaginary parts of the polynomial

P(z) = a2’ + bz + ¢, (8)
satisfy the Cauchy-Riemann equations. Writing z = = + iy, we have
P(2) = a(z + iy)* + b(z + iy) + ¢ = a(x? — y*) + 2iazy + bz + iby + ¢, (9)
and so P(z) = M(z,y) + iN(x,y) with
M(z,y) = a(z?® — y?) + bz + c, and N(z,y) = 2azy + by. (10)
Computing the partial derivatives
oM oM
= _9 b = _9 11
or ar + o, ay ay, ( )
ON ON
= _9 — =2 b 12
=20y, 5y = 2+ (12)

shows that the Cauchy-Riemann equations are indeed satisfied.

Ezercise 2. Show that the real and imaginary parts of a general polynomial with complex
coefficients satisfy the Cauchy-Riemann equations.

Finally, the third approach was offered by Cauchy in his fundamental investigations. Im-
plicit in his early writings, which he made explicit later, is the assumption that all complex
functions F'(z) “worthy of their salt” are complex differentiable, in the sense that for each

point zy in some region of C, there is a complex number A € C such that
F(z)-F
F2) = F(zo) = A as z — 2. (13)
Z— 20

The number )\ is called the derivative of F' at zp, and we write F'(z9) = A. We will make it
precise later, but for now, z — zp can be understood to mean |z — zg| — 0.

Example 3. Let F(z) = z", and let zy € C be fixed. Introducing h = z — 2y, we compute

F(z)=2"= (20 +h)" =z + nzy 'h + Mzg*?h2 SE 14
= F(20) + (n2y' +e(h)) h,
where
e(h) = n(nz_ 1)z3‘2h +.. A (15)
and so in particular, e(h) — 0 as h — 0. This gives
W =nz0" ! te(z — 20) = nzy Tt as z — 2p, (16)

and thus F'(zp) = nzy ',

To summarize, we have considered, at least formally, the following three approaches to
classification of complex functions:

e We can ask if a function can be represented by power series.
e We can ask if the real and imaginary parts satisfy the Cauchy-Riemann equations.
e We can also ask if the function is complex differentiable.

It will turn out that all three approaches are equivalent, and they will lead to a very rich
theory. From the next section on, we start our rigorous study.
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2. LIMITS AND CONTINUITY

Our first stop is the topology of complex numbers. Intuitively speaking, topology specifies
when two complex numbers are infinitesimally close to each other.

Definition 4. A subset 2 C C is called open, if for each z € €}, there exists € > 0 such that
D.(z) C 2, where
D.(z) ={weC:|w—z| <e}. (17)

The set of all open subsets of C is called the topology of C.

Remark 5. We have the natural identification between C and R? via the map z — (Rez, Imz),
and so the preceding definition can also be considered as a definition of open sets of R2. This
is of course the default topology of R?, and from now on we will endow R? with it.

Exercise 6. Show the following.

a) The unit disk D = D;(0) is open.

b) The punctured plane C\ {0} is open.

¢) The square {z+iy e C: 0 <2 < 1,0 <y < 1} is open.

d) The square {x +iy € C: 0 <2 <1, 0 <y < 1} is not open.

Ezercise 7. Show that the following alternative definition of open sets leads to the same
topology on C. A subset @ C C is called open, if for each z € 2, there exists a rectangle
R={z+1iy:a <z <bc<y<d} containing z such that R C Q.

Definition 8. A sequence {z,} C C of complex numbers is said to converge to z € C, if
|z, — z| — 0 as n — oo, that is, if for any € > 0, there exists N such that z,, € D.(z) whenever
n > N. We write this fact as
lim z, = z, or Zp —>Z as n — 00. (18)
n—oo
Example 9. a) The sequence {z,} with 2, = 1+ £ converges to 1.
b) The sequence {i" : n € N} does not converge, i.e., it diverges.
¢) The sequence {n? +i:n € N} diverges.

Ezercise 10. Show that z, — z as n — oo if and only if for any open set U > z there exists
N such that z, € U for all n > N.

Lemma 11. A sequence {zn} converges if and only if both {Rez,} and {Imz,} converge.

