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Module-2: Electromagnetic Waves

Physics of divergence - gradient and curl – Qualitative understanding of 
surface and volume integral - Maxwell Equations (Qualitative) - Displacement 
current - Electromagnetic wave equation in free space - Plane 
electromagnetic waves in free space - Hertz’s experiment.

Reference Book:
1. Introduction to Electrodynamics, D. J. Griffith, 4th Edition (2015)
2. University Physics with Modern Physics by H. D. Young and R. A. 

Freedman)

Syllabus
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Electromagnetic Waves

• Transverse	wave	with	a	varying	electric	and	magne=c	field	
• Move	with	the	speed	of	light	
• Produced	by	moving	charge	par=cles	
• Can	emit	and	absorbed	by	maSers	
• Many	applica=ons	in	industry,	light,	laser,	LED,	communica=on,	etc
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Electromagnetic Spectrum
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Electromagnetic Spectrum-Applications
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Scalar and Vector

A scalar is a physical quantity thats us fully 
described by its magnitude only. It is only 
described by number only.

A vector is a physical quantity that has both 
magnitude and direction. Vector quantities are 
important in study motion, EMT etc
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Dot (.) Products
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Cross (×) Product
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Scalar field Function

A scalar field is a physical quantity (temperature, density etc.) that is a scalar, which 
is also a function of multiple independent variables. It is a function which assigns  a 
real number to every point of a part of the region of space.

Scalar field function

• The temperature at each point in an insulated 
wall

• The mass density of the atmosphere
• The water pressure at each point in an ocean

T(x,	y),	temperature	depends	on	x	and	y	coordinates.		

	(x,	y,	z),	Density	depends	on	x,	y	and	z	coordinates.	ρ
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Vector field Function
Vector field Function
A vector point function is defined as a function which assigns  a vector to every 
point of a part of the region of space.

• Magnetic Field 
• Velocity 

• Gravitational Field 

⃗B (x, y, z)⃗v (x, y, z) ⃗F (x, y, z)
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Operator
An operator that operate over a function to give another functions

arithmetic operator

fu nction = T(x, y, z)
= x2 + 2xz + xy2z

O = ∂
∂x

= 2x + 2z + y2z

OT = ∂T
∂x

⇒
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 Del ( ) Operator⃗∇

lets consider a function,  f(x, y, z) = x2 + xy + xz

⃗∇ f = ∂f
∂x

̂i + ∂f
∂y

̂j + ∂f
∂z

̂k

= ∂(x2 + xy + xz)
∂x

̂i + ∂(x2 + xy + xz)
∂y

̂j + ∂(x2 + xy + xz)
∂z

̂k⇒

= (2x + y + z) ̂i + x ̂j + x ̂k⇒

⃗∇ = ∂
∂x

̂i + ∂
∂y

̂j + ∂
∂z

̂k
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 Del ( ) Operator⃗∇

⃗∇ = ∂
∂x

̂i + ∂
∂y

̂j + ∂
∂z

̂k

Scalar function ( )F Vector function ( )⃗F

Gradient 
 ⃗∇ F

Divergence 
 ⃗∇ . ⃗F

Curl 
! ⃗∇ × ⃗F
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Gradient of a Scalar Field (  )⃗∇F
When the del ( �  ) operator acts on a scalar field function  , we 
get a vector function, called as gradient

⃗∇ ϕ(x, y, z)

⃗∇ ϕ = = ∂ϕ
∂x

̂i + ∂ϕ
∂y

̂j + ∂ϕ
∂z

̂k

•  , tells the maximum rate of change of the scaler function ,(x, 
y, z) with respect to the position in that particular direction. 

• It is vector quantity 

⃗∇
Physical significance:

A key point: F is a Scalar and the gradient of F is a vector.
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Gradient of a Scalar Field (  ): Example⃗∇F

Lets consider a function,  ϕ(x, y, z) = xy2 − yz

⃗∇ ϕ = ∂ϕ
∂x

̂i + ∂ϕ
∂y

̂j + ∂ϕ
∂z

̂k

⃗∇ ϕ = ∂ϕ
∂x

̂i + ∂ϕ
∂y

̂j + ∂ϕ
∂z

̂k
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Divergence of a Vector Field ( . )⃗∇ ⃗F
Let consider a vector field, , then its divergence is calculated 
as  

⃗F (x, y, z)
div ⃗F (x, y, z) = ⃗∇ . ⃗F

⃗∇ . ⃗F (x, y, z) = ( ∂
∂x

̂i + ∂
∂y

̂j + ∂
∂z

̂k) . (F1 ̂i + F2 ̂j + F3 ̂k)

= ∂F1
∂x

+ ∂F2
∂y

+ ∂F3
∂z

A key point: F is a vector and the divergence of F is a scalar.
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Divergence of a Vector Field ( . )⃗∇ ⃗F
Let consider a vector field, , then its divergence is calculated 
as  

⃗F (x, y, z)
div ⃗F (x, y, z) = ∇ . ⃗F ∇ . ⃗F (x, y, z) = ( ∂

∂x
̂i + ∂

∂y
̂j + ∂

∂z
̂k) . (F1 ̂i + F2 ̂j + F3 ̂k)

