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In this unit we will introduce the concept of electromagnetic waves. Most readers should be
well aware that they are all around us - examples include radio waves, infra-red waves (like
those our warm skin emits), and most notably - visible light. This was quite the surprise in
the beginning, and the conclusion that light is an oscillation of the electromagnetic field was
a triumph of theory around the middle of the XIX th century. To see that this is true, and
to get a better understanding of the properties of these waves, we will take a brief look at
Maxwell’s equations, relying on some vector calculus.

1 *Maxwell’s equations and vacuum solutions

This section may be considered too mathematical for some readers, and so may be skipped
for those who feel they are satisfied with just the result - namely that the equations of
electromagnetism in vacuum permit wave solutions with speed equal to the speed of light.
The more mathematically interested readers are encouraged to check all results of this and
the next section.
We will first begin with several definitions and conventions from vector calculus, which you
may already be familiar with.
Def: A vector field ~F over the real 3-dimensional space R3 is a map ~F : R3 −→ R3 which
associates a vector ~F for every point ~x ∈ R3, written as ~F (~x).
So a vector field is simply a function, but instead of assigning a single number to every point
in space, it assigns a vector (an object with as many components, as the dimensionality of
the space and certain transformation properties, which we will not be concerned with). In
the case of the real three dimensional space R3, we can see a vector field simply as three
ordered functions in some known basis:

~F (~x) =

Fx(~x)
Fy(~x)
Fz(~x)


Note that there is generally a difference between row vectors and column vectors, but we will
not make any distinction between them (as the two are equivalent in Cartesian coordinate
systems of R3).

1



We will now introduce a ”derivative vector”, called nabla, which we will regard as a vector in
R3, although this is not formally true. It is quite helpful for the formulation of the following
definitions and it is generally used like a vector to make some formulas more intuitive.
Def: The ”vector” nabla is defined as the ordered triad:

∇ =

(
∂

∂x
,
∂

∂y
,
∂

∂z

)
Seen as a vector, nabla will be used in the familiar vector operations like scalar product and
vector product. In fact there is a specific name for the scalar product of nabla with itself -
Laplacian
Def:The scalar product of nabla with itself is the differential operator ∆ (Laplacian), given
by:

∆ = ∇ · ∇ = ∇2 =
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

Using the preceding definitions and the familiar notion of scalar product and vector product
between vectors, we define the following three differential operators:
Def: The gradient of a function is a differential operator (written as grad), which acts on a
function and returns a vector field by the following rule:

gradf = ∇f (1.1)

Def: The divergence of a vector field is a differential operator (written as div), which acts
on a vector field and returns a scalar field (function) by the following rule:

div~F = ∇ · ~F (1.2)

Def: The curl of a vector field is a differential operator (written as curl), which acts on a
vector field and returns a pseudo-vector field by the following rule:

curl~F = ∇× ~F (1.3)

The ”·” denotes scalar product and the ”×” denotes a vector product. Notice that the second
definition states that the output of the curl operator is a pseudo-vector. For completeness,
the difference between a vector and a pseudo-vector is an additional minus sign when trans-
forming between right-oriented and left-oriented reference frames. But since we will strictly
be working in right-oriented reference frames, we will make no distinction between the two.
From this point on, we will be using the following convention for writing out partial deriva-
tives (to avoid clutter):

∂

∂x
= ∂x ;

∂

∂y
= ∂y ;

∂

∂z
= ∂z

Then using the above definition for ∇ in Cartesian reference frames, we can carry out the
operations and obtain the following coordinate expressions for grad, div and curl:

gradf =
(
∂xf, ∂yf, ∂zf

)
(1.4)

div~F = ∇ · ~F = ∂xFx + ∂yFy + ∂zFz (1.5)

curl~F = ∇× ~F =

∂yFz − ∂zFy∂zFx − ∂xFz
∂xFy − ∂yFx

 (1.6)
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For any given vector field ~F and any given function f . Note that the grad operator takes
a function and gives a vector, the div operator takes a vector and gives a function, and the
curl operator takes a vector and gives a vector again.
With all of this notation cleared and the operators defined, we can finally write out the field
equations of electromagnetism, known as Maxwell’s equations. Given a magnetic vector field
~B, an electric vector field ~E, a charge density function ρ and a current density vector field
~j, Maxwell’s equations are given by:

div ~E =
ρ

ε0
(1.7)

div ~B = 0 (1.8)

curl ~E = −∂
~B

∂t
(1.9)

curl ~B = µ0
~j + µ0ε0

∂ ~E

∂t
(1.10)

