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Module-2: Electromagnetic Waves

Syllabus

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. Giriffith, 4th Edition (2015)

2. University Physics with Modern Physics by H. D. Young and R. A.
Freedman)
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Electromagnetic Waves

Propagation
Electric Direction

Magnetic
Field (B)

* Transverse wave with a varying electric and magnetic field
 Move with the speed of light

* Produced by moving charge particles

 Can emit and absorbed by matters

« Many applications in industry, light, laser, LED, communication, etc
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Electromagnetic Spectrum

Non-ionizing radiation lonizing radiation

Gramma rays
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Electromagnetic Spectrum-Applications

Radio Wave Frequencies (RF) Microwaves

Radio Region of the Electromagnetic Spectrum eight of the Statue of Libert Microwave Region of the Electromagnetic Spectrum - About the size of a baseball

|
30 MHz 300 MHz 300 MHz
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Radar MRI Wireless Charging Microwave Oven Satellite Communication Wireless Communication
(RAdio Detection And Ranging) (Magnetic Resonance Imaging)

Infrared Region of the Electromagnetic Spectrum r Visible Light Region of the Electromagnetic Spectrum About the th
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X-ray Region of the Electromagnetic Spectrum

SOFT X-RAYS HARD X-RAYS

Gamma Ray Region of the Electromagnetic Spectrum

a Light source
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Thermal Imaging Chemical Sensing Optical Communication

Photolithography X-ray Imaging

Solar Cells 3D Display
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Scalar and Vector

Speed is a
Dy Scalar quantity

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

Volume Time
Tempereture Speed

Dr JB: BPHY101L

Weight is a
Vector quantity

VECTOR

A vector is a physical quantity that has both
magnitude and direction. Vector quantities are
important in study motion, EMT etc

H F

Weight Thrust
Magnetic field Velocity



Dot (.) Products

There are two ways to multiply two vectors

*The dot product produces a scalar quantity
*[t has no direction
o[t can be pretty easily computed from geometry
o[t can be easily computed from components

W

V-W=vuwcCcosl = VW, Vv wo+ VW,
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Cross (x) Product

The cross product produces a vector quantity

*[t 1s perpendicular to both vectors

*Requires the right-hand rule

[ts magnitude can be easily computed from
geometry

o[t 1s a bit of a pain to compute from components

W

vxw=det| v (1 M — VW, )l -+ ( WL — 2k M ) |

+ (way -V, W, )l\
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Scalar field Function

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.

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

p (x,y, z), Density depends on x, y and z coordinates.

* The temperature at each point in an insulated

wall
* The mass density of the atmosphere

* The water pressure at each point in an ocean

Figure 1.2.1 Nighttime temperature map for Mars
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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.
e Magnetic Field B (x,y,2) —
e Velocity V'(x, y, 2) =————xx

o Gravitational Field F'(x,y, ) _—’g—/_——_{: ——

TR >
(‘ug.‘:'-.‘-: @i ?’?5\\ ;ff %

' / | \\. 3 :§ \ @.
(d) Lines of force around (b) Laminar ﬂO.w Of. blopd \ ;éﬁ ;’éﬁ:
two equal positive charges in an artery; cylindrical \3@ \
layers of blood flow ?é: \ 3@:

faster near the center \ \
of the artery

Figure 1.3.1 Falling snow.
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Operator

An operator that operate over a function to give another functions

0
O=—
ox

function = T(x, y, 2)

= x* + 2x7 + xy*z

ol
=0T = —
0x

=2x + 27+ y*z

- X

arithmetic operator
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Del (V) Operator

The vector differential operator V . called “del” or “nabla”, is defined
in three dimensions to be:

— 3, 0. O0-
k

— a A a A
Vf=—fi+—fj+—k
ox 0y 07
0(x? + xy + x2) » 6(x2+xy+xz) A 0%+ xy+x2) »
= . + J+ k
0x oy 07

—

= =Qx+y+2)i+xj +xk
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Del (V) Operator

— 6/} a’.‘ a’\
= k

l

Scalar function (F) Vector function (F)
| ! -

v 1 l
Gr%cj;ﬂt Divergence Curl_
V. F VxF
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Gradient of a Scalar Field (VF)

When the del ( V ) operator acts on a scalar field function ¢(x, y, z), we
get a vector function, called as gradient

—> a A a A a A
V¢==_¢i+_¢j+_¢k
0Xx ay 07

A key point: F is a Scalar and the gradient of F is a vector.