= ∂F1
∂x

+ ∂F2
∂y

+ ∂F3
∂z

Physical significance:
• It is a operation performed on a vector, results into a scalar 
• It tells, how much flux is entering/leaving per unit volume

water flow rate
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Divergence of a Vector Field ( . )⃗∇ ⃗F

∇ . ⃗V < 0 ∇ . ⃗V > 0 ∇ . ⃗V = 0

Sink Source neither Source 
nor 
Sink



School of Physics,VIT VelloreDr JB: BPHY101L

Divergence of a Vector Field ( . )⃗∇ ⃗F

∇ . ⃗V < 0
Sink

∇ . ⃗V > 0
Source
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Divergence of a Vector Field ( . )⃗∇ ⃗F

∇ . ⃗V > 0 ∇ . ⃗V = 0

∇ . ⃗V < 0
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Curl of a Vector Field ( × )⃗∇ ⃗F

Direction of curl is perpendicular to the plane of circulation



School of Physics,VIT VelloreDr JB: BPHY101L

Curl is a measure of how much a vector field circulates or rotates about a given point

Curl of a Vector Field ( × )⃗∇ ⃗F
Physical significance:

V1

V2

V2

V1

V1V2 =

curl=0 curl≠0
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Curl of a Vector Field ( × )⃗∇ ⃗F

⇒
⇒

⇒

https://www.youtube.com/watch?v=vvzTEbp9lrc&t=14s
To watch curl and understand it
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Further Properties of  ⃗∇
Divergence of Curl is Zero

Curl of Gradient is Zero

Curl of Curl is non zero

Exercise to Practice:
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Vector Field Function

For a Vector Field Function  ⃗F (x, y, z)

1.Irrotational
or

Conservative

2. Incompressible 

⃗∇ × ⃗F = 0
Curl of that function is Zero

⃗∇ . ⃗F = 0
Divergence of that function is Zero



School of Physics,VIT VelloreDr JB: BPHY101L  130 School of Physics,VIT VelloreDr JB: BPHY101L

Numerical to Solve at Home

1. Compute the Divergence and Curl for a vector field 

  

2. For the above vector field,   the curl of the gradient is 

zero, i.e    

3. Prove that the following vector field  is conservative: 

 

⃗F = x2y ̂i − (z3 − 3x) ̂j + 4y2 ̂k
⃗F ,

∇ × (∇ ⃗F ) = 0
⃗F

⃗F = (4y2 + 3x2y
z2 ) ̂i + (8xy + x3

z2 ) ̂j + (11 − 2x3y
z3 ) ̂k
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Area of simple shape

?
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Integration

The integration denotes the summation of discrete data

For a function, f(x), the integration can be defined for a point a—to—b is 
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Line, Surface, and Volume Integral
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Line Integral
A line integral is integral in which the function to be integrated is determined along a curve in 
the coordinate system. The function which is to be integrated may be either a scalar field or a 
vector field. We can integrate a scalar-valued function or vector-valued function along a curve. 
The value of the line integral can be evaluated by adding all the values of points on the vector 
field.

Consider a scalar function φ(x, y). In this case, the line-integral is defined as 

where dr is the infinitesimal line segment along a specific path between A and B 

If the path is closed, in which case A = B, we write the integral as 

https://byjus.com/maths/coordinate-system/
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Line Integral
If the function is a vector the line-integral then defined as

Note that this time angle between the line segment dr and the vector filed F becomes relevant. If 
the path is closed, like before, A = B, we write the integral is written as:

Suppose F = F (x, y, z) is the force acting on a particle which moves along the curve C given by r = [x (t), y 
(t), z (t)], and with its initial point at P and terminal point Q: What is the work done in moving the particle 
form P to Q
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Line Integral

charge particle in a electric filed
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Surface Integral
Surface integral of a vector field F⃗ (x, y, z) along the surface S is defined as 

where � is an infinitesimal vector perpendicular to the surface element and nˆ is a unit 
vector in the direction of � . 

⃗dS ⃗dS

⃗dS
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Surface Integral
Surface integral of a vector field F⃗ (x, y, z) along the surface S, and the surface is 
closed, then it is defined as  

To determine the magnetic flux, we have to integrate the magnetic field vector,  

over the area enclosed by the coil.   represents the magnetic flux 

passing through the enclosed surface.

⃗B
ϕB = ∫ ⃗B ⋅ ⃗dS
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Surface Integral

Surface integral of a vector field F⃗ (x, y, z) along the surface S, and the surface is 
closed, then it is defined as  
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Volume Integral

Volume integral of a scalar field f(x,y) within a region V is written as 



School of Physics,VIT VelloreDr JB: BPHY101L

Important Integrals in E-M Theory

ε = ∮L

⃗E ⋅ ⃗dl
1. Line Integral 

2. Surface Integral 

I = ∮S

⃗J ⋅ ⃗dS

3. Volume Integral 

Qin = ∫V
ρ ⋅ dV

E= Electric Field 
J= Current Density 
0= Charge Density 

I= Current 
ℇ= Potential 

Qin= Total charge enclosed
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Gauss-Divergence Theorem
The normal surface integral of a vector function   over the boundary 
of a closed region is equal to the volume integral of the divergence of the 
vector function,   , taken throughout that region

⃗F (x, y, z)

⃗∇ . ⃗F (x, y, z)

∮S

⃗F ⋅ ⃗dS = ∫V
( ⃗▿ ⋅ ⃗F )dV

V
S

Total outward flux of !  through a closed 
surface S is equal to the volume integral of 

the divergence of !  over volume V enclosed 
by S.