The vector fields and function ~E, ~B,~j, ρ all depend on position in space (~x) and time (t), while
ε0 and µ0 are constants known as vacuum permittivity and vacuum permeability respectively.
These 4 differential equations governs all of electromagnetism on macroscopic scale! The
charge density ρ represents the amount of charge per unit volume as function of position
and time, while the current density ~j can be seen as the amount of moving charge per unit
oriented surface. The integral of ~j along a surface yields the total current which enters (or
leaves) a region through it. Usually these two quantities are known (the charge distribution

and velocities) and one is required to solve the system for the fields ~E and ~B, but the opposite
is also a possibility. In theory, an analytical solution will always exist and be unique, given a
proper set of initial data and boundary conditions for the vector fields, although in practice,
most problems require numerical integration.
To give some physical intuition about the operators div and curl - the divergence of a vector
field is a measure of its sources or sinks. This is why the divergence of ~E is related to the
charge density - field lines start and end on charges and the more charges there are, the more
sources (or sinks) there are for the field. This is also why the divergence of ~B is identically
zero - there are no magnetic charges (monopoles). The curl of a vector field is a measure
of how much its field lines are looping (sometimes called vorticity). A vector field which is
tangential to a closed curve will (in general) have non-zero curl, while a vector field which
goes straight and does not ”curl up” will have its curl identically equal to zero.
Let us now restrict ourselves to the case of free space (vacuum). In this case, there are no
charges and no currents, and so ρ = 0 and ~j = 0. Inserting this into the above equations,
we obtain the following simplified (and more symmetrical) system:

div ~E = 0 (1.11)

div ~B = 0 (1.12)

curl ~E = −∂
~B

∂t
(1.13)

curl ~B = µ0ε0
∂ ~E

∂t
(1.14)
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We will now use the following result from vector calculus (the reader is encouraged to prove
it for Cartesian coordinates):

curl(curl~F ) = grad(div~F )−∆~F (1.15)

Where by ∆~F , we mean that the Laplacian is used on each of ~F ’s components separately (so

(∆~F )i = ∆(Fi)). Taking the curl of equation 1.13 now and noting that partial derivatives
can swap places, we obtain:

curl(curl ~E) = −curl

(
∂ ~B

∂t

)
= − ∂

∂t
(curl ~B)

Using equation 1.14 now to express curl ~B in terms of ~E, we get:

curl(curl ~E) = − ∂

∂t

(
µ0ε0

∂ ~E

∂t

)
= −µ0ε0

∂2 ~E

∂t2

But from the result 1.15, we have:

curl(curl ~E) = grad(div ~E)−∆ ~E

Since the divergence of ~E is simply 0 from 1.11, it follows that:

−∆ ~E = −µ0ε0
∂2 ~E

∂t2

Carrying out analogous operations for ~B (taking the curl of 1.14, replacing curl ~E from 1.13

and so on), we obtain the same equation for the vector field ~B. It follows, that Maxwell’s
equations in vacuum can be expressed as the following two equations:

∆ ~E − µ0ε0
∂2 ~E

∂t2
= 0 (1.16)

∆ ~B − µ0ε0
∂2 ~B

∂t2
= 0 (1.17)

In Physics, an equation of this form is called a wave equation (and not without merit)!
Taking the electric field only, it is very easy to show that 1.16 is satisfied by a vector field of
the form:

~E = ~E0 sin(ωt− kx)

For any constant vector ~E0, provided that µ0ε0 =
k2

ω2
. In fact, it can be shown (with a little

more work), that the equation is satisfied by the more general:

~E = ~E0 sin(ωt− ~k · ~x) = ~E0 sin(ωt− kxx− kyy − kzz) (1.18)

Where the requirement now is µ0ε0 =
|~k|2
ω2

, where (|~k|2 = k2x + k2y + k2z). This is easily seen

to be equivalent to the previous solution in the cases where ~k corresponds to one of the
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coordinate axes.
It is obvious that 1.18 is the mathematical description of a wave! It has the exact same
form as our definition from unit 2, except that its amplitude is a vector (so each component

oscillates) and its wavenumber ~k is also a vector. In the case where ~k = (1, 0, 0) and

Ey = Ez = 0, the solution for the x−component of ~E is exactly the same as that from unit
2! So Maxwell’s equations in free space (vacuum) permit sinusoidal waves solutions, which
can be written as:

~E = ~E0 sin(ωt− ~k · ~x) (1.19)

~B = ~B0 sin(ωt− ~k · ~x) (1.20)

Unlike the waves we considered in unit 2, these are three-dimensional waves, but all of
the results we obtained are analogous and can be easily extended to this case! We will
consider the properties of these solutions in the next section, but we will simply note one
very important result now. Using relation c = λν which we showed is true for general waves,
and the square root of the requirement for 1.19 and 1.20 to be solutions, we obtain for the
speed of these waves:

c =
ω

|~k|
=

1

µ0ε0
(1.21)

Using the values of the two constants µ0 and ε0, one finds c = 299792458 m/s. James Clerk
Maxwell was the first to obtain this result around 1865, and since it was remarkably close
to the measured speed of light at his time, he was the first to realize that light is made up
of electromagnetic waves!

2 Characteristics of EMWs

We will now consider some of the properties of the wave solutions we obtained in the last
section by using the original form of Maxwell’s equations in vacuum. We will first introduce
a very convenient way of expressing waves using complex exponentials. The reader might
be familiar with Euler’s formula, which connects the exponential function with the sine and
cosine functions. The formula reads:

eiα = cosα + i sinα (2.1)

where i is the imaginary unit (i2 = −1). It is apparent then, that the real and imaginary
parts of eiα are respectively the cosine and sine of α. It is therefore very convenient to work
in terms of exponentials (since they are much easier to work with than sine and cosine) and
then take the real (or imaginary) part in the end. Using this approach, our wave solutions
1.19 and 1.20 can be written as:

~E = ~E0e
i(ωt−~k·~x) (2.2)

~B = ~B0e
i(ωt−~k·~x) (2.3)
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Both the real and imaginary parts of these exponentials give valid real solutions to our wave
equations, and so we will work with these complex fields from now on, keeping in mind that
we should only take the real part (if we’re working with cosines) or imaginary part(if we’re
working with sines) to obtain the physically measurable fields in the end.

Taking the first of these equations and substituting it in 1.11, since the vector ~E0 is a constant
vector, we obtain:

div( ~E0e
i(ωt−~k·~x)) =

3∑
n=1

E0n∂ne
i(ωt−~k·~x) = −

3∑
n=1

E0nikne
i(ωt−~k·~x) = −i~k · ~E

Since an analogous result is true for the vector field ~B, it follows that:

div ~E = −i~k · ~E = 0

div ~B = −i~k · ~B = 0

The scalar product of two non-zero vectors is equal to zero only when they are orthogonal,
and since i 6= 0, it follows that ~k is orthogonal to both ~E and ~B!
Now, using the coordinate expression for curl from 1.6 and the definition of vector product,
we see (the reader is encouraged to show this):

curl ~E = −i

kyEz − kzEykzEx − kxEz
kxEy − kyEx

 = −i~k × ~E

On the other hand:

−∂
~B

∂t
= −iω ~B

And so from 1.13 it follows that:

−i~k × ~E = −iω ~B

Dropping the imaginary unit on both sides, this tells us that ~k × ~E = ω ~B. We can extract
two very important results from this equation. First of all, since the vector product of two
vectors is orthogonal to both of them, it follows that ~E · ~B = 0! Now, since ~k was already
shown to be orthogonal to the other two, and since they are orthogonal among themselves,
it follows that the three vectors ~k, ~E and ~B are all mutually orthogonal! The second result
is obtained when we take the norm of both sides. |~k × ~E| = |~k|| ~E| = |ω|| ~B|. And so:

| ~E| = ω

|~k|
| ~B| = c| ~B| (2.4)

Now, since c ' 3.108m/s, it follows that in a free electromagnetic wave, the electric field
is about 300 million times stronger than the magnetic field. We will, however, see that the
energy carried by the two is the same.
Using the same approach as in unit 2, (taking constant phase ωt ± ~k · ~x = Const and

differentiating it), we can show that ~k is pointing in the direction of the wave’s velocity and

6



once again that 1.21 is true. This is very important, since we showed both ~E and ~B to be
orthogonal to ~k and this means that the electric and magnetic fields in an electromagnetic
wave are oscillating perpendicular to its direction of motion! Such waves (which have no
component of oscillation in the direction of motion) are called transverse waves, and so all
free electromagnetic waves are transverse waves!