Proof. Suppose that z, — z as n — co. Without loss of generality, let z = 0, so that |z,| — 0
as n — oo. Then, writing z,, = ,, +iy,, we infer |z,|?> = 22 +y2 — 0 as n — oo, which shows
that z,, = 0 and y,, — 0 as n — oo.

In the converse direction, without loss of generality, let x, — 0 and ¥y, — 0 as n — .
Then x2 +y2 — 0, and so |z,| — 0 as n — oo. O

Ezercise 12. Let lim 2z, = z and lim w,, = w. Show that the following hold.

a) lim(w, + z,) = w £+ z and lim(wy, z,) = wz.
b) lim z, = z and lim |z, | = |z|.
c) If z # 0, then z, = 0 for only finitely many indices n, and after the removal of those zero
terms from the sequence {z,}, we have lim i =1
Ezxercise 13. Let {z,} be a Cauchy sequence, in the sense that
|2, — 2m| — 0, as  min{n,m} — 0. (19)

Show that there is z € C, to which {z,} converges.
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Next, we define continuous functions as the ones that send convergent sequences to conver-
gent sequences. This is sometimes called the sequential criterion of continuity.

Definition 14. Let K C C be a set. A function f : K — C is called continuous at w € K if
f(zn) = f(w) as n — oo for every sequence {z,} C K converging to w.

In the following lemma, we prove that our definition is equivalent to other common defi-
nitions of continuity. We only consider open sets as the domain for simplicity, although the
argument can be modified to cover more general domains.

Lemma 15. Let f : Q — C be a function, with Q& C C open, and let w € Q. Then the
following are equivalent?.

a) [ is continuous at w.

b) For any € > 0, there exists 6 > 0 such that z € Ds(w) implies f(z) € D(f(w)).

¢) For any open set V. C C containing the point f(w), there exists an open set U C §)
containing w, such that z € U implies f(z) € V.

Proof. Suppose that c) holds. Then for any € > 0, applying Definition 14 with V' = D.(f(w)),
there exists an open set U C ) containing w, such that z € U implies f(z) € D.(f(w)). This
open set U must contain a disk Ds(w) with § > 0, which proves b).

Now suppose that b) holds, and let {z,} be a sequence with limz, = w. Let ¢ > 0
be arbitrary. Then there exists § > 0 such that z € Ds(w) implies f(z) € D.(f(w)). In
turn, there exists N such that |z, — w| < § for all n > N. Thus for n > N, we have
f(zn) € D(f(w)), showing that lim f(z,) = f(w). This proves a).

Finally, assume a), and suppose that ¢) does not hold. Then there exists an open set V' C C
containing f(w), such that the preimage f~1(V) = {z € Q: f(2) € V} does not contain any
disk Ds(w) with 6 > 0. By choosing § = % with n = 1,2,..., we infer that there exists a
sequence {z,} C € satisfying |2, — w| < 1 and f(z,) ¢ V for each n. Since z, — w, by
assumption c) we have f(z,) — f(w) as n — oo, and the latter implies (by definition of limit)
that f(z,) € V for all large n. This is impossible, and hence c) holds. O

Ezercise 16. Show the following.

a) The polynomial f(z) = z" is continuous at every point of C.
b) The rational function f(z) = 1 is continuous at every point in C\ {0}.

Definition 17. Given two functions f,g :  — C, with 0 C C open, we define their sum,
difference, product, and quotient by

_ _ Iy = 1)
(f£9)(z) =f(z) £9(2),  (f9)(2) = f(2)9(2),  and (g)(Z) =) (20)
for z € Q, where for the quotient definition we assume that g does not vanish anywhere in €.
Furthermore, we define the functions f, Ref, and Imf by

f(z) = %, (Ref)(z) = Ref(z), (Imf)(z) = Imf(z), for ze€ Q. (21)

Lemma 18. Let @ C C be an open set, and let f,g : Q& — C be functions continuous at
w € Q. Then f+ g and fg are all continuous at w. Furthermore, suppose that U C C
is an open set satisfying g(2) C U, the latter meaning that z € Q implies g(z) € U. Let
F :U — C be a function continuous at g(w). Then the composition F o g : Q — C, defined
by (Fog)(z) =F(g9(2)), is continuous at w.