⃗F

⃗F
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Gauss-Divergence Theorem

∮S

⃗F ⋅ ⃗dS ∫V
( ⃗▿ ⋅ ⃗F )dV

⃗F = Fx ̂i + Fy ̂j + Fz
̂k

⃗dS= dSx ̂i + dSy ̂j + dSz
̂k

⃗F ⋅ ⃗dS = FxdSx + FydSy + FzdSz
= Flu x = Φ

∮S

⃗F ⋅ ⃗dS =

dV = dxdydz

!  ⃗▿ ≡ ∂
∂x

̂x + ∂
∂y

̂y + ∂
∂z

̂z

!  ⃗▿ ⋅ ⃗F = ∂Fx

∂x
+

∂Fy

∂y
+

∂Fz

∂z

= ∫V
( ⃗▿ ⋅ ⃗F )dV=

The surface integral of a vector field 
over a closed surface is  equal  to the 
volume integral of the divergence over 
the region inside the surface. 
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Stokes Theorem
The line integral of a vector field, �  over a loop (loop means closed path) 
is equal to the flux of its curl through the enclosed surface 

⃗F

∮L

⃗F ⋅ ⃗dl = ∫S
( ⃗▿ × ⃗F ) ⋅ ⃗dS

Closed path line (C) is associated with a surface S
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Stokes Theorem
The line integral of a vector field, �  over a loop (loop means closed path) 
is equal to the flux of its curl through the enclosed surface 

⃗F

∮L

⃗F ⋅ ⃗dl = ∫S
( ⃗▿ × ⃗F ) ⋅ ⃗dS
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Stokes Theorem
The line integral of a vector field, �  over a loop (loop means closed path) 
is equal to the flux of its curl through the enclosed surface 

⃗F

∮L

⃗F ⋅ ⃗dl = ∫S
( ⃗▿ × ⃗F ) ⋅ ⃗dS
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It relates the microscopic circulation of a vector field with the macroscopic circulations 
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Module-2: Maxwell’s Equations
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Integral forms of Electricity and Magnetism (Before Maxwell)

Gauss’s Law
The	net	electric	flux	through	a	closed	surface	(3D)	is	� 	=mes	the	net	charge	

enclosed	by	the	surface

1
ϵ0

ΦE = ∮ ⃗E ⋅ ⃗da = Qencl
ϵ0

Electric flux through any closed surface is measurement of charge enclosed
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Integral forms of Electricity and Magnetism (Before Maxwell)

Gauss’s Law of magnetism
The net magnetic flux through any closed surface  is  Zero

The	number	of	magne=c	field	lines	that	enter	a	closed	volume	must	equal	the	number	
that	leave	that	volume.	This	implies	that	magne=c	field	lines	cannot	begin	or	end	at	any	
point.	If	they	did,	it	would	mean	that	isolated	magne=c	monopoles	existed	at	those	
points:	Magne2c	monopoles	does	not	exist

ΦB = ∮ ⃗B ⋅ ⃗da = 0

27.3 Magnetic Field Lines and Magnetic Flux 889

SOLUTION

IDENTIFY and SET UP: This problem uses the expression 
for the magnetic force on a moving charged particle.

The target variable is 

EXECUTE: The charge is positive, so the force is in the same direc-
tion as the vector product From the right-hand rule, this
direction is along the negative y-axis. The magnitude of the force,
from Eq. (27.1), is

vS : B
S

.

F
S

.
F
S

qvS : B
S

F
S

!

EVALUATE: We check our result by evaluating the force using vec-
tor language and Eq. (27.2). We have

(Recall that and We again find that the
force is in the negative y-direction with magnitude 

If the beam consists of electrons rather than protons, the charge
is negative and the direction of the force
is reversed. The force is now directed along the positive y-axis, but
the magnitude is the same as before, F = 4.8 * 10-14 N.

1q = -1.6 * 10-19 C2 4.8 * 10-14 N.
kN : kN ! 0 .2ın : kN ! - ≥n

! 1-4.8 * 10-14 N2≥n* 1sin 30°ın " cos 30°kN2 : kN
! 11.6 * 10-19 C213.0 * 105 m>s212.0 T2F

S
! qvS : B

S
B
S

! 12.0 T2kNvS ! 13.0 * 105 m>s21sin 30°2ın " 13.0 * 105 m>s21cos 30°2kN
= 4.8 * 10-14 N

= 11.6 * 10-19 C213.0 * 105 m>s212.0 T21sin 30°2F = qvB sin f

y

x

z

q

30°
B
S

vS

27.10 Directions of and for a proton in a magnetic field.B
S

vS

Test Your Understanding of Section 27.2 The figure at right shows a
uniform magnetic field directed into the plane of the paper (shown by the blue

A particle with a negative charge moves in the plane. Which of the three
paths—1, 2, or 3—does the particle follow?