Fig.3.1 Depiction of a free electromagnetic wave. Blue lines show the electric field sine
wave and red lines show the magnetic field sine wave.

Since the electric and magnetic field are always orthogonal and each can be seen as a sinu-
soidal wave separately in the example above, you can see a full electromagnetic wave as a
combination of two different waves (an electric and a magnetic), one of which is rotated by 90
degrees with respect to the other. Those two waves cannot exist separately, since Maxwell’s
equations in free space for just the electric or just the magnetic field cannot be satisfied by
a wave solution. We can see which is which from ~k× ~E = ω ~B, using the right-hand rule for
vector products.
Needless to say, EMWs(electromagnetic waves) possess all the properties of general waves
we saw in unit 2, in particular we saw that their speed is connected to their wavenumber
vector and their angular frequency, and so the following results are also true:

ω =
2π

T
(2.5)

|~k| = 2π

λ
(2.6)

There is one very important formula, which we will take for granted here (since it will take
too much time to prove). The energy density of the electromagnetic field is given by:

ρE =
ε0
2
| ~E|2 +

1

2µ0

| ~B|2 (2.7)
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As the name suggests, the energy density is the total energy stored in the fields per unit vol-
ume. Integrating ρE over some region yields the total energy in it due to the electromagnetic
field. Using relations 2.4 and 1.21 now, we can see that this can be expressed as:

ρE = ε0| ~E|2 =
1

µ0

| ~B|2 (2.8)

Which shows us that the energy densities of the two separate fields in an EMW are equal.
There is one more very important quantity, which is especially useful for antennas - the
Poynting vector. It is defined as:

~P =
1

µ0

~E × ~B (2.9)

It can be shown that this vector has the following property (the calculation is straightforward,
but one must use Strokes’ theorem on the right hand side):

∂W

∂t
=

∂

∂t

∫
V

ρEd
3x = −

∮
S

~P · ~dS

Where S is the boundary of the volume V (∂V = S). Since the expression on the left is the
rate of change of the total energy, it follows that the integral on the right gives us the total
power entering (or exiting) through the boundary surface per unit time! Hence, the vector
~P is the power flux of the electromagnetic field! From what we showed before (the mutual

orthogonality of ~k, ~E and ~B), we can see that ω ~E × ~B = | ~E|2~k and so it follows that ~P and
~k point in the same direction! This is not a surprise, since it means that an electromagnetic
wave carries energy in the direction of its propagation.
We can now easily compute the total power per unit orthogonal surface, carried by an
electromagnetic wave, by taking ~P ’s norm:

|~P | = 1

µ0

| ~E|| ~B| = cε0| ~E|2 =
c

µ0

| ~B|2 (2.10)

Since both the electric and the magnetic field are oscillating, we can average this by time to
obtain the average power. Averaging the square of a sine or cosine function over its period
yields simply 1/2 and so, we obtain the following expression for the average power flux of a
free electromagnetic wave:

〈|~P |〉 = I =
cε0
2
| ~E0|2 =

c

2µ0

| ~B0|2 (2.11)

This quantity is usually called Intensity of the electromagnetic wave (hence the letter I) and
we will encounter it again in the future.
Note: Expression 2.9 is valid in general for electromagnetic fields, while expressions 2.10
and 2.11 are valid only for free plane electromagnetic waves, which we will show to be just
an approximation.
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3 Polarization

On Fig.3.1. we can see that both the electric and the magnetic fields are always in their
respective planes (the two planes being perpendicular to each other). Maxwell’s equations,

however, do not demand this. We only showed that ~E and ~B are perpendicular at any given
moment (so ~E · ~B = 0) from them, not that the two fields should remain fixed in their
respective planes.
Consider the following solutions to the wave equations 1.16 and 1.17

~E =

E0 cos(ωt− kz)
E0 sin(ωt− kz)

0

 (3.1)

~B =

 B0 sin(ωt− kz)
−B0 cos(ωt− kz)

0

 (3.2)

