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Equations of Electromagnetics
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Electromagnetic Wave

An arrangement for generating a traveling electromagnetic wave in the
shortwave radio region of the spectrum: an LC oscillator produces a
sinusoidal current in the antenna, which generates the wave. P is a
distant point at which a detector can monitor the wave traveling past it.
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Electromagnetic Wave
In free space with  = 0 and J = 0,
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Electromagnetic Spectrum

In Maxwell’s time (the mid 1800s), the visible, infrared, and ultraviolet forms of light were
the only electromagnetic waves known. Spurred on by Maxwell’s work, however, Heinrich
Hertz discovered what we now call radio waves and verified that they move through the
laboratory at the same speed as visible light, indicating that they have the same basic nature
as visible light. As the figure shows, we now know a wide spectrum (or range) of
electromagnetic waves: Maxwell’s rainbow.
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Electromagnetic Spectrum
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Electromagnetic Spectrum
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Travelling Electromagnetic Wave

An arrangement for generating a traveling electromagnetic wave in the
shortwave radio region of the spectrum: an LC oscillator produces a
sinusoidal current in the antenna, which generates the wave. P is a
distant point at which a detector can monitor the wave traveling past it.
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Travelling Electromagnetic Wave

Figure 2

Electromagnetic Wave. Figure 1 shows how the
electric field E and the magnetic field B change
with time as one wavelength of the wave sweeps
past the distant point P of Fig. 2 ; in each part of
Fig. 1, the wave is traveling directly out of the
page. (We choose a distant point so that the
curvature of the waves suggested in Fig. 2 is small
enough to neglect. At such points, the wave is said
to be a plane wave, and discussion of the wave is
much simplified.) Note several key features in Fig.
2; they are present regardless of how the wave is
created:

Figure 1
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Travelling Electromagnetic Wave

Figure 2

1.

2.

3.
4.

The electric and magnetic fields E and B are always
perpendicular to the direction in which the wave is
traveling. Thus, the wave is a transverse wave, as
discussed in Chapter 16.
The electric field is always perpendicular to the
magnetic field.
The cross product E × B always gives the direction in
which the wave travels.
The fields always vary sinusoidally, just like the
transverse waves discussed in Chapter 16. Moreover,
the fields vary with the same frequency and in phase
(in step) with each other.

Figure 1
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Travelling Electromagnetic Wave

Figure 2

In keeping with these features, we can deduce that an
electromagnetic wave traveling along an x axis has an
electric field E and a magnetic field B with magnitudes
that depend on x and t:

E  Em sin  kx  t 
B  Bm sin  kx  t 

Figure 1

where Em and Bm are the amplitudes of E and B. The
electric field induces the magnetic field and vice
versa.
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Travelling Electromagnetic Wave

Figure 2

Wave Speed. From chapter 16 (Eq. 16-13), we know that the
speed of the wave is ω/k. However, because this is an
electromagnetic wave, its speed (in vacuum) is given the
symbol c rather than v and that c has the value given by

c

1

 0 0

(wave speed)

which is about 3.0 × 108 m/s.

Figure 1
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Energy Transfer and Poynting Vector
The Poynting Vector: The rate per unit area at which energy
is transported via an electromagnetic wave is given by the
Poynting vector
S

1

0

EB

The time-averaged rate per unit area at which energy
is transported is Savg, which is called the intensity I of
the wave:
I

1
c 0

2
Erms

in which Erms= Em/√2.

A point source of
electromagnetic waves emits
the waves isotropically—that is,
with equal intensity in all
directions. The intensity of the
waves at distance r from a point
source of power Ps is

I
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Radiation Pressure
When a surface intercepts electromagnetic radiation, a force and a pressure are
exerted on the surface. If the radiation is totally absorbed by the surface, the force is
F

IA
c

Total Absorption

in which I is the intensity of the radiation and A is the area of the surface
perpendicular to the path of the radiation. If the radiation is totally reflected back
along its original path, the force is
F

2 IA
c

Total Reflection back along path

The radiation pressure pr is the force per unit area:
pr 

I
c

Total Absorption

pr 
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c

Total Reflection back along path
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16

Polarization
Electromagnetic waves are polarized if their electric field vectors are all in a single
plane, called the plane of oscillation. Light waves from common sources are not
polarized; that is, they are unpolarized, or polarized randomly.

If the original light is initially unpolarized, the transmitted intensity I is half the original
1
intensity I0:
I  I (one-half rule)
2

0

If the original light is initially polarized, the transmitted intensity depends on the angle q
between the polarization direction of the original light and the polarizing direction of the
sheet:
I  I 0 cos 2 q (cosine-squared rule)
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Reflection and Refraction
(a) A photograph showing an incident
beam of light reflected and
refracted by a horizontal water
surface.
(b) A ray representation of (a). The
angles of incidence (θ1), reflection
(θ’1), and refraction (θ2) are
marked.