❙

* ’s).
B
S Path 1

Path 2

Path 3

B
S

vS

27.3 Magnetic Field Lines and Magnetic Flux
We can represent any magnetic field by magnetic field lines, just as we did for
the earth’s magnetic field in Fig. 27.3. The idea is the same as for the electric field
lines we introduced in Section 21.6. We draw the lines so that the line through
any point is tangent to the magnetic field vector at that point (Fig. 27.11). Just
as with electric field lines, we draw only a few representative lines; otherwise,
the lines would fill up all of space. Where adjacent field lines are close together,
the field magnitude is large; where these field lines are far apart, the field magni-
tude is small. Also, because the direction of at each point is unique, field lines
never intersect.

CAUTION Magnetic field lines are not “lines of force” Magnetic field lines are some-
times called “magnetic lines of force,” but that’s not a good name for them; unlike electric
field lines, they do not point in the direction of the force on a charge (Fig. 27.12). Equation
(27.2) shows that the force on a moving charged particle is always perpendicular to the
magnetic field, and hence to the magnetic field line that passes through the particle’s posi-
tion. The direction of the force depends on the particle’s velocity and the sign of its charge,
so just looking at magnetic field lines cannot in itself tell you the direction of the force on
an arbitrary moving charged particle. Magnetic field lines do have the direction that a
compass needle would point at each location; this may help you to visualize them. ❙

Figures 27.11 and 27.13 show magnetic field lines produced by several com-
mon sources of magnetic field. In the gap between the poles of the magnet shown
in Fig. 27.13a, the field lines are approximately straight, parallel, and equally
spaced, showing that the magnetic field in this region is approximately uniform
(that is, constant in magnitude and direction).

B
S

B
S

S N

B
S

At each point, the
field line is tangent
to the magnetic
field vector B.

S

The more densely
the field lines are
packed, the stronger
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27.11 The magnetic field lines of a per-
manent magnet. Note that the field lines
pass through the interior of the magnet.
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Integral forms of Electricity and Magnetism (Before Maxwell)

Faraday’s Law of Induction
Whenever a conductor is placed in a varying 
magnetic field, an electromotive force is induced. If 
the conductor circuit is closed, a current is induced, 
which is called induced current.” the induced emf in 
a coil is equal to the rate of change of flux. 

Change in Magnetic flux create an Electric field

ε = − ∂ΦB

∂t

∮ ⃗E ⋅ ⃗dl = − ∂ΦB

∂t
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Integral forms of Electricity and Magnetism (Before Maxwell)

Ampere’s Law
The magnetic field in space around an electric current is proportional to the electric 
current which serves as its source  

It relates the creation of magnetic field due to the electric current

28.6 Ampere’s Law 937

(28.19)

This result doesn’t depend on the shape of the path or on the position of the wire
inside it. If the current in the wire is opposite to that shown, the integral has the
opposite sign. But if the path doesn’t enclose the wire (Fig. 28.17b), then the net
change in during the trip around the integration path is zero; is zero
instead of and the line integral is zero.

Ampere’s Law: General Statement
Equation (28.19) is almost, but not quite, the general statement of Ampere’s law.
To generalize it even further, suppose several long, straight conductors pass
through the surface bounded by the integration path. The total magnetic field at
any point on the path is the vector sum of the fields produced by the individual
conductors. Thus the line integral of the total equals times the algebraic
sum of the currents. In calculating this sum, we use the sign rule for currents
described above. If the integration path does not enclose a particular wire, the
line integral of the field of that wire is zero, because the angle for that wire
sweeps through a net change of zero rather than during the integration. Any
conductors present that are not enclosed by a particular path may still contribute
to the value of at every point, but the line integrals of their fields around the
path are zero.

Thus we can replace I in Eq. (28.19) with the algebraic sum of the cur-
rents enclosed or linked by the integration path, with the sum evaluated by
using the sign rule just described (Fig. 28.18). Our statement of Ampere’s law
is then

(Ampere’s law) (28.20)

While we have derived Ampere’s law only for the special case of the field of sev-
eral long, straight, parallel conductors, Eq. (28.20) is in fact valid for conductors
and paths of any shape. The general derivation is no different in principle from
what we have presented, but the geometry is more complicated.

If it does not necessarily mean that everywhere along
the path, only that the total current through an area bounded by the path is zero. In
Figs. 28.16c and 28.17b, the integration paths enclose no current at all; in Fig. 28.19
there are positive and negative currents of equal magnitude through the area
enclosed by the path. In both cases, and the line integral is zero.