These solutions clearly describe a wave moving in the z directions, since ~k = (0, 0, k). They
are quite similar to our original waves, but this time each field’s x and y components are out
of phase with respect to the other by π/2. This means that the vectors ~E and ~B are no longer
fixed their respective planes. Let us denote the full phase of the wave with ϕ = ωt − kz.
Then we can easily see the following evolution for the electric and magnetic field vectors:

for ϕ = 0→ ~E =

E0

0
0

 ; ~B =

 0
−B0

0



for ϕ =
π

2
→ ~E =

 0
E0

0

 ; ~B =

B0

0
0


for ϕ = π → ~E =

−E0

0
0

 ; ~B =

 0
B0

0


for ϕ =

3π

2
→ ~E =

 0
−E0

0

 ; ~B =

−B0

0
0


Obviously for ϕ = 2π, the vectors go back to their original position (same as ϕ = 0). We

can clearly see that ~E and ~B are no longer confined to their respective plane and they rotate
around the xy plane. We can also clearly see from 3.1 and 3.2 that ~E · ~B = 0 for any phase,
and furthermore that all of the relations from the last section are valid. A depiction of this
new solution’s electric and magnetic fields is shown on Fig.3.2. One can easily see that both
the electric and the magnetic field vectors trace out a curve in phase space known as ”helix”.
If we only look at the 2-dimensional curve for all values of ϕ, it is obviously a circle (in fact
equations 3.1 and 3.2 are exactly the equations of a circle with radius E0 traced out in the
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xy plane). Clearly in the examples we previously considered (Fig.3.1), the projection of the
fields onto the xy plane would be just two lines (one for the magnetic and one for the electric
field), while here it forms two circles (again one for the electric and one for the magnetic
field).
The circle described by 3.1 and 3.2 is traced out counter clockwise if we look at the direction
of motion, but we can consider the same solutions with the opposite sign for the sine function
and this would give a circle which is traced out in the clockwise direction.

Fig.3.2 A schematic plot of the vectors ~E and ~B for the above values of ϕ.

So what do the different solutions mean and which of them is the ”real” one? The answer is
quite simple - all of these solutions are possible and they all represent electromagnetic waves.
The orientation of the electric and magnetic field vectors is simply an additional property of
general EMWs .
Def: In the case when the fields remain fixed in their respective planes, we will call the waves
plane polarized while in the case when the fields are rotating, we will call them circularly
polarized.
If we define a reference plane to be ”horizontal” and another one which is tilted by 90
degrees with respect to the first to be ”vertical”, we can see that two plane polarized waves
(one for which the electric field is horizontal and one for which it is vertical) can ”coexist”
without interfering! This is very important for antennas, since using polarized waves, we can
transmit and receive at the same time without interference. Note that the convention is to
define plane polarization with respect to the electric field.
While plane polarizations are called horizontal and vertical, circular polarizations are called
”right-hand” and ”left-hand”. The fields of right-hand polarized waves are rotating clockwise
with respect to the direction of motion, while those of left-hand polarized waves are rotating
counter-clockwise with respect to the direction of motion. The name comes from the fact
that if you wrap your right hand fingers and point your thumb in the direction of motion,
they will point in the direction of rotation for right-hand polarization (analogously for your
left hand and left-hand polarization). So by this convention, the wave in Fig.3.2 is a left-hand
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circularly polarized electromagnetic wave. Circular polarization is even more important from
a practical standpoint, since rotating a source of horizontal polarized waves by 90 degrees
turns it into a source of vertical polarized waves, while circular polarization remains circular
in this case! For this reason most antennas use right and left handed polarization to transmit
and receive at the same time without interference.
The observant reader may have noticed that in expressions 3.1 and 3.2, the constants E0

and B0 need not be equal for the x and y coordinates respectively. This means that an even
more general solution would be of the form:

~E =

E0x cos(ωt− kz)
E0y sin(ωt− kz)

0

 (3.3)

~B =

 B0x sin(ωt− kz)
−B0y cos(ωt− kz)

0

 (3.4)

The projection of this new figure traced out by the two vectors is no longer a circle, but an
ellipse. Waves of this form are called elliptically polarized and they are the most general
EMWs, since circular polarization is a special case of elliptical polarization for Ex0 = Ey0
and Bx0 = By0, and linear polarization is just elliptical polarization with the ellipse shrunk
by one of its major axes (so Ex0 = 0 or Ey0 = 0 and an analogous operation for the magnetic
field). The graph bellow shows the figures traced out by the electric vector of linearly,
circularly and elliptically polarized waves (Fig.3.3).