Physical significance:

« V¢ tells the maximum rate of change of the scaler function ¢(Xx,

y, Z) with respect to the position in that particular direction.
e |tis vector quantity
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Gradient of a Scalar Field (VF): Example

— op .~ 0P ~ 0 -
V¢=—¢l+—¢]+—¢k
0x 0y 07

Lets consider a function, @(x,y, z) = xy2 — VT

— a A a ~ a -
Vo= ¢i | ¢j | d)k
0x dy 0z
= %(.’I:y2 —yz)t + aﬁy(-’lfl P —yz)j
0 .
+&(:1:y2—yz)k
s O, .. 9 . 9 i
= Yy’ x B (2)i + {x X 8—y(y2) —Z X 8_y(y)] J

+(-9) X -(k

= yi+ (2zy —2)j — yk.
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Divergence of a Vector Field (V.F)

Let COﬂSIdeI’ a vector field F(x v, 2), then its divergence is calculated
as div F(x V,7) = V.F

,y — 0, 0 . 0 A A A
V.Fx,y,7) = (El+a—y]+a—zk) (F11+F2]+F3k)

oF, oF, OF;
=—t+—+—
0Xx dy 07

A key point: F is a vector and the divergence of F is a scalar.

The divergence of F(z,y) = 3x%1 + 2yj is:

OF IF
V-Flz.y) = 8:11 ()y2
%, ",
= = = 6z +2.
()r(31 ) + ()J(ZJ) 6x +
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Divergence of a Vector Field (V.F)

et consider a vector field, F'(x, v, ), then its divergence is calculated

—
as div F(X, YV, Z) =V.F V.F(xy,2) = (i;+if+ii€) (F\i + F,j + F3k)
ox 0y 0z
_ O, OF, OF,
ox oy 0z

Physical significance:

e |tis a operation performed on a vector, results into a scalar
|t tells, how much flux is entering/leaving per unit volume

\\“\‘ \ dwF>0 divF=0 divF <0

.i
i
SRRR

— - — ’-

. !
' : ]

.—..—‘—-
1

O A —

water flow rate — I —————— — =

5

i

l
114
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Divergence of a Vector Field (V. )

V.V <0 vV.V> =0
Sink neither Source

Nnor

Sink
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—

Divergence of a Vector Field (V. )

'Electric Field Lines|

Positive Charge Negative Charge
A

—

V.V <0

Sink
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Divergence of a Vector Field (V. )
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Curl of a Vector Field (Vx F)

= (Consider the vector fields

F(x,y,z) = P(x,y,2)i+Q(x,y,2)j+ R(x, y,2)k

* The curl of F 1s another vector field defined as:

i ]k

curl F = 0 0 0
ox Oy Oz

P O R

= In terms of the differential operator V, the curl of F

Curt F = vx i (F aQ)l i aR)j (6Q oP

0z Oy

= A key point: F 1s a vector and the curl of F 1s a vector.

Direction of curl is perpendicular to the plane of circulation
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Curl of a Vector Field (V x F)

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

<«
V‘J/ — “\\
LTS N
> ////‘//_\\\\ T
. 1'/ e ' ! T
River l 1 |\\\\_//"////
——— —" > \\ \?\: ~
— = “~ -~ V2
——- ',=C> — o~ . »/1
’ o — O\
el > // -
," River Bank T 1 l/;/,/:-\\\‘\\\ \
R \'\ ® I l l
Re ‘\\ oS =
Py \ “ ._,f/ //
'O' V2 =V1 v\\ :___ e P/
- R V2 7 «
> O O /DB o"'
A A A A .
—»XB—be» XB—> — XB_»BXA_:X"
-
- O O O
>
curl#0
curl=0
(a) Irrotational flow (b) Rotational flow

Dr JB: BPHY101L



Curl of a Vector Field (V x F)