CAUTION Line integrals of electric and magnetic fields In Chapter 23 we saw that the
line integral of the electrostatic field around any closed path is equal to zero; this is a
statement that the electrostatic force on a point charge q is conservative, so this
force does zero work on a charge that moves around a closed path that returns to the start-
ing point. You might think that the value of the line integral is similarly related to
the question of whether the magnetic force is conservative. This isn’t the case at all.
Remember that the magnetic force on a moving charged particle is always
perpendicular to so is not related to the work done by the magnetic force; as
stated in Ampere’s law, this integral is related only to the total current through a surface
bounded by the integration path. In fact, the magnetic force on a moving charged particle
is not conservative. A conservative force depends only on the position of the body on
which the force is exerted, but the magnetic force on a moving charged particle also
depends on the velocity of the particle. ❙

Equation (28.20) turns out to be valid only if the currents are steady and if no
magnetic materials or time-varying electric fields are present. In Chapter 29 we
will see how to generalize Ampere’s law for time-varying fields.
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Equation (28.19) is almost, but not quite, the general statement of Ampere’s law.
To generalize it even further, suppose several long, straight conductors pass
through the surface bounded by the integration path. The total magnetic field at
any point on the path is the vector sum of the fields produced by the individual
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sum of the currents. In calculating this sum, we use the sign rule for currents
described above. If the integration path does not enclose a particular wire, the
line integral of the field of that wire is zero, because the angle for that wire
sweeps through a net change of zero rather than during the integration. Any
conductors present that are not enclosed by a particular path may still contribute
to the value of at every point, but the line integrals of their fields around the
path are zero.

Thus we can replace I in Eq. (28.19) with the algebraic sum of the cur-
rents enclosed or linked by the integration path, with the sum evaluated by
using the sign rule just described (Fig. 28.18). Our statement of Ampere’s law
is then
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While we have derived Ampere’s law only for the special case of the field of sev-
eral long, straight, parallel conductors, Eq. (28.20) is in fact valid for conductors
and paths of any shape. The general derivation is no different in principle from
what we have presented, but the geometry is more complicated.

If it does not necessarily mean that everywhere along
the path, only that the total current through an area bounded by the path is zero. In
Figs. 28.16c and 28.17b, the integration paths enclose no current at all; in Fig. 28.19
there are positive and negative currents of equal magnitude through the area
enclosed by the path. In both cases, and the line integral is zero.

CAUTION Line integrals of electric and magnetic fields In Chapter 23 we saw that the
line integral of the electrostatic field around any closed path is equal to zero; this is a
statement that the electrostatic force on a point charge q is conservative, so this
force does zero work on a charge that moves around a closed path that returns to the start-
ing point. You might think that the value of the line integral is similarly related to
the question of whether the magnetic force is conservative. This isn’t the case at all.
Remember that the magnetic force on a moving charged particle is always
perpendicular to so is not related to the work done by the magnetic force; as
stated in Ampere’s law, this integral is related only to the total current through a surface
bounded by the integration path. In fact, the magnetic force on a moving charged particle
is not conservative. A conservative force depends only on the position of the body on
which the force is exerted, but the magnetic force on a moving charged particle also
depends on the velocity of the particle. ❙

Equation (28.20) turns out to be valid only if the currents are steady and if no
magnetic materials or time-varying electric fields are present. In Chapter 29 we
will see how to generalize Ampere’s law for time-varying fields.
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Integral  and differential forms Maxwell Equations

Gauss’s Law ∮ ⃗E ⋅ ⃗da = Qencl
ϵ0

Gauss’s Law for 
magnetism ∮ ⃗B ⋅ ⃗da = 0

Faraday’s Law∮ ⃗E ⋅ ⃗dl = − ∂ΦB

∂t

⃗▿ ⋅ ⃗E = ρ
ϵ0

⃗▿ ⋅ ⃗B = 0

⃗▿ × ⃗E = − ∂ ⃗B
∂t

⃗▿ × ⃗B = μ0 ⃗J

Integral form Differential form

Gauss divergences theorem 

Gauss divergences theorem 

Stoke’s theorem 

Stoke’s theorem Ampere’s Law ∮ ⃗B ⋅ ⃗dl = μ0Iencl
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Maxwell Equations: Integral        Differentiation form

Gauss’s Law ∮ ⃗E ⋅ ⃗da = Qencl
ϵ0

Integral form

Differential form

∮S

⃗E ⋅ ⃗da = ∫V
( ⃗▿ ⋅ ⃗E )dV⇒

⇒

⇒ ⃗▿ ⋅ ⃗E = ρ
ϵ0

∫V
( ⃗▿ ⋅ ⃗E )dV = 1

ϵ0 ∫V
ρdV⇒

∫V
( ⃗▿ ⋅ ⃗E )dV = Qencl

ϵ0
⇒

Gauss divergences theorem 
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Maxwell Equations: Integral        Differentiation form

Gauss’s Law magnetism
Integral form

Differential form

∮S

⃗B ⋅ ⃗da = ∫V
( ⃗▿ ⋅ ⃗B)dV⇒

⇒

⃗▿ ⋅ ⃗B = 0⇒

∮ ⃗B ⋅ ⃗da = 0

∫V
( ⃗▿ ⋅ ⃗B)dV = 0⇒

Gauss divergences theorem 
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Maxwell Equations: Integral        Differentiation form