2Note that in class we used ¢) as the definition of continuity.
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Proof. The results are immediate from the definition of continuity. For instance, let us prove
that fg is continuous at w. Thus let {z,} C € be an arbitrary sequence converging to w. Then
f(zn) = f(w) and g(z,) — g(w) as n — oo, and Exercise 12 gives f(z,)g(zn) — f(w)g(w) as
n — oo. Hence fg is continuous at w. O

Exercise 19. Show that if f : Q — C is continuous at w € €2, then the functions f, Ref, Imf,
and % are continuous at w, where in the case of % we assume that f(w) # 0.

Definition 20. A function f : Q — C is called continuous in €2, if f is continuous at each
point of 2. The set of all continuous functions in € is denote by €(€2).

Lemma 21. A function f: Q — C is continuous in Q if and only if for any open set V C C,
its preimage f~Y1(V) ={z € Q: f(2) € V} is open.

Proof. Let f be continuous in §2, and suppose that there exists an open set V' C C such
that f~1(V) is not open. The latter means that there is w € f~1(V') with the property that
Ds(w) ¢ f~Y(V) for any § > 0. In other words, f~(V) cannot contain any open set that
contains w. This contradicts the assumption that f is continuous at each point of 2.

Now assume that f is not continuous at some point, say w € ). Then there would exist an
open set V C C such that f~'(V) does not contain any nontrivial disk entered at w, which
would mean that f~1(V) is not open. To conclude, if f was not continuous in €2, there would
exist an open set whose preimage is not open. ]

Exercise 22. Show that if f, g € €(Q), then f + g, fg, f,Ref,Imf € €(Q).

3. COMPLEX DIFFERENTIABILITY

With the notions of limits and continuity at hand, we can now make Cauchy’s concept of
complex derivative precise.

Definition 23. A function f : Q — C, with Q C C open, is called complex differentiable at
zp € §, if there is a function g : 2 — C, which is continuous at zg, such that

f(2) = f(20) +9(2)(z —20), ze (22)
We call the value g(zg) the derivative of f at zy, and write
7(z0) = XL (z0) o= gz0). (23)

It immediate from (22) that if f is complex differentiable at zo then f is continuous at zg.
The following lemma gives a sequential criterion of complex differentiability.

Lemma 24. Let Q C C be an open set. A function f : Q — C is complex differentiable at
zo € Q if and only if there exists a number A € C such that

f(zn) = f(20)

— A as m— oo, (24)
Zn — 20

for every sequence {z,} C Q converging to z.

Proof. Let f be complex differentiable at zp. Then by (22), we have

o(z) = f(z) = f(20)

Z — 20
Since g is continuous at zg, for any sequence {z,} C Q converging to zy, we have

g(zn) = w — X :=g(20) as n — oo. (26)

for ze€Q\ {20} (25)

This establishes the “only if” part of the lemma.



COMPLEX DIFFERENTIABILITY 7

Now suppose that there exists A € C such that (24) holds for every sequence {z,} C 2
converging to zg. Then we define a function g : 2 — C by

g(z) = f(zi—i"(zo) for ze€Q\ {2}, and g(z0) = A. (27)
— 20
This function is continuous at zp, and by construction satisfies (22). g

The following exercise shows that the limit A in (24) is guaranteed not to depend on the
sequence {z,}, as long as a limit exists for every sequence {z,} C Q converging to 2.

Ezercise 25. Let 0 C C be open, and let g : 2 — C be a function. Let w € C, and suppose
that for every sequence {z,} C € converging to w, there exists A € C such that g(z,) — A
as n — oo. Then show that there exists A\ € C such that g(z,) — \ as n — oo, for every
sequence {z,} C € converging to w.

Let us look at some explicit examples of complex differentiation.