Find a curl of the vector field @(M) = 3)’2; + 2xzj +Sxyk

i j k| |i j k
. |0 0 O ¢c 0 0
curla = == = =]
ox oy 0oz| |[ox oy 4
a, a, a.| PByz 2xz Sxy
o 6(5xy)_6(2xz) _3. 6(5xy)_3(3yz) 3 6(2xz)_8(3yz)
oy oz Ox 0z ox oy
— =_i.-(5x—2x)—}'-(5y—3y)+7c~(22—3z)
= =3xi-2yj—zk

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

<
<
X
"
|

Il Divergence of Curl is Zero

Curl of Gradient is Zero

<
X
<]
-
|
-

-—p — —

\vAN AW v2J Al Curl of Curl is non zero

Vx(VxF

|
<

Exercise to Practice:

Ezercise: Compute gradient V¢ of the following scalar fields (i) o(x,y,2) = xyz, (ii) o(z,y,2) = x + yz , (iii)
d(x,y,2) = 2% + y*2

Ezercise: Compute divergence V- F of the following vector fields: (i) ﬁ(.’l),’l y2) = vi+yj+ 2k, (ii) ﬁ(am 2) = 2%i4yz)
, (iii) F(z,y, 2) = 2% + y%) + zk.

Ezercise: Compute curl, V x F of the following vector fields: (i) f(a:,? ,2) = xi + yj + 2k, (i) ﬁ(a:,1 L 2) = 2% + yz)
, (iii) F(z,y, 2) = 2% + y?) + zk.

Ezercise: Show that V x (6 X ﬁ) =V (6 : F’) — V2F for the following vector fields: (1) ﬁ(a:,v 2) = xi+yj + 2k,
(ii) F(z,y, 2) = 22i + yzJ.



Vector Field Function

For a Vector Field Function F(x, Y, 2)

— —

1.Irrotational V X F = 0

or _ Curl of that function is Zero
Conservative

— —

2. Incompressible Vv  F = 0

Divergence of that function is Zero
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Numerical to Solve at Home

1. Compute the Divergence and Curl tfor a vector field

F = xzyf — (2% - 3x)f+ 4y21Ac

2. For the above vector field, F', the curl of the gradient is
zero, i.e V X (VF) =0

3. Prove that the following vector field Fis conservative:

3x%y X’ 2x7y ) .

F:(4y2+ - )l+(8xy+Z )]+(11— 3 k
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Area of simple shape




Integration

For a function, f(x), the integration can be defined for a point a—to—b is

b n
jf(x)dx = lim f(x;)Ax
a G =1
f(x) f(x)
- AX—>0
¢ 1 fa /A/ ) N— o0 /
L N - AX > ‘
X—> OI fx)dx X—>
|AX| X X

X N
Area = If(x)dx = |im Z f(x)Ax The integration denotes the summation of discrete data
0

AX—>0 .
=1
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Line, Surface, and Volume Integral

i ; - f(x
Function of single variable 4 1(x)

™
x=B x=B c‘“‘“‘fﬁc-‘
fszf(x)dx=él)1‘£I:°;Af(x)5x m
-
A B X

For function of multiple independent variables (scalar and vector fields)

1. Line integral
2. Surface integral

3. 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 ¢(X, y). In this case, the line-integral 1s defined as

B
/ o(x,y)dr
A

where dr 1s the infinitesimal line segment along a specific path between A and B

If the path 1s closed, in which case A = B, we write the integral as

75 o(x,y)dr
%
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https://byjus.com/maths/coordinate-system/

Line Integral

If the function 1s a vector the line-integral then defined as

B —
/ F-dr
A

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:

fﬁ.dﬁ
C

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 1its initial point at P and terminal point Q: What is the work done in moving the particle

form P to Q

z z
F | | AL T dl b

O—— O Q" Qe r, Q I

| s | 5 e S */<:§ x |
Work done by a unif Work done by aunif PL e ; ! T
. v a uniform ork done by auniform AW =B Af | Ny

force in the displacement force out of the displacement : : L

|

direction: W =Fs directionn. W =Fscos 8 ¥
/
o S —



Line Integral

A rescue team follows a path in a danger area where for each
position the degree of radiation is defined. Compute the total
amount of radiation gathered by the rescue team along the path.

charge particle in a electric filed
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Surface Integral

Surface integral of a vector field F (X, Y, z) along the surface S is defined as

[/s f(;zt, Y, 2) - dS = //;;* (1*: : 'ﬁ.) dS

where dSis an infinitesimal vector perpendicular to the surface element and n” is a unit
vector in the direction of dJS .