When a light ray encounters a boundary between two transparent media, a
reflected ray and a refracted ray generally appear as shown in figure above.
Law of reflection: A reflected ray lies in the plane of incidence and has an angle
of reflection equal to the angle of incidence (both relative to the normal). In Fig.
(b), this means that
q1'  q1 (reflection)
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Reflection and Refraction
(a) A photograph showing an incident
beam of light reflected and
refracted by a horizontal water
surface.
(b) A ray representation of (a). The
angles of incidence (θ1), reflection
(θ’1), and refraction (θ2) are
marked.

Law of refraction: A refracted ray lies in the plane of incidence and has an angle of
refraction θ2 that is related to the angle of incidence θ1 by
n2 sin q 2  n1 sin q1

Here each of the symbols n1 and n2 is a dimensionless constant, called the index of
refraction, that is associated with a medium involved in the refraction.
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Reflection and Refraction

n2sinq 2 =n1sinq1
1.

If n2 is equal to n1, then θ2 is equal to θ1 and refraction does not bend the
light beam, which continues in the undeflected direction, as in Fig. (a).

2.

If n2 is greater than n1, then θ2 is less than θ1 . In this case, refraction
bends the light beam away from the undeflected direction and toward
the normal, as in Fig. (b).

3.

If n2 is less than n1, then θ2 is greater than θ1 . In this case, refraction
bends the light beam away from the undeflected direction and away
from the normal, as in Fig. (c).
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Reflection and Refraction
Chromatic dispersion of white light. The blue
component is bent more than the red
component. (a) Passing from air to glass, the
blue component ends up with the smaller
angle of refraction. (b) Passing from glass to
air, the blue component ends up with the
greater angle of refraction. Each dotted line
represents the direction in which the light
would continue to travel if it were not bent by
the refraction.

Rainbow: (a) The separation of colors when
sunlight refracts into and out of falling
raindrops leads to a primary rainbow. The
antisolar point A is on the horizon at the
right. The rainbow colors appear at an angle
of 42°from the direction of A. (b) Drops at
42°from A in any direction can contribute to
the rainbow. (c) The rainbow arc when the
Sun is higher (and thus A is lower). (d ) The
separation of colors leading to a secondary
rainbow.
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Total Internal Refraction
(a) Total internal reflection
of light from a point
source S in glass occurs for
all angles of incidence
greater than the critical
angle uc. At the critical
angle, the refracted ray
points along the air – glass
interface. (b) A source in a
tank of water.

Figure (a) shows rays of monochromatic light from a point source S in glass incident on the
interface between the glass and air. For ray a, which is perpendicular to the interface, part
of the light reflects at the interface and the rest travels through it with no change in
direction. For rays b through e, which have progressively larger angles of incidence at the
interface, there are also both reflection and refraction at the interface. As the angle of
incidence increases, the angle of refraction increases; for ray e it is 90°, which means that
the refracted ray points directly along the interface. The angle of incidence giving this
situation is called the critical angle θc. For angles of incidence larger than θc, such as for
rays f and g, there is no refracted ray and all the light is reflected; this effect is called total
internal reflection because all the light remains inside the glass.
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Polarization by Reflection
A ray of unpolarized light in air is incident on a
glass surface at the Brewster angle θB. The
electric fields along that ray have been resolved
into components perpendicular to the page (the
plane of incidence, reflection, and refraction) and
components parallel to the page. The reflected
light consists only of components perpendicular
to the page and is thus polarized in that
direction. The refracted light consists of the
original components parallel to the page and
weaker components perpendicular to the page;
this light is partially polarized.

As shown in the figure above a reflected wave will be fully polarized, with its E vectors
perpendicular to the plane of incidence, if it strikes a boundary at the Brewster angle
θB, where
q B = tan 1

n2
n1

(Brewster angle)
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Online Lectures by Walter Lewin at MIT
• Walter Lewin
https://en.wikipedia.org/wiki/Walter_Lewin
http://web.archive.org/web/20140701083832/http://web.mit.edu/physics/people/
faculty/lewin_walter.html

• YouTube
https://www.youtube.com/channel/UCiEHVhv0SBMpP75JbzJShqw

• Videolectures.net

http://videolectures.net/walter_h_g_lewin/

• Last lecture

https://www.youtube.com/watch?v=4a0FbQdH3dY

• MIT News about removal of his online lectures

http://news.mit.edu/2014/lewin-courses-removed-1208
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