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Complex numbers and complex exponentials simplify many calculations re-
lated to differential equations in and elegant way. Formulas from trigonometry
are easy to understand by considering them to be basic properties of complex
exponentials and complex multiplication. Integrals with exponentials and sines
or cosines are no harder to solve than integrals involving only exponentials.

A complex number is something of the form

z=x+ 1y,

where x and y are real numbers. The rules for adding and multiplying complex
numbers are the same as the ordinary rules of algebra, if we think of ¢ as a
variable with

i?=—1.

It is easy to check many properties of complex arithmetic:
e Commutatitivity of multiplication: z1 « 2o = 25 - 21.

e Commutatitivity of addition: z1 + zo = 29 + 21.

Associativity of addition: (z1 + 22) + 253 = 21 + (22 + 23).

Associativity of multiplication: (21 - 22) - 23 = 21 - (22 - 23).

Distributitivity: z1 - (22 + 23) = (21 - 22) + (21 - 23).

Multiplicative inverse (division): for any z # 0 there is a unique u with
uz = 1. We write this as u = 1/z.

Graphically, we think of a complex number as a point in the complex plane,
with the horizontal axis being the real axis and the vertical axis being the
imaginary azis. If z = x+1iy, then the real part is Re(z) = x, and the imaginary
part is Im(z) = y. The real part is the coordinate on the real axis and the
imaginary part is the coordinate on the imaginary axis. The complex conjugate
of zis Z = z — iy = Re(z) — ilm(z). It is the image of z reflected through
the real axis. You can check that if z and w are two complex numbers, then
(z+w) = Z+ w, and that (z-w) = Z-w. The norm, or modulus of z is the
distance from (z,y) to the origin in the complex plane: |z| = y/22 + y2. You
can check that |zw| = |z| |w|, and that |z|° = Zz (complex multiplication). In
fact the first property may be proven from the second:

(Zz) - (Ww) (commutatitivity of complex multiplication)
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If f(x) is a function of z, it is likely that we can extend f to f(z), defined

also when its argument is complex!. This clearly is possible when f involves
2

only the elementary arithmetic operations, such as f(z) = 22'_";,

to f(z) = izfé We soon will see how to define other powers, such as y/z. Our

goal is to define the complex exponential e?.

We can describe the location of a complex number in the complex plane
using polar coordinates, z = x + iy, where x = rcos(d) and y = rsin(f). The
polar coordinates are r = |z|, and 0, the angle formed with the real axis. We
call 6 the argument of z and write § = Arg(z). The argument is not defined
uniquely since we may add or subtract 27 without moving z. All other things
being equal, we generally choose the 6 between 0 and 7 for z in the upper half
plane (Im(z) > 0) and —7 < § < 0 for z in the lower half plane. Others choose 0
with 0 < 6 < 27 as the default. For example, we could write Arg(—i) = —F or
Arg(—i) = 27 (the two default conventions), but Arg(—i) = ZF also works. The
geometric rule for multiplying complex numbers is: multiply the lengths, add
the angles. The first part we saw already: |zw| = |z| |w|. The second we can
(but refrain at the moment) verify using angle sum formulas from trigonometry.
This rule is one reason not to be strict about which argument of z we choose.
For example, note that i® = i2i%i = (—1) - (—1) - i = . If we take the standard
value, Arg(i) = 7, then
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Thus, following the geometric rules of complex multiplication leads to argu-
ments outside the conventional range. We should get used to that. Should we
forget that “the” argument is not uniquely defined, we might get apparent con-
tradictions such as: i% =i, so Arg(i®) = Arg(i) and therefore 2 = Z (which is
not true).
The key to the complex exponential is the remarkable formula

e = cos(#) + isin(6) . (1)
More generally,
e* = et = %™ = 7 (cos(y) + isin(y)) = e” cos(y) + ie®sin(y) . (2)

There are many ways to derive this formula and we eventually will see several
of them. However, we cannot prove it because it really is the definition of
the complex exponential. What we can do is to show that this definition is
consistent with other reasonable definitions and that the complex exponential
has many properties of ordinary exponentials.. The two important ones are

et =e% . e" | (3)

IThe extended function is the same as the original when the argument is real, i.e. when
Im(z) = 0.



and
e’ =1+w+O(lw]?) . (4)

For solving differential equations, the crucial property of the complex exponen-
tial is that, for any complex number z,

%e” = ze*. (5)

We could verify this by differentiating
e T Wt — o7t cos(yt) + e sin(yt)

but we prefer to do it directly using the properties (3) and (4)

d ez(t—i—At) — e#t
ae” = A17itr_r)10 A (def. of derivative)
eztezAt _ ezt
= 1' _—
Jim T (property (3))
zAt
= A17itr_r)10 eZtTt (distributivity)
= ¢ lim ezAti_l (pull a constant out of the limit)
At—0 At
At + O(A#?
= e Alir_r)lo %t() (property (4) with w = zAt)
= ez,

Complex exponentials are a great computational aid, but the eventual solu-
tion of a differential equation probably is real. One way to get a real function
from a complex exponential is to take the real or imaginary part. For example,
we can express simple oscillations in terms of complex exponentials as

cos(wt) = Re(e™?) , and sin(wt) = Im(e™") .