¥

X
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Surface Integral

Surface integral of a vector field E (X, Yy, z) along the surface S, and the surface is

closed, then it 1s defined as
# F(x,y)-dS

_,79\»;,
| v
A

Magnet

—

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

over the area enclosed by the coil. ¢; = J B - dS represents the magnetic flux

passing through the enclosed surface.
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Surface Integral

Surface integral of a vector field F (X, YV, z) along the surface S, and the surface is
closed, then it 1s defined as
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Volume Integral

Volume integral of a scalar field f(x,y) within a region V 1s written as

///Vf(:lr,y,z)dV:///vf(:z:,y,z)da:dydz

-

Dr JB: BPHY101L

ool of Physics,VIT Vellore



Important Integrals in E-M Theory

1. Line Integral

8=§F E>-dl)
L

2. Surface Integral E= Electric Field
J= Current Density
] = . p= Charge Density

|= Current

&= Potential
Qin= Total charge enclosed




Gauss-Divergence Theorem

The normal surface integral of a vector function F (x,y, z) over the boundary
of a closed region is equal to the volume integral of the divergence of the

vector function, V. Fr(x, v, 2), taken throughout that region

OF-dS=| (¥ -Flv
Js Jv

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

the divergence of f over volume V enclosed
by S.
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Gauss-Divergence Theorem

QR > F:Fx5+Ff+Fl% i ., — - _9d, 0, 0,
) F ’ dS —> . : . : . (v . F)dV =gx+a—y+a—zz
dS=dS,i+dS,j+dSk Y
CS | IV dV = dxdydz
F . dS = FdS, + F,dS,+ F.dS, o 7 % 9 O
= Flux = ® ox dy 0z
: r 2 |
| E]EE The surface integral of a vector field |
: over a closed surface is equal to the
| volume integral of the divergence over [ I

. _the region inside the surface. y
\ e :
; b&g = :
| d : .
v | alEe = e = | (¥ -Fiav
G F-dS= 8E i Jv
J S {; A __G__T_Q > . /,,-'. —————————————

/ (faucets within the volume) = // (low out through the surface)
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Stokes Theorem

The line integral of a vector field, F over a loop (loop means closed path)
Is equal to the flux of its curl through the enclosed surface

ﬂE F>-df=J' (VX F)-dS
L S

Closed path line (C) is associated with a surface S
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Stokes Theorem

The line integral of a vector field, F over a loop (loop means closed path)
Is equal to the flux of its curl through the enclosed surface

3EF’.dz= (¥ xF). a5
L J

or 15: servior. S o physics v velore



Stokes Theorem

The line integral of a vector field, F over a loop (loop means closed path)
Is equal to the flux of its curl through the enclosed surface

F.di=| (¥YXF)-dsS
L S

~a 7

It relates the microscopic circulation of a vector field with the macroscopic circulations
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Module-2: Maxwell's Equations

Four Laws of Electricity and Magnetism

1. Gauss’s law: electrostatics 2. Gauss law: magnatostatics

3. Faraday’s law: 4. Ampere’s law:
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Integral torms of Electricity and Magnetism (Before Maxwell)

Gauss’s Law

The net electric flux through a closed surface (3D) is — times the net charge

€0
enclosed by the surface
> > Qencl
€0
Gaussian /,
surface

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

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

magnetic
field

]
)
|
I

Dy

The number of magnetic field lines that enter a closed volume must equal the number
that leave that volume. This implies that magnetic field lines cannot begin or end at any

point. If they did, it would mean that isolated magnetic monopoles existed at those
points: Magnetic monopoles does not exist
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Integral torms 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.

