
137.2 ELECTROMAGNETISM

chapter 4 : Maxwell, equations (parte)

Lecture 11



④ Maxwell's equations
(and time varying fields)

I4D Maxwell's equations

We already have two (scalar) equations which
are valid when the fields and charge and current

densities vary with time

V. E = p Ganaw

f.13=0 homagneticmsnopo



The two other equations discussed in the static setting

JnE=o
,

On ⑤ =µo I

need to be amended
.
In fact one finds experimentally

that

a.varying I produces . Bo

a varying 13 produces E



Amp'ere's law and Maxwell's displacement current

Recall : a steady current density ICT) produces
a magnetic field which satisfies

On I = no I (Ambere)
This equation requires for anristency

F. F- o Continuity equation
when 3¥ so )

Maxwell added a term Is Amnire 's law

U7B + I = No I
with I such that the new equation be consistent
with the continuity eq fifth- I = o



Taking the divergence of Jats + I =µoI

F-Hit It - not.IT
. I = - Mo

not

Now take alot of Gauss
' law

T.FI -- E. ¥
Then f. I = - Motor .FI
ie T.LI -1 II )=o where I

-



so I = -¥ II + KI broome I
to redefine what
you mean by ⑤

and Tats + I =µoI becomes

Tn⑤-ffEI=MoTT Ampire-Maxwell1-
exp . indeed the [ Maxwell displacement currentcorrect time
-

damndintnq

Time dependent £ produces 13 even in the

absence of currents
.



Integral bum :

Guide the flux of a current Itv) through a
surface E with 6=2-2 a simple closed loop
bounding E

£µnBtdsf8i"
i :

Stoke 's

Then Ampeire - Maxwell equation becomes

§ E. di = { 1mF 3¥ )od5
→

i. §
,

Is .de?--MoItcIGfEids
←

rate of change of flux
of E through [



Nota that even if I =o, a wire in the presence

of a waving E induces a magnetic field

along the wire .



Faraday's law of magnetic induction

theall : Jn I ⇒ electrostatics

This equation is replaced by

I+¥f Faraday

avaryingproduces an electric field
.

This Term needs to be there so that Maxwell 's equations
are consistent with special relativity . 1Maxwell didn't know

this ! !)
We will return to this in Chaplin 6 when we

discuss electromagnetism & spinal relativity .



For the time being notice what happens , in a simple
example , when we make measurements with

respect to two refwma Wanes moving relative
to each other at speeds race so that we

can use Galilean relativity .



Consider a set of moving charges all moving with
the same constant velocity J with respect to an observer 0

0
• s j
• s

I
,
⑤

says these changes generate both , an electric field E
and a magnetic field 5



Consider now an observer O
' which moves at

the same anstomt velocity J as the changes :

O
'

0
• s j
• s

¥
,
Bo E '

,
⑤
'

to

this observer will says that ⑤ to and she will only
measure an electric field E

'



Assume they both measure the same force on a test
particle

¥
'
= It In 13

For the moving observer O
'

THE
'
= Jn E

'
to ⇒ 0 = OnEt Triunfo )

(valid in electrostatics) = On Itv ¥3) -II. F) ⑤
For the observer 0

13thF) BITE
,
Exit)

⑤ lttt , It JT ) = B' It , F) →
→* -

T r ,

CT3 only depends on the distance between -

.
.

-
--

y
'

• y

the particle and the point of observation ) It



Then
,

o=%I= IIe II. = III. 015÷
so 0 = ONE - G. D) I = The -113N

at

We will do this properly in Chaplin 6



Integral form : consider the flux of ⑤ through
a surface E bounded by 9=2-2

¥
.

kids

.§ E- DI = -¥ £5 . D8
^

c. I
work done by E [ rate of change of the magnetic flux
(pw unit charge ) through 2
around the bop C

↳ conversion of electromagnetic energy into methane energy

If 6 is a conducting win a current would be
induced one !



To get a better understanding of the meaning
of Faraday's law we oomvidw the bll owing example .

snppn we have a wire
.

16 lying on the Hip plane

which makes an open bop I love a oomdncti.mg bar
on the wire so that it ilsaes the loop as in the picture .

e.

, [If tpgh?
on a varyingmagnetic

what happens to the bar ?



6µg
Faraday's law implies that a

→
cnrret is created around the

↳ E closed loop
,

which means
I

changed particles move along the
wire with some velocity B .

By brmtt bra law ,
a magnetic bug acts

on these moving charges .

Then the bow experiences a bvu I rtwpmbiculan
to the bar

.



Alternatively ,
consider the allowing circuits

L
,- Is
a o o

⑤ It ⇐ =e

Lz\
where the bars in blue 14 ,hi , b) owe wee to move .
let I be the surface enclosed by 6 .

Turn on a static magnetic field ⑤ and endianIW

Isay) to the plane formed by the circuit .

Now start moving the bars 4 4 12
.

What happens to the bar ↳ 7

✓



L
,
1/-1 Is
a o o E f

⑤ ¥ I

L24-11

In this case though ⑤ is not varying but

the flux of ⑤ through the mw varying

surface enclosed by the wires , therefore
a current is created along the wire .

As a csmnqumu the bar 1 , starts moving
due to the magnetic bun on the charges .
Cihesmmended : Feynman lectures Vol 2)



Maxwell 's equations

D. E -- fo p Gauss

In Ex # ⑤ =o Faraday

f. I = o no magnetic
monopoles

Fits ¥E = Not Ampere-Maxwell

where F- Ymoe. . Together with bronte Force law

.

F- =qlE+Jn⑤ )
they describe electromagnetic bhenomena .



Some remarks .

-

① 2 scalar equations + a vector equations
⇒ 8 equations for 6 unknowns I 45 given p,J)
which seems to be an overdetermined systemTT

csrmistmy : the conservation of charge

¥+0 . I =o

is implicit in Maxwell's equations . In fact,
it is required for consistency .



1-proof : ¥ !
"

o - oot I
Am"eoi

t.fr#-moII=-v.IyAIwo--V.fIIE-J.IUnEJ=oi ]
Foundry

But we knew this ! the displacement anvvmt was
added precisely to active consistency with
the nomination of charge equation.



② Maxwell's equations are a set of
PDES for E h ⑤ given p , I

However, when there are no sources (p=o,I

they have non-trivial solutions : electromagnetic
waves Leight)



Next .

-

electromagnetic potentials .

1$
,
A)

energy of the electromagnetic fields