Integral form

Differential form

⇒

⇒

ε = − ∂ΦB

∂t

∮ ⃗E ⋅ ⃗dl = − ∂ΦB

∂t
Apply Stoke’s theorem 

− ∂ΦB

∂t
= − ∂

∂t ∫S
⃗B ⋅ ⃗dS

= − ∫S

∂ ⃗B
∂t

⋅ ⃗dS

⇒ ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Faraday’s Law

⇒∮L

⃗E ⋅ ⃗dl = ∫S
( ⃗▿ × ⃗E ) ⋅ ⃗dS
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Maxwell Equations: Integral        Differentiation form

Integral form

Differential form

⇒

Apply Stoke’s theorem 

∮L

⃗B ⋅ ⃗dl = ∫S
( ⃗▿ × ⃗B) ⋅ ⃗dS⇒

I = ∫S
⃗J ⋅ ⃗dSAmpere’s Law ∮ ⃗B ⋅ ⃗dl = μ0Iencl

⇒ ⃗▿ × ⃗B = μ0 ⃗J
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Integral  and differential forms Maxwell Equations

Gauss’s Law ∮ ⃗E ⋅ ⃗da = Qencl
ϵ0

Gauss’s Law for 
magnetism ∮ ⃗B ⋅ ⃗da = 0

Faraday’s Law∮ ⃗E ⋅ ⃗dl = − ∂ΦB

∂t

⃗▿ ⋅ ⃗E = ρ
ϵ0

⃗▿ ⋅ ⃗B = 0

⃗▿ × ⃗E = − ∂ ⃗B
∂t

⃗▿ × ⃗B = μ0 ⃗J

Integral form Differential form

Gauss divergences theorem 

Gauss divergences theorem 

Stoke’s theorem 

Stoke’s theorem Ampere’s Law ∮ ⃗B ⋅ ⃗dl = μ0Iencl
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Maxwell Equations

Gauss’s Law ⃗▿ ⋅ ⃗E = ρ
ϵ0

Gauss’s Law 
for magnetism

⃗▿ ⋅ ⃗B = 0

Faraday’s Law ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Ampere’s Law ⃗▿ × ⃗B = μ0 ⃗J

Physical Significance
Net electric flux through a closed surface (3D) 
is  times the net charge enclosed by the 
surface

magnetic monopoles cannot exist 

Time-varying magnetic flux produce electric 
field

A magnetic field is produced due to 
conduction current density
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Maxwell Equations

Gauss’s Law ⃗▿ ⋅ ⃗E = ρ
ϵ0

Gauss’s Law 
for magnetism

⃗▿ ⋅ ⃗B = 0

Faraday’s Law ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Ampere’s Law ⃗▿ × ⃗B = μ0 ⃗J

Anomalies with this equation
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Displacement Current
Assume a capacitor of radius, r, is connected to a 
circuit with a flowing current of I

⃗▿ × ⃗B = μ0 ⃗J

According to appears law, there must be no magnetic 
field inside the capacitor, as I=0

However, Maxwell found the same magnetic 
field with same deflection inside the capacitor, 
so he predict that:

The change in Electric Field   ⇒   Creates the Magnetic Field 

∮ ⃗B ⋅ ⃗dS ∝ ∂E
∂t ∮ ⃗B ⋅ ⃗dS = μ0ϵ0

∂E
∂t

⇒ ⇒ μ0ϵ0
∂E
∂t

= id
displacement current



School of Physics,VIT VelloreDr JB: BPHY101L

Displacement Current: Ampere-Maxwell Law

⃗▿ × ⃗B = μ0 ⃗JAmpere’s Law

Maxwell said that not only current produces a magnetic field but a 
changing electric field in vacuum/free space also produces a 
magnetic field

⃗▿ × ⃗B = μ0 [ ⃗J + ϵ0
∂ ⃗E
∂t ]

Displacement current
Conduction current

Ampere’s-Maxwell Law

Corrected
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Modified Maxwell Equations

Gauss’s Law ⃗▿ ⋅ ⃗E = ρ
ϵ0

Gauss’s Law 
for magnetism

⃗▿ ⋅ ⃗B = 0

Faraday’s Law ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Ampere’s-
Maxwell Law ⃗▿ × ⃗B = μ0 [ ⃗J + ϵ0

∂ ⃗E
∂t ]

Physical Significance
Net electric flux through a closed surface (3D) 
is  times the net charge enclosed by the 
surface

magnetic monopoles cannot exist 

Time-varying magnetic flux produce 
electric field

A magnetic field is produced due 
to conduction current density 
and varying electric field

modified
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Maxwell Equations 



School of Physics,VIT VelloreDr JB: BPHY101L

Modified Maxwell Equations

Gauss’s Law ⃗▿ ⋅ ⃗E = ρ
ϵ0

Gauss’s Law 
for magnetism

⃗▿ ⋅ ⃗B = 0

Faraday’s Law ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Ampere’s-
Maxwell Law ⃗▿ × ⃗B = μ0 [ ⃗J + ϵ0