(a)

(b)

0D,
e =
ot
(¢)
— — 0D
<JEE. | = Z
ot

Change in Magnetic flux create an Electric field
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Integral torms of Electricity and Magnetism (Before Maxwell)

Ampere’s Law

The magnetic field in space around an electric current 1s proportional to the electric
current which serves as its source

Plane of
curve

L =1 — L+ 13

ool
=|
]

//tOIencl

It relates the creation of magnetic field due to the electric current
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Integral and differential forms Maxwell Equations

Integral form Differential form

R R _—y P
Gauss’s Law CJ;E . da’ _ Qencl v - E = €_
0
€0 Gauss divergences theorem
Gauss’s Law for (B . 4g = v -B =
. B-da=0 Gauss divergences theorem v-8=0
magnetism
Faraday’s LawpE - d]l = — —2 vXE = —-—
ot Stoke’s theorem ot
k ’ — — -
Stoke’s theorem v x B = p)

Ampere’s Law CJ;I—S’ ] = oL,
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Maxwell Equations: Integral = Ditterentiation form

Integral form

Gauss’s Law ) E’ dC{ . Qencl Gauss divergences theorem

(
o €o
b E-da=| (v-Bav = | (v Fay= 2
J S JV Jv 60
" — = 1 "
= | (V-E)ydV=—/| pdV
JV €0 Vs

= v.E=2
€0
Differential form
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Maxwell Equations: Integral = Ditterentiation form

Integral form

Gauss’s Law magnetism

B - da =0

Gauss divergences theorem

O B-da=| (V-Bydv = [(V-E’)dV:O
Js Jv v

—

= VvV - B

0

Differential form
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Maxwell Equations: Integral = Ditterentiation form

Integral form

Faraday’s Law aCDB a(I)B _ EJ B . dS’
az ot or Jq
SEE g =208 B .,
ot __ J 9B s
Apply Stoke’s theorem S @t
=><J; E>-df:J(VX§)-d_S) .
L S -, — 0B
= X E
ot

Differential form
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Maxwell Equations: Integral = Ditterentiation form

Integral form

Ampere’s Law (JA)B> y di = :uOIencl [ = J J g dS>
S

Apply Stoke’s theorem
= Bdi=| (FxB) B
L S = VX B =yl

Differential form
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Integral and differential forms Maxwell Equations

Integral form Differential form

R R _—y P
Gauss’s Law CJ;E . da’ _ Qencl v - E = €_
€0 Gauss divergences theorem X
Gauss’s Law for } B . 44 = vV -B =
; B-da=0 Gauss divergences theorem v-B8=0
magnetism
Faraday’s LawE - dl = - —2 VXE=—-——
ot Stoke’s theorem ot
ke’ N — -
Stoke’s theorem V X B = )

Ampere’s Law CJ;I—S’ ] = oL,
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Maxwell Equations

Physical Significance

— E* P Net electric flux through a closed surface (3D)

Gauss’s Law \ — 6_ IS times the net charge enclosed by the
0 surface

Gauss’s Law v ? =0 magnetic monopoles cannot exist
for magnetism

., — 0B . . . .
Faradav’s Law v X E = Time-varying magnetic flux produce electric

ot field

Ampere’s Law A magnetic field is produced due to

conduction current density



Maxwell Equations

.=
Gauss’s Law v o -
0
Gauss’s Law v - B =0
for magnetism
0B

Faradav’s Law VX E =

Ampere’s Law

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 | '3

]

vV X B =yl e e

According to appears law, there must be no magnetic ﬂa/
field inside the capacitor, as [=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

> > 0E " > > aE aE .
#B‘dS X — :<>B°dS=M060_ : IMOG()Ezld

ot ot
displacement current
or 78: BPHY10IL U oo of Physics VIT ellore




Displacement Current: Ampere-Maxwell 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

Ampere’sLaw vV X B = //tOJ

\
Corrected | | .
Field due Field due Field due
to current z to current i; to currenti

- - OE

vV X B = Ho [J + 6()_] Ampere’s-Maxwell Law

/

Conduction current

Dr JB: BPHY101L
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Moditied Maxwell Equations

Physical Significance

C o 1 6’ . f — ﬁ Net electric flux through a closed surface (3D)

auss’s Law €0 is times the net charge enclosed by the

surface
's Law v - B — : '
Gauss’s Lay v:-B=0 magnetic monopoles cannot exist
for magnetism
| - 0B

Faradav’s Law VXE= 5t Time-varying magnetic flux produce

electric field

Ampere’s- — -
Maxwell Law

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

modified




Maxwell Equations

Vector Calculus

!

