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Maxwell’s Equations and
Flectromagnetic Waves

(9

WUt 1860, the great Scottish physicist James Clerk Maxwell found that the
sPerimental laws of electricity and magnetism—the laws of Coulomb,
#USS, Biot—Savart, Ampere, and Faraday, which we have studied in Chap-
818 through 28—could be summarized in a concise mathematical form
. known as Maxwell’s equations. One of the laws, Ampere’s law, con-
_Ed an inconsistency, which Maxwell was able to remove with the inven-
‘?if the displacement current (Section 29-1). The new consistent set of
:;‘S Pl"edicts the possibility of electromagnetic waves.
\thei‘;veu S equatlops relate the electric- and magnetic-field vectors E and
- SO}lrces, which are electric charges, currents, and changing fields.
w&)‘:ﬁ“?ns p.lay a rqle in Classicgl electro.ma.gnetism analogou's to that
o h‘icits aWj in classu.cal mechanics. In prl.nc1ple, all pfoblems.m Cla.ssi-
1| PIObley n?snl mlagnghsm can bg solved using Maxwel] s equatlolns, just
Well's N classical me(.:harucs can be solved using Newton’s law’s.
g OWEV‘E:Uatlons are conglde_rably more comphca?ed than Newton’s
2Yong ther’ and their application to most problems involves mathemat-
1 = Scope of this book. Nevertheless, Maxwell’s equations are of
1cal importance.

Neoret
WXwel] g1,
Showed that these equations could be combined to yield a wave
S | o el R .o [ (SRR, SRR, . [P, (s o JRT = 0, P, (R TRy
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A multiple-exposure view
showing the 26-m tracking
antenna at Wallops Station, Vir-
ginia, and a total solar eclipse.
Electromagnetic radiation at radio
wavelengths, like that at optical
wavelengths, is not readily ab-
sorbed by the earth’s atmo-
sphere—making it a viable means
of communication between two
distant points on the ground or
between a point on the ground
and a plane, satellite, or space-
craft. Objects are tracked by
aiming a continuous radar beam
at them and receiving the re-
flected beam.
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944 Chapter 29 Maxwell’s Equations and Electromagnetic Waves

magnetic waves are caused by accelerating charges, for example, the chargeg
in an alternating current in an antenna. They were first produced ip the
laboratory by Heinrich Hertz in 1887. Maxwell showed that the speed of
electromagnetic waves in free space should be

1

V o€

where €, the permittivity of free space, is the constant appearing in Cqy,.
lomb’s and Gauss’s laws and uo, the permeability of free space, is that in ha
Biot-Savart law and Ampere’s law. When the measured value of ¢ and e
defined value of ug are put into Equation 29-1, the speed of electromagnetja
waves is found to be about 3 X 10° m/s, the same as the measured speed of
light. Maxwell noted this “coincidence’”” with great excitement and correctly
surmised that light itself is an electromagnetic wave.

In this chapter we begin by showing that Ampere’s law as stated i
Chapter 25 does not hold for discontinuous currents. We then show hoy
Maxwell generalized Ampére’s law by adding a term now called Maxwell’s
displacement current. After stating Maxwell’s equations and relating them
to the laws of electricity and magnetism that we have already studied, we
will show that these equations imply that electric and magnetic field vecto;
obey a wave equation that describes waves that propagate through fre
space with speed ¢ = 1/V uep. Finally, we will illustrate how electrom
netic waves carry energy and momentum, and discuss the electromagnetic
spectrum.

£= 29-1

29-1 Maxwell’s Displacement Current

As we studied in Chapter 25, Ampere’s law (Equation 25-15) relates the in
integral of the magnetic field around some closed curve C to the current
passes through any area bounded by that curve:

é B:d€ = ol  for any closed curve C
c

We noted that this equation holds only for continuous currents. We can s¢
that it does not hold for discontinuous currents by considering the char
of a capacitor (Figure 29-1). According to Ampere’s law, the line integral
the magnetic field B around a closed curve equals o times the total curr
through any surface bounded by the curve. Such a surface need not b
plane. Two surfaces bounded by the curve C are indicated in Figure £

4

Plates of
capacitor

Curve C

Figure 29-1 Two surfaces S; and S, bounded by the

same curve C. The current I passes through surface Sy
but not S,. Ampeére’s law, which relates the line inte-
‘ gral of the magnetic field B around the curve C to the
| total current passing through any surface bounded by
C, is not valid when the current is not continuous, as
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