Example 26. a) Consider f(z) = 22, and its differentiability at some point zo € C. Intro-
ducing h = z — 2y, we compute

f(z) = 2% = (20 + h)* = 2§ + 2z0h + h? = f(20) + (20 + 2)(z — 20), (28)

and hence f(z) = f(20) + 9(2)(z — z0) with g(z) = 29 + 2. The function g(z) = zo + 2 is
clearly continuous at zg, which means that f is complex differentiable at zy, with

f'(20) = g(z0) = (20 + Z)‘Z:ZO = 2zp. (29)

Note that zy should be considered as a parameter that is fixed.
b) Let us consider f(z) = z. Let zp € C, and take z, = 2y + hy,, where {h,} C R is a real
sequence converging to 0. Then we have

fzn) = f(z0) =2n— 20 = 20 + hy, — Zo = hy, and Zn — 20 = hp, (30)

which implies that

fln) = flz0) _ b _ (31)
Zn — 20 hn

Now take wy, = zog+ihy, where {h,} C R is a real sequence converging to 0. Then we have
f(wn) — f(Z()) = Wy — 20 = 20 —I—%n —2Z0 = —ihn, and Wy — 20 = ihn, (32)

which implies that

_ —ih
Wy, — 20 ihy,
The conclusion is that f(z) = z is not complex differentiable at any point in C, as we have
two sequences, both converging to zp, but giving different limits as in (31) and (33).

c) Let f(z) =1, and let zy € C be a nonzero complex number. Then we have

1 1 20— 2

) - f) =5 - — =22, (34

20 Z20

so that )
f(z) = f(z0) + 9(2)(z — 20),  where g(z)= o (35)

Since 2 # 0, the function g(z) is continuous at z = 29, and hence f(z) = 2 is complex

differentiable at z = zg, with

f(20) = g(z0) = — . (36)

20
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Ezxercise 27. a) Let f(z) = 2™ where n > 1 is an integer. Determine if f is complex differen-
tiable, and if it is, compute the derivative.
b) Show that f(z) = Rez is not complex differentiable at any point in C.

In the following remark, we will see that complex differentiability implies the Cauchy-
Riemann equations, meaning that Euler’s second approach is included in Cauchy’s complex
differentiation approach.

Remark 28. We have seen, by way of the example f(z) = z, that complex differentiability is a
very strong condition. Here we want to shed a bit more light on this observation. Let 2 C C
be an open set, and let f : 0 — C be a complex valued function. Introducing @ = Ref and
v =Imf, we can write
f(z) =a(z) +iv(z), z € Q. (37)
Equivalently, we have
flx +iy) = a(z + iy) + iv(x + iy), (38)
for all (z,y) € R? satisfying x+iy € . Now we introduce the real functions u(z,y) = @(z+iy)
and v(z,y) = 0(x + iy), and turn the preceding formula into

flx+iy) = u(z,y) +iv(z,y), (39)
for all (z,y) € R? satisfying x + iy € Q. Under the (natural) identification between the pair
(z,y) € R? and the complex number x + iy € C, the functions u and v are of course identical
to the functions % and 7, respectively. Then € can be considered as a subset of the plane R2,
and we can finally write

flx+iy) =u(z,y) +iv(z,y),  (z,y) € (40)
So far, f : 0 — C was an arbitrary function. Now let us assume that f is complex differentiable
at zo € Q, and let zg = zg + iy with (g, yo) € R2.
As in the example, we first take z, = zp + hy,, where {h,} C R is an arbitrary real sequence
converging to 0. Then we have

f(zn) = f(20)  u(zo + hay,y0) + i0(x0 + b,y yo) — u(To, yo) — iv(o, Yo)
Zn — 20 B I
_u(xo + hn, yo) — u(To,Yo) " Z-U(UCO + Py o) — (0, Yo)
B hy hy ’
and since the left hand side converges to f’(zp), the real and imaginary parts of the right hand
side must converge. Moreover, the sequence {h,} is an arbitrary real sequence converging to
0, so we conclude that the z-derivatives of u and v must exist at (z,yp), and

(41)

(e0) = 22w, o) + 2% (o, o). 42)

Next, we take z, = zg + ihy, where {h,} C R is as before. Then we have

f(zn) = f(20)  u(zo,y0 + hn) +iv(20, Yo + hn) — u(xo, yo) — v (w0, Yo)