Gauss’s law: electrostatics Gauss law: magnatostatics

Faraday’s law: Ampere’s law:

!

Maxwell’s equation

!

Electromagnetic waves
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Moditied Maxwell Equations

. F=L
Gauss’s Law v .
0
Gauss’s Law v.-B=0
for magnetism
., — 0B
Faradav’s Law v X E =
ot
Ampere’s- . — > oF
Maxwell Law 7 < B =/ |1 + €0 ]

or 15: servior. S o physics v velore



Maxwell Equations In free space

A free space means there is no source of current or Charge;

p=0, J=0
General form Fiee Epace
Gauss’s Law V-Ezﬁ v-E=0
€0
GausssLaw <= { _ vV-B=0
for magnetism
Faradav’s Law V X E = v X E = p
ot t
Ampere’s- _, — . oE - o
Maxwell Law ¥ X B = Ho [J + 60_] ¥ X B =y €g—
ot 0 €07
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Electromagnetic wave equation in free space (Derivation)

A free space means there is no source of current or Charge; p = 0, J = 0, considering

the Maxwellequation: = & _o .1y ¥-B=0......Q)
VXE=—7 ...... (3). VXB:MO€OE ------ 4)
Lets operate Curl on eqn-3 © Lets operate Curl on eqn-4 _
> > - 6 _ — : > > — g aE
= v’xv’xE=—E(va) D= vxva=V><(,qu()7)
. _ o : V= — - 0 —
= V(V’.E’)—V2E=—§(V’x3') = V(V.B)=V'B=pye—(VXE)
t ;
using Maxwell equation-1 & 4 :  using Maxwell equation-2 & 3
= : — — 0 —0B
v Z__9 ok . = V(0)-V?B =
= VO - VE =~ (s o) : ) Ho €= (——)
— 2_)
— 0  OE = 0°B —
2 — — : —V°“B = — €
= VE=k €Oat< ot ) Ho€o| : = 0 ar Al
R 0’E PE : 0’8 .
2 — _ 22 L= — 12 V2B
= VL Ho €0~ = — =V VZE : - =Y
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—lectromagnetic wave equation in free space

—

0°E — 0*B -
2 \72 . =
= atz =v- V°E = ? — V2 V2B Ho€o

C, Is the speed of EM wave. |f we substitute the value of
€y = 8.854 x 10712 Fm™!, and py = 4m x 107"

1
= V= =2.99776 x 10° m/s = ¢ (Speed of Light)
\/ Ho€o

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

Vector Calculus

!

Gauss’s law: electrostatics Gauss law: magnatostatics

Faraday’s law: Ampere’s law:

!

Maxwell’s equation

!

Electromagnetic waves
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Objective of Class

Wave equation of Electric field and Magnetic field derived from Maxwell’s Equations

PE - 0’B
=c“ V°E = —
or? ot?

= ¢? Vzﬁ

Next goal is to discuss the plane-wave solution

— >  Find the solution to the wave equation
—»  Show that electromagntic wave is a transverse wave

— Both E‘ and ﬁ are perpendicular to each other and
both are perpendicular to the direction of propagation.
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Wavefronts

Wavefront

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

Wave Front II Direction of propogation

) Wave Front |
>\ W \ /\\ '
X aves < \

AN Wavefronts
Successive wave ~ “‘*;{:_»{ Light Rays, showing the
fronts are 1 - ““‘:// Direction of Propogation
wavelength apart T

= _Z+

..... VT,
‘. -------- : #‘-. -------- '“
..... ":......A"""

Spherical Cylindrical Plane
wavefront wavefront wavefront




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

Uniform plane wave —_ |

\\ \\ . '
/ Vo Vo Aperture

- . \ : ' :

N | i/

)y, - — ! ~ Observer

T ’ ' :
Z

Ulaby N

(b) Planc-wave approximation

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.

on 7: BoHYIDHL S ——



Electromagnetic Waves

Electric
Field
Ay
N Wavele
| ngth 1 EIeciromagnetic Waves
‘r A A
Z,/ Z . | :
Magnetic J // !

o A l Direction

Transverse wave with a varying electric and magnetic field
 Move with the speed of light

E-is in Y-X plane

Bisin Z-X plane
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Objective of Class

Wave equation of Electric field and Magnetic field derived from Maxwell’s Equations

PE - 0’B
=c“ V°E = —
or? ot?