∂ ⃗E
∂t ]
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Maxwell Equations in free space
A free space means there is no source of current or Charge; 

 ρ = 0, J = 0

Gauss’s Law ⃗▿ ⋅ ⃗E = ρ
ϵ0

Gauss’s Law 
for magnetism

⃗▿ ⋅ ⃗B = 0

Faraday’s Law ⃗▿ × ⃗E = − ∂ ⃗B
∂t

Ampere’s-
Maxwell Law ⃗▿ × ⃗B = μ0 [ ⃗J + ϵ0

∂ ⃗E
∂t ]

General form ⃗▿ ⋅ ⃗E = 0

⃗▿ ⋅ ⃗B = 0

⃗▿ × ⃗E = − ∂ ⃗B
∂t

⃗▿ × ⃗B = μ0 ϵ0
∂ ⃗E
∂t

Free Space
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Electromagnetic wave equation in  free space (Derivation)

A free space means there is no source of current or Charge;  , considering 
the Maxwell equation:

ρ = 0, J = 0
⃗▿ ⋅ ⃗E = 0 . . . . . . (1) ⃗▿ ⋅ ⃗B = 0 . . . . . . (2)

⃗▿ × ⃗B = μ0 ϵ0
∂ ⃗E
∂t

. . . . . . (4)
Lets operate Curl on eqn-3

⃗▿ × ⃗▿ × ⃗E = − ∂
∂t ( ⃗▿ × ⃗B )⇒

using  Maxwell equation-1 & 4

⃗∇ ( ⃗∇ . ⃗E ) − ∇2 ⃗E = − ∂
∂t ( ⃗∇ × ⃗B )⇒

⃗∇ (0) − ∇2 ⃗E = − ∂
∂t (μ0 ϵ0

∂ ⃗E
∂t )⇒

∇2 ⃗E = μ0 ϵ0
∂
∂t ( ∂ ⃗E

∂t )⇒

∇2 ⃗E = μ0 ϵ0
∂2 ⃗E
∂t2⇒ ⇒ ∂2 ⃗E

∂t2 = v2 ∇2 ⃗E

v = 1
μ0ϵ0

Lets operate Curl on eqn-4

⃗▿ × ⃗▿ × ⃗B = ⃗∇ × (μ0 ϵ0
∂ ⃗E
∂t )⇒

using  Maxwell equation-2 & 3

⃗∇ ( ⃗∇ . ⃗B ) − ∇2 ⃗B = μ0 ϵ0
∂
∂t ( ⃗∇ × ⃗E )⇒

⃗∇ (0) − ∇2 ⃗B = μ0 ϵ0
∂
∂t ( −∂ ⃗B

∂t )⇒

− ∇2 ⃗B = − μ0 ϵ0
∂2 ⃗B
∂t2⇒

⇒ ∂2 ⃗B
∂t2 = v2 ∇2 ⃗B

v = 1
μ0ϵ0

⃗▿ × ⃗E = − ∂ ⃗B
∂t . . . . . . (3)
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Electromagnetic wave equation in  free space

⇒ ∂2 ⃗E
∂t2 = v2 ∇2 ⃗E ⇒ ∂2 ⃗B

∂t2 = v2 ∇2 ⃗B v = 1
μ0ϵ0

c, is the speed of EM wave. If we substitute the value of 
 ϵ0 = 8.854 × 10−12 Fm−1, and μ0 = 4π × 10−7

⇒ v = 1
μ0ϵ0

= 2.99776 × 108 m /s = c (Speed of Lig h t)

This conclude that the EM wave travels in speed of 
light in free space
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EM Wave Equation Solution
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Objective of Class

∂2 ⃗E
∂t2 = c2 ∇2 ⃗E ⇒ ∂2 ⃗B

∂t2 = c2 ∇2 ⃗B

Wave	equa=on	of	Electric	field	and	Magne=c	field		derived	from	Maxwell’s	Equa=ons
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Wavefronts

Wave Fronts are the parallel surfaces connecting equivalent points on adjacent waves 
or the locus of all the particles of the medium which are in the same state of vibrations
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Wavefronts and its Types
Wave Fronts are the parallel surfaces connecting equivalent points on adjacent waves
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Plane Waves
A plane wave is defined as a wave whose value remains constant throughout 
a plane (constant phase on surface) and is transverse to the direction of the 
propagation of the wave

It is a wave in which the amplitude is constant over all the points of that plane which is 
perpendicular to the direction of the propagation. i. e. for a given time, the disturbance 
has a constant phase on the surface. 
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Electromagnetic Waves

• Transverse wave with a varying electric and magnetic field 
• Move with the speed of light 
• E-is in Y-X plane 
• B is in Z-X plane
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Objective of Class

∂2 ⃗E
∂t2 = c2 ∇2 ⃗E ⇒ ∂2 ⃗B

∂t2 = c2 ∇2 ⃗B

Wave	equa=on	of	Electric	field	and	Magne=c	field		derived	from	Maxwell’s	Equa=ons
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Transverse nature of EM Wave

