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Inconsistency in Ampere's Law

Current [ flows

> Ampere's Law can be written through surfaces 1,2, and 4.
Ampérian =
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where we made explicit relation between current and current density @
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There's no current
surface through surface 3.

> Note that surface over which sum is evaluated can be any open surface bounded by closed Amperian loop

> BFigure shows a schematic of a parallel plate capacitor being charged 4 possible surfaces are shown

bounded by a single Amperian loop

> For each of these surfaces the flux of J must give the same current

> As indicated, surfaces 1, & and 4 are "pierced" by the current I

> However, as can be seen, no current passes through surface 3

What to do about this inconsistency ?




Fixing Ampere's Law

> Maxwell realized existence of a Displacement Current "flowing" between plates of capacitor, passing

through surface 3

> Displacement current through surface 3 must be equal to "normal” (conduction) current passing

through surface 1

> The conduction current through surface 1 can be written as
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> Including the displacement current inconsistency is removed and Ampere's Law becomes
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Maxwell’s Equations

Z E, AA= Qencl Gauss Law
€0
closed
surface
> B AA=0 No magnetic monopoles
Surace
ADE
Z B As = polenc + po€o A7 Ampere-Maxwell Law

closed
path

AD ),
Z EjAs=¢&= At Faraday-Lenz Law

Lorentz Force

F = qoE + qo(7 x B)

> Variation of magnetic flux creates electric field and variation of electric flux creates magnetic field




Electromagnetics Waves

> Take a single positive charge and wiggle it up and down

> Charge changes position as a funcion of time
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> Thus, electric field it creates changes in time

> But since charge is moving, it constitutes a current

> Current points up when charge moves up, and current points down when charge moves down

> This current, like all currents, creates a magnetic field

> Direction of field is given by RHR-2



Za E
II

B

Y

> By RHR-2, we see that when current points up, magnetic field points into screen,

and when current points down, magnetic field points out of screen

> Thus, we have a changing magnetic field and a changing electric field which are
oriented at right angles to each other!

> Here, electric field is in xXz-plane, and magnetic field is in Xy-plane

> Fields move out away from source (our accelerating charge)

Propagation of Electromagnetic (EM) Waves

> An EM wave is a transverse wave  \'Ehyghaale)nleiaslisi-hnhar=dalnt-Nat=d (YR NokhgdTeinle)alo)iy o) o) o-K=r:hrlo)al



1. Stationary charges create electric fields

2. Moving charges (constant velocity) create magnetic fields

3. Accelerating charges create electromagnetic waves

> BEM waves don’t need a medium to travel through

> They can propagate through a vacuum

> How fast do EM waves travel®

> Maxwell’s equations predict that E- and B- fields propagate through space at speed of light
E 1 1

_ = _ = 3 x 10° m/s
B eéopo /(885 x 10~12 C2-m2/N)(4r x 107 N -s2/C?)

U C

> IF and B are magnitudes of electric and magnetic fields at same point in space




Speed of Light

Very Fast!.... but finite

Sun to Earth — 8 minutes

— — — o - — — —

F Dist;a,nt stars and other ast;onomica,l objecgs are so fr that POOP

use a unit of distance oa,ed ligt year 1)

1 1y = distance light travels in 1 year = 9.5 x 1015m



> Like any wave, EM waves have a frequency, a period and an amplitude

Electromagnetic Waves
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Electromagnetic Spectrum
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Energy Carried by EM Waves

An EM wave consists of both an electric and magnetic field, and energy is contained in both fields

energy density
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> Energy a wave transports is

AU = ulAV = (u)(AAx) = (e E?)(Ac At)

> Rate of energy flow per unit area is P

> Poynting vector m ¢ _

> Plane trai

AU (eoEz)(A(: At)
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> ] mr intensity of wave defined as time-average of S

_ 1 | s
I =S = "¢ccE?=_-—"DB? =

E() B()
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> E and B are sinusoidal m E? = E§/2 and B2 = By/2 just as for electric currents and voltages

] — § — ErmSBrmS
_ Ho
Fyms =\ EQZEO/\/i Brms = BZZBO/\/i
> Time-averaged energy density of wave is then
u=up +up =€el*=—FE = —B?=—
2 Ho 2/40