= ¢? Vzﬁ

Next goal is to discuss the plane-wave solution

— >  Find the solution to the wave equation
—»  Show that electromagntic wave is a transverse wave

— Both E‘ and ﬁ are perpendicular to each other and
both are perpendicular to the direction of propagation.
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Transverse nature of EM Wave

217 Y
aEzczvzf = ()_B:szzﬁ
012 ot
The most familiar form of solution to I\/Iaxwell s equation is of the form:
E(x V,Z,1) = Eo Sm(k F— ot + @)
B (x, V, 2, 1) = Bo Sm(k r— wt + gb)
Where, & = ki +k,j + kk

o\ A Vo

Eo = Ey,i + Ey,j + Epk By = By, + By,j + Byk

<

S

using Maxwell equation in free space . N
V-E=0 V-B=0 = . . = FELB
B J— k will prove it
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Transverse nature of EM Wave

2T 2
aEzczvzf = ()_B:szzﬁ
ot? ot?
The most familiar form of solution to I\/Iaxwell s equation is of the form:
E(x V,Z,1) = Eo Sm(k F— ot + @)
B (x, Y, 2, 1) = B() Sm(k r— wt+ gb)
Where, & = ki +k,j + kk

By = By, + By,j + Byk

X
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Transverse nature of EM Wave

using Maxwell equation (Faraday’s law) in free space =™ v X E = — —

lets assume, the Electric field in y-direction

— .- 0B — A k —
VEETTOD T Bo=-k(Z)E,
0,
— ﬁo — —k (l)fy If £ oscﬂ?tes in the y-
¢ direction, B will oscillates
similarly, If the Electric field in z-direction on the Z'dir_eCtion and rise
i versa....l.e mutually
= By=—] (z) E, orthogonal to each other
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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

y e Transverse in nature
e E 1 B, & E, B Ldirection of propagation

c =
s E=9%E__ Cos(kx — wt)

max

B =3 E, .. Cos(kx — wt)

E

max
B max —
C

=y,
™.



Concept: Accelerating Charge Particle

Lets consider a charge particle:

l
l l

Rest, v=0 Charge in motion (v # 0)
| | 1 |
EElicgiC gie=|d0 V= Constant Accelerating
| (E#0, B#0) (E#0, B#0)
E, Bareconstant £, Baretime varying
EM wave
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Concept: Accelerating Charge Particle

Accelerating
(E#0, B#0)
E, B are time varying y

Accelerating charge particles/
oscillating charge particles create EM
waves. So the LC circuit is the source

of the EM wave

Dr JB: BPHY101L



Hertz Experiment

Switch Spark balls
Metal rod
= S1
- Dty Receiving
Battery _—_ H : o“"' J T\ UV VUV e loop
Electromagnetic
wave IVIic.rometer
Induction coil e
f 1
A-B plates= 60 cm v.LC
S1-S2 ball= 2 cm f=5x%x10"Hz
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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

Dr JB: BPHY101L — School of Physics,VIT Vellore



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 Equations in integral/differential form and explain their physical
significance

4. Convert Maxwell’s equation from integral form to differential form using Gauss

divergence theorem and stokes theorem

5. Derive wave equation for electric field and magnetic field component of the EM

wave and prove that it travels at speed of light
6. Derive plane EM wave equation and show it is transverse in nature

7. With stable schematic digram explain the Hertz Experiment
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CAT-1 QP Pattern

Part— A (5 x 10 = 50)

a Answer ALL Questions
SL . Max
No Questions Marks
1 | Module 1 — Descriptive Type 10
9 Module 1 — Descriptive Type + Numericals 5+5
(a) Module 1 — Descriptive Type 5
3
(b) Module 1 — Numericals 5
4 Module 2 — Descriptive Type 10
(a) Module 2 — Descriptive Type 5
5 L
(b) Module 2 — Descriptive Type 5
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Thank You

Dr JB: BPHY101L 195 hool of Physics,VIT Vellore