Fig.3.3 The curves traced out by the electric field vector for the three possible polarizations
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All three figures can be obtained from 3.3 and 3.4. The ellipse is obtained by setting E0x = 4;
E0y = 2 (elliptical polarization), the circle is obtained by setting E0x = E0y = 2 (circular
polarization) while the red line (which corresponds to linear vertical polarization) is obtained
by setting Ex0 = 0; Ey0 = 2. Both the circular and the elliptical polarizations are left-handed
(as indicated by the direction of rotation on the graph). The right-handed versions are easily
obtained by switching the sign of the sine functions (which corresponds to changing the sign
of ωt − kz, since the cosine is an even function and is unaffected, while the sine is an odd
function and changes its sign).

4 The Doppler Effect

Most readers should be familiar with the Doppler effect for sound waves. To illustrate the
idea, consider a sound source moving towards you (respectively away from you). If we
consider sinusoidal waves with period T being emitted by this source (having a frequency of
ν = 1/T , then due to the velocity of the source itself, the distance between two successive
maximums or minimums (and so the wavelength) of the sine function will be less (more).
Since the wavelength and the frequency are connected, and counter-proportional, this means
that the observer will see the waves having higher (respectively lower) frequency. This is all
illustrated bellow:

Fig.3.4 An illustration of the Doppler effect - the circles represent the same phase.

As is clearly seen in Fig.3.4 - if the source is not moving (stationary), then all stationary
observers will see the same wavelength and frequency. If the source is moving, however, then
the stationary observers in front of it will see smaller wavelength (higher frequency) and
those behind will see larger wavelength (lower frequency). The reader may have experienced
this effect with an ambulance when the sirens are on - as the vehicle approaches, the sound
seems much higher than when it is receding.
The same effect is present for electromagnetic waves as well, but the exact law of frequency
change requires us to treat the problem relativistically. We will skip the derivation and just
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give the final results. The frequency ratio of the waves is given by the formulas:

νO
νE

=

√
1∓ v

c

1± v
c

(4.1)

Where νO and νE are the observed and emitted frequencies respectively, v is the relative radial
speed between the observer and the emitter and c is the speed of light. The upper signs
correspond to the source moving away from the observer, while the lower signs correspond to
the source moving towards the observer. This formula takes into account the radial Doppler
effect (for the component of the velocity, parallel to the radius-vector between the emitter
and the source). There is also a transverse Doppler effect, but we will neglect it.
Furthermore, since for all communication purposes the spacecraft velocity is much smaller
than the speed of light v << c, we can expand this formula with respect to the ratio v/cand
work with the approximate result:

νO
νE
∼= 1∓ v

c
(4.2)

Example: Suppose that a Low Earth Orbit satellite (moving at about 7.5 km/sec) is sending
a signal to Earth at 300MHz, what is the minimum and maximum observed frequency?
Since the satellite velocity is changing its direction in its orbit, the radial velocity between it
and a stationary point on Earth (neglecting Earth’s rotation) can be between −7.5 and 7.5
km/sec. The ratio 4.2 has its minimum and maximum value for those two, which correspond
to:

νO
νE

= 1∓ 7.5

300000
= 1∓ 0.000025

So there will be a small variation in measured frequencies (between 299.9925 and 300.0075
MHz). It is important to note that there are other sources of Doppler effect as well (for
example there would be an increase in frequency for incoming signals and a decrease in
frequency for outgoing signals due to the gravity of the Earth), but they are mostly negligible
for our purposes.
One last notational remark - when the observed frequency increases due to the Doppler
effect, the signal is called blueshifted, while if its frequency decreases due to Doppler effect,
the signal is called redshifted. This is mostly used for light (we will see why in the next
units), but radiowaves are sometimes also referred to as red or blue shifted!

5 Remarks

It is very important that the reader understands the following approximations we have made
while studying electromagnetic waves in this unit. Above all - plane waves are a mathematical
idealism - they are infinite in both space and time and they have the same power flux
everywhere. They are the simplest solutions but are hardly physical. Real electromagnetic
waves produced by most sources are in fact closer to being spherical and their fields become
weaker as they go further from their source. While a spherical wave far enough from the
source can be approximated as a plane wave, we will see many differences between the two
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as we give some more realistic solutions in unit 5. A second very important approximation is
that of monochromatic wave - a wave which has a single well-defined wavelength (λ) and so

a single well defined wavenumber ~k. In practice we cannot see a single electromagnetic wave
and we only detect packets with a given distribution of wavelengths (and so wavenumbers).
We will see that this is actually very important, as a truly monochromatic wave cannot
possibly carry any information - it cannot be modulated!

14


	*Maxwell's equations and vacuum solutions
	Characteristics of EMWs
	Polarization
	The Doppler Effect
	Remarks