Zn — 20 ihy,

43
_ v(@o, Yo + hn) — v(20,%0) Z-U(Z'OJJO + hn) — (o, yo) “3)
B, hn ’
which implies that the y-derivatives of u and v exist at (zg, o), and that
f(20) = g;(xmyo) - i?gj(xo,yo)- (44)
Now by comparing (42) and (44), we infer the Cauchy-Riemann equations
ou Ov ou ov
=== d  —=-= t . 45
O ay7 an ay or’ a (.’Eo, yO) ( )
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To conclude, the real and imaginary parts of a complex differentiable function must satisfy
the Cauchy-Riemann equations. We see that this strong condition is related to the fact that
a sequence of complex numbers can converge to a point from many different directions.

At this point, a natural question is if complex differentiability is a too strong condition,
i.e., if there would be not enough complex differentiable functions to generate any interesting
theory. We have seen that f(z) = 2" and f(2) = % are complex differentiable, and will see later
various assurances that the class of complex differentiable functions is large enough. Another
question is if complex differentiability is equivalent to the Cauchy-Riemann equations. We
will see in the next section that complex differentiability implies a bit more than the Cauchy-
Riemann equations, and provided this extra condition holds, they are indeed equivalent.

The usual differentiation rules work also for complex derivatives.

Theorem 29. Let 2 C C be an open set, and suppose that f : Q — C and g : Q@ — C are
complex differentiable at zg € Q. Then f + g and fg are all complex differentiable at zo, and
their derivatives are given by

(f£9)(20) = f'(20) £9'(20),  and  (f9)'(20) = ['(20)9(20) + f(20)9'(20).  (46)
Furthermore, let U C C be open, with g(2) C U, and let F' : U — C be complex differentiable
at g(zo0). Then the composition F o g : Q — C is complex differentiable at zo, and

(Fog)(20) = F'(9(20))g' (20)- (47)

Proof. Let us prove the chain rule (47). Since F is differentiable at g(zp), by definition, there
is a function F': U — C, continuous at g(zp), and with F’(g(20)) = F(g(z0)), such that

F(w) = F(g(z)) + F(w)(w — g(20)), weU. (48)
Similarly, there is a function g : Q — C, continuous at zp, and with ¢'(z9) = g(z0), such that
9(2) = g9(20) + 9(2)(z — 20), 2z €L (49)

Plugging w = g(z) into (48), we get

F(g(2)) = F(g(20)) + F(9(2))(9(2) — g(20)) = F(g(z0)) + F(9(2))(2)(z = z0),  (50)

where in the last step we have used (49). By Lemma 18 the function z — F(g(z))j(z) is
continuous at zg, which confirms that F' o g is complex differentiable at zg, with

(Fog)(20) = Fg(20))3(20) = F'(g(20))¢' (0)- (51)
The sum and product rules can be proven similarly. O

Corollary 30. Let Q C C be an open set, and let g : Q@ — C be complex differentiable at
20 € Q, with g(z9) # 0. Then with F(w) = <, we have

(Y (o) = (Fog) (20) = ~ L2 (52)

Exercise 31. a) Compute the derivative of f(2) = 2~" := %L, where n > 1 is an integer.

b) Derive a formula for (5)/.

The following might be the most important definition in complex analysis, as complex
analysis can be thought of as the study of holomorphic functions.

Definition 32. A function f : Q — C, with Q C C open, is said to be holomorphic in €, if
f is complex differentiable at each point of 2. The set of all holomorphic functions in €2 is
denoted by ().

Remark 33. Obviously, holomorphic functions are continuous, that is, &(Q) C €(Q).
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Ezercise 34. Let Q C C be an open set, and let f,g € &(Q). Prove the following.
a) We have f+g € 0(Q) and fg € 0(Q2), with

(f+g9)=f+g, and (f9)=Ffyg+/fg (53)
b) Let U C C be open, with g(2) C U, and let F € &(U). Then F o g € 0(f2), and
(Fog) =(Fog). (54)

¢) Suppose that g does not vanish anywhere in 2. Then we have é € 0(Q) with

1 ! /
G =L, aa  (Ly=LS9 (55)
g g
4. REAL DIFFERENTIABILITY AND THE CAUCHY-RIEMANN EQUATIONS

In this section, we will have a closer look at the relation between complex differentiability
and the Cauchy-Riemann equations. Before doing so we introduce a convenient notation.