Conversely, we can manipulate sine or cosine functions using complex exponen-
tials.
Example. Use the complex exponential to calculate

t
I:/ sin(4s)ds .
0

Since integration is just addition and Re(z; + 22 + - --) = Re(z1) + Re(z2) + - - -,
we have (and also for the imaginary part)

/ Re(f(s))ds = Re ( / f(s)ds) .

Using sin(4s) = Im(e**), we find I = Im(J), where

t .
Jz/ e ds .
0



Now, from the differentiation formula (5), we can find the antiderivative:

6415 _ 776415

dsdi
so (note + = —i because i - (—i) = —i%* = —(—1) = 1):
¢

. 1 ot
/ e4zsdS = —. 6415

0 41 0
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= (=)

= _TZ (cos(4t) — 1) + _Ziisin(llt)
1 (=L
= 1 sin(4t) + 4 - <4 (cos(4t) — 1)) :

The imaginary part is in big parentheses on the bottom right:

i t B
/ sin(4s)ds = Im ( / e“Sds) _ Locos4t)
0 0 4

Example. Solve the differential equation

d
ﬁ—!—kmzsinwt , xz(0)=0.

We can write x(t) = Im(z(¢)), where

dZ Twt _
E—sz—e , 2(0)=0.

Using the integrating factor u(t) = e**, we get
d

= (ektz(t)) — oktgiwt _ (ktiw)t

Taking the indefinite integral of both sides gives

1 ,
kt b ki)t
t) = c,
ez () k+iw *
S0
(t) = ekt 1 (ki) | co—kt _ 1 et 4 Ceht
k+iw kE+iw
The initial condition z(0) = 0 gives
1
0= C
k+ iw e
S0 ) )
t) = iwt —kt
() k4w k4w



To find the answer = Im(z), we have to calculate the imaginary parts of the
two terms on the right. The second term involves only a real exponential, so we

calculate
1 1 k—iw k—iw

ktiw k+ivk—iw k2+w?’

-1 we ™kt
I ) =
m(k:Jrz'we > k2 + w?

For the first term we have (note that if b is real, then Im(bz) = bIm(z)):

SO

Im (k —:iw eiwt> - mhn((k — iw)(cos(wt) + isin(wt)))
= m (ksin(wt) — wcos(wt)) .

Altogether, we get

we—kt

(t) o

1 .
= m i (ksin(wt) — w cos(wt))
This is what we got before. The answer is not simpler, but the derivation is.

The complex exponential gives a simple way to remember certain trigono-
metric identities. For example, i1 - 12 = ¢i(01102) gjyeg

(cos(61) + isin(6y)) (cos(62) + isin(f2)) = cos(fy + 02) + isin(6y + 62) .
Multiplying out the left side and equating real and imaginary parts gives
cos(61) cos(fa) — sin(;) sin(f2) = cos(6; + 62) ,
(note the minus sigh which comes from i? = —1) and
cos(f;) sin(f2) 4 cos(f2) sin(fy) = sin(6y + 62) .

The polar coordinate representation of a complex number is z = re'?. If 2, =
r1e¥t and zy = roe*®2, then

2120 = 7'16"917"261192 = rlrgeielei(’? = T1T2€i(01+92) .
This demonstrates (but still does not prove) the rule: multiply the lengths, add
the angles.

We have seen that z(t) = e corresponds to simple oscillation. As time
increases, z(t) moves with constant speed angular velocity w in a counterclock-
wise direction around the unit circle. The real part goes back and forth si-
nusoidally (or “cosinusoidally”) along the real axis while the imaginary part
goes up and down the imaginary axis. More generally, consider the function
2(t) = Ae™ (=) where A > 0 is the amplitude and t, is the phase lag of the
oscillation. This moves with steady angular velocity about a circle of radius A



and |z(t)] = A always. The t, is a lag because, for example, Ae™(t=t0) «up-
crosses” the real axis (goes from below to above) at time ty while the simpler

formula z(t) = e

“wt ypcrosses when t = 0. If we multiply this out, we get

Im(z(t)) = A( cos(wto) sin(wt) — sin(wtg) cos(wt)) ,

which agrees with what we got (in a more complicated way) in Homework 1.

Exercises.

1.

o

If z=2+4dy, w =u+iv, and zw = a + b, verify by direct calculation
without complex exponentials that a? + b* = (22 + y?)(u? 4+ v?). What
rule of complex multiplication does this verify?

. For f(z2) = 2+l evaluate f@) and f(1+1)

222>
Calculate (1 +1i)? in two ways:

(a) Just do it.

(b) Find r = |1 +i| and 6 = Arg(1 + 4), then find the complex number
with length r? and argument 260 graphically.

If w = e*, then \/w = £e*/2. Use this to calculate the square root of
i = e™/2. Check your answer by multiplication.

Use complex exponentials and the binomial formula (a+b)? = a®+3a%b+
3ab® + b? to verify the formula cos(30) = cos®(6) — 3 cos(6) sin®(9).
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(a) Verify that / e?df = 0 whenever n is an integer and n # 0.
0

eiG + e—iO

(b) Verify the formula cos() = 5

2
(c) Use these facts to calculate / cos?(0)d6.
0