∂2 ⃗E
∂t2 = c2 ∇2 ⃗E ⇒ ∂2 ⃗B

∂t2 = c2 ∇2 ⃗B

The most familiar form of solution to Maxwell’s equation is of the form: 

⃗E 0 = E0x ̂i + E0y ̂j + E0z
̂k ⃗B 0 = B0x ̂i + B0y ̂j + B0z

̂k

using Maxwell equation in free space

⃗▿ ⋅ ⃗E = 0 ⃗▿ ⋅ ⃗B = 0 ⇒
⃗E ⊥ ⃗k
⃗B ⊥ ⃗k

⇒ ⃗E ⊥ ⃗B

⃗E (x, y, z, t) = ⃗E 0 Sin( ⃗k . ⃗r − ωt + ϕ)
⃗B (x, y, z, t) = ⃗B 0 Sin( ⃗k . ⃗r − ωt + ϕ)

⃗k = kx ̂i + ky ̂j + kz
̂k

⃗r = x ̂i + y ̂j + z ̂k
Where,

will prove it 
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Transverse nature of EM Wave

∂2 ⃗E
∂t2 = c2 ∇2 ⃗E ⇒ ∂2 ⃗B

∂t2 = c2 ∇2 ⃗B

The most familiar form of solution to Maxwell’s equation is of the form: 

⃗B 0 = B0x ̂i + B0y ̂j + B0z
̂k

⃗E (x, y, z, t) = ⃗E 0 Sin( ⃗k . ⃗r − ωt + ϕ)
⃗B (x, y, z, t) = ⃗B 0 Sin( ⃗k . ⃗r − ωt + ϕ)
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̂k

⃗r = x ̂i + y ̂j + z ̂k
Where,
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Transverse nature of EM Wave

using Maxwell equation (Faraday’s law) in free space ⃗▿ × ⃗E = − ∂ ⃗B
∂t

lets assume, the Electric field in  y-direction

⃗▿ × ⃗E = − ∂ ⃗B
∂t ⇒ ⃗B 0 = − ̂k ( k

ω ) ⃗E y

⇒ ⃗B 0 = − ̂k ( 1
c ) ⃗E y

similarly, If the Electric field in  z-direction

⃗B 0 = − ̂j ( 1
c ) ⃗E z⇒

If !  oscillates in the y-
direction, !  will oscillates 
on the z-direction and rise 

versa….i.e mutually 
orthogonal to each other

⃗E ⃗B
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Plane Electromagnetic Waves
A plane EM wave is travelling in the x-direction, then the E and B fields are mutually 
orthogonal to each other

• Transverse in nature
• E ⊥ B,  & E, B ⊥direction of propagation

⃗E = ̂y Emax Cos(kx − ωt)
⃗B = ̂z Emax Cos(kx − ωt)

Bmax = Emax

c
; c = ω

k
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Concept: Accelerating Charge Particle
Lets consider a charge particle: 

Rest, v=0 Charge in motion ( )v ≠ 0

Electric Field 
 E ≠ 0, B = 0 V= Constant 

( ) 
E, B are constant
E ≠ 0, B ≠ 0

Accelerating  
(! ) 

E, B are time varying
E ≠ 0, B ≠ 0

EM wave
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Concept: Accelerating Charge Particle

Accelerating  
(! ) 

E, B are time varying
E ≠ 0, B ≠ 0

EM
 w

av
e

Accelerating charge particles/
oscillating charge particles create EM 
waves. So the LC circuit is the source 
of the EM wave
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Hertz Experiment

f = 1
LC

f = 5 × 107Hz
A-B plates= 60 cm 
S1-S2 ball= 2 cm
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Importance of Hertz Experiment
• Heinrich Hertz between 1885 and 1889 had an 

exceptional influence on the subsequent development of 
science and technology

• In 1888, hertz was the first to experimentally generate 
and detect electromagnetic waves and proved the 
theory predicted by Maxwell in 1865

• He used an oscillator made of polished brass knobs, 
connected to an induction coil and separated by a tiny 
gap over which sparks could leap.

• If Maxwell's predictions were correct, electromagnetic 
waves would be transmitted during each series of 
sparks.
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Hertz Experiment
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Important Question on Mod-2
1. Numerical	Problems	on	Gradient,	Divergence	and	Curl	for	any	vector	Field	

2. Explain	Gauss	Divergence	Theorem	and	Stokes	theorem	with	diagram	and	their	

physical	significance	

3. Write	Maxwell’s	Equa2ons	in	integral/differen2al	form	and	explain	their	physical	

significance	

4. Convert	Maxwell’s	equa2on	from	integral	form	to	differen2al	form	using	Gauss	

divergence	theorem	and	stokes	theorem	

5. Derive	wave	equa2on	for	electric	field	and	magne2c	field	component	of	the	EM	

wave	and	prove	that	it	travels	at	speed	of	light	

6. Derive	plane	EM	wave	equa2on	and	show	it	is	transverse	in	nature	

7. With	stable	schema2c	digram	explain	the	Hertz	Experiment
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CAT-1 QP Pattern
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Thank You 