Definition 35. Let {z,} and {w,} be sequences of complex numbers. Then the notation

2 = o(wy) as n — oo, (56)
means that
im 122l g (57)
n—o00 |wy|
We also write
Zn = Sn + o(wy,) as n — 0o, (58)
to mean
Zn — Sn = o(wy,) as mn — oo. (59)

Definition 36. Let f : K — C with K C C and let w € K. Then the notation

f(z) =o(g(2)) as z — w, (60)
where g : U — C is some function defined on an open set U C C with w € U, means that
f(zn) = 0(g9(zn)) as n — oo, (61)
for every sequence {z,} C U N K converging to w. We also write
f(z) =F(2) +o0(g9(2)) as z — w, (62)
to mean
f(z) = F(z) =0(g9(2)) as  z — w. (63)

Let f: Q — C be a function where 2 C C is open. With this notation, we can write the
definitions of continuity and complex differentiability as follows.

e f continuous at w € € iff

f(z) = f(w) +o(1) as z — w. (64)
e f is complex differentiable at w € ) iff
f(z) = f(w) + Az —w) +o(z — w) as  z — w, (65)

for some A € C. If such \ exists, we write f'(w) = \.
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Let us write
flz+iy) = u(z,y) +iv(x,y), T +1iy € Q, (66)

as in Remark 28. Then we consider € as a subset of R?, and define the vector-valued function
F:Q—R?by
u(z,y)
F(x,y) = ) x,y) € Q. 67
@ =(in). @) (67
The functions f and F' can and will be considered identical, but in this section we are going

to make a distinction between them. If f is complex differentiable at x + iy € Q, then (65)
can be rewritten in terms of F as

F((z,y) +h) = F(z,y) + Ah +o(lh]) as R*>h —0, (68)
where A € CR is the matrix representing the multiplication by f'(x + iy), i.e.,
A= <Z _ab> , where (a,0) € R* and f'(z +iy) = a + bi. (69)

Here the meaning of the notation o(|h|) in (68) is what it should be, i.e., (68) means

[F((z,y) +h) — Flz,y) - Ah|
|l

as h—0, (70)

where |s| denotes the (Euclidean) norm of the vector s € R2,
Now, the condition (68) or (70) is precisely what it means for the function F' to be Fréchet
differentiable at (z,y) with its derivative (or the Jacobian) DF(z,y) equal to A.

Definition 37. Let 2 € R™ be an open set, let F': Q — R™, and let p € Q. If there exists a
matrix A € R™*™ such that

F(p+h) = F(p)+ Ah+ o(|h]) as R">h—0, (71)

then we say that F' is Fréchet differentiable at p € Q, and write DF(p) = A. Fréchet
differentiability is also referred to as real differentiability, or simply differentiability.

We have proved the following theorem.

Theorem 38. If f € O(R), then F : Q — R?, as above, is Fréchet differentiable at each point
of Q, and the Jacobian DF(x,y) is the matriz representing the multiplication by the complex
number f'(x + iy), for each (z,y) € Q.

Remark 39. Suppose that F : Q — R? is Fréchet differentiable at (z,y) € Q. Then writing

F = C:) and A = (¢ Z in components, and taking a sequence h,, = (tg € R? with
R 3¢, — 0 in the definition (71), we get
u(x +tn,y) = ulx,y) + at, + o(|tn]),
(@ -+ ta.y) = u(w,y) + ot + of[ta) )

’U([B + tn7y) = ’U(.T,y) + Ct’n + O(’tn‘)

Since {t,} is an arbitrary real sequence converging to 0, this implies the existence of the partial
derivatives g—z(x, y) and %(w,y), as well as the equalities %(w, y) = a and %(w,y) =c¢. On
0

¢ ) € R? with t,, — 0, we get
n

the other hand, if we take a sequence h,, = <

u(z,y +tn) = u(w,y) + btn + o(|tn)),
U(:E?y + tn) = U(l‘,y) + dtn + O(|tn|)7
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which implies that the partial derivatives %Z(x,y) and %Z(x, y) exist and are equal to b and

d, respectively. To conclude, we have
du du

DF@w):<&xaw g%%yv' )

If DF(x,y) represents the multiplication by a complex number, as in the preceding theorem,

then we must have a = d and b = —c¢, which gives the Cauchy-Riemann equations
ou  Ov ou v
— = — d — =—— t .

It turns out that the converse of the preceding theorem is also true.
Theorem 40. Let F : Q — R? be Fréchet differentiable at each point of 0, and let the
components u,v : ) - R of F = (Z) satisfy the Cauchy-Riemann equations in 2. Then the
function f : Q — C defined by f(x + iy) = u(z,y) + iv(x,y) is holomorphic in 2, with

ou ov Ov ou
[_7 .7_7_ .7 .
fr= +i— = ” { ” n Q. (76)

Proof. By definition, for (z,y) € €2, we have
F((z,y) + h) = F(x,y) + Ah + o(|h]) as R%*3h — 0, (77)

AZ(%mw %mm>' (78)

o)
Because of the Cauchy-Riemann equations, the matrix A represents the multiplication by the
complex number \ = %(1‘, y) + ig—;(aﬁ, y), and so (77) can be rewritten as

f(z+h) = f(2) + Ah+o(|h]) as C>h—0, (79)
where z = x 4 7y. This shows that f is complex differentiable at z. O

with

The following theorem provides a simple criterion for Fréchet differentiability.

Theorem 41. Suppose that the partial derivatives of u :  — R exist and are continuous in
Q. Then for each p € Q, there exists k € R? such that

u(p+ h) = u(p) + k- h+ o(|h]) as R*3h—0, (80)
that is, u is Fréchet differentiable in €.

Proof. Without loss of generality, we assume 0 € ) and will only consider differentiability at
the point p = 0. Take a sequence {h, } C R? with h,, = (z,,yn) — 0 as n — co. Then by the
mean value theorem, for each n, there exists &, € [—|zyn|, |2,|] such that

ou

(%) - ) = In7 Sn» ) ]-
u(zy,0) —u(0,0) =z e (&n,0) (81)
and similarly, there exists 1, € [—|yn|, |yn|] such that
ou
u(zn, yn) — u(gjna 0) = yn%(xnv nn) (82)

Summing the two equalities we infer

ou ou
wW(Zn, yn) — u(0,0) = xn%(fn,O) + yn@(mn, Mn)- (83)
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Since the partial derivatives are continuous, and |€,| < |z,| and |n,| < |yn|, we have

ou ou ou ou
%(fn,O) — 876(070) and a—y(aﬁn,nn) — a—y(0,0) as n — oo. (84)
This means that with k = (%(0, 0), %Z(O, 0)), we have

u(Tn, Yn) — u(0,0) — k- Ay, B xn(%(fmo) - %(fn,o)) I yn(%($n;nn) - %(070))

Vi +y2 vz +y2 VZ+yl (85)

—0 as n — oo,
showing that u is Fréchet differentiable at (0,0) with Du(0,0) = k. O

It is clear that if each component of F' = (u,v) :  — R? is Fréchet differentiable then F
itself is Fréchet differentiable. Combined with Theorem 40 and Theorem 41, this observation
implies the following sufficient condition on complex differentiability of f in terms of its real
and imaginary parts.

Corollary 42. Let u,v : © — R be two functions whose partial derivatives exist and con-
tinuous in 2. In addition, assume that u and v satisfy the Cauchy-Riemann equations in €.
Then the complex function f = u + v is holomorphic in 2.

Example 43. Consider the complex function f(x +iy) = e cosy + ie” siny, or equivalently,
e’ cosy
e’ siny

__ [e®cosy —ePsiny
J(Jj‘,y) - <€x siny ez cosy > ) (86)

the vector-valued function F(x,y) = ( ) The Jacobian of F' at (x,y) is equal to

which is clearly continuous in R%. We also see that the components of F satisfy the Cauchy-
Riemann equations. Thus we have f € 0(C).
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