> Intensity is related to average energy density by

I=S=cu




> Material objects consist of charged particles

> An electromagnetic wave incident on the object exerts forces on the charged particles
ic case, consider a plane electromagnetic wave

> To understand direction of force for a very speci

incident on a metal
> When electric field is in direction of positive y-axis, electrons move i:

N negative y-direction,

with magnetic field in direction of positive z-axis

> By applying right-hand rule, and accounting for negative charge of electron,
n direction of positive x-axis,

we can see that force on electron from magnetic field is i:

which is direction of wave propagation i s

> When E field reverses B field does too and force is again in same direction ]

> Force does work on the particles of the object increasing its energy - / B
AU =F Az = F = i—g 'v

> This force occurs because electromagnetic waves contain and transport momentum P

> Change in momentum Ap is estimated to be

Ap AU AU
F=2P s Ap—FAt= 22 At = — A
At P b= AT Agjar T AU/e

mi



Radiation Pressure

> AU is energy absorbed in a time At

AU

> If the EM wave is completely reflected the momentum transferred is m Ap = 2

C

> Radiation pressure is given by Solar Sail

F Apl AU 1 1 S

Pra - — — — ¢ — A—:—
AT ANAT A Ae P AT
F Apl AU 1 1 S
Boa = 3= "N aA = %A ac - PN 4T




> A point light source is emitting light uniformly in all directions

> At a distance of 2.5 m from source, rms electric field strengh of light is 19.0 N/C

> Assuming that light does not retflect from anything in environment,

determine average power of light emitted by source

> What do we know e E;ps :
> Average light intensity at imaginary spherical surface
_ 25m §
S 2 =
S =cu =ce k&

Illé

> Power of source P =S-A=S8-(4m’) S =



Doppler Effect (Sound Waves)

u = velocity of sound waves,
v = recession velocity of the source,
Ats = the period of the wave at the source,

Ato = the period of the wave as observed.
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> Now consider the following sequence, as illustrated below

(1) Source emits a wave crest

(R) At a time At g later, source em

its a second wave crest m during this time i

moved a distance A¢ = vAtg further away from observer

(3) Stationary observer receives first wave crest

(4) At some time At after (3), observer receives second wave crest

Our gol is to find Atp
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> We are interested, however, only in time difference Aty between reception of first and second crests

> This time difference does not depend on distance between source and observer, since both crests
have to travel this distance

> Second crest, however, has to travel an extra distance

Al = UAtS

since source moves this distance between emission of two crests

> Extra time that it takes second crest to travel this distance is A/ / u, so time between reception

of two crests is m

Ato = Atg




> Result is usually described in terms of redshift z, which is defined by statement that wavelength
is increased by a factor of (1 + z)

> Since wavelength A is related to period At by A = uAt.  we can write definition of redshift as

A A
20 — tO:1+Z
Ag Atg

where As and Ao are wavelength as measured at source and at observer respectively

> Combining this definition with Eq. (*), we find that redshift for this case is given by

z=v/u (Nonrelativistic, source moving)



> Suppose now that source stands still, but observer is receding at a speed v

()

<@

> In this case secuence becomes Observer

(1°) Source emits a wave crest

() At a timeAts later, source ermn:

source is standing still

(3’) Moving observer receives first wave crest

During time interval between (3’) and (4"), (4')

observer has moved a dista

nce A/l =vAtp T

its a second wave crest

‘

Source

(1) —Q@ :|.

Observer Source

N St Bepe

arther from source




> Using same strategy as in first case, we note that in this case, second wave crest must travel an extra

distance AY = vAtp

JAV/ IVAN
ThUS e Ato = At A — Atg - ©
U U

> In this case Atp appears on both sides of equation, but we can easily solve Ato to find

1
Aty = (1 U) At
U

>Recalling definition of z

- Ato - 1 .
° T Atg 1 —(v/u)

v/u
/ (Nonrelativistic, observer moving)
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summary

> Frequency f=1/At

> Motion of Observer m fo — fs (1 Vo / u) w + towards source and - away from the source

> Motion of Source m f o = f . (1 T v, / u) —1 - towards source and + away from source

1::v/u
f():fs _ O
1 Fus/u
>8ince v,/u<1 and vVs/u <1 mfor z <1
1
! —l4z+a*+a2°+- - :1—:13+$2—a:3+---
1 —=x 1+«

Take z? < 1 negligible

fO ~ fs(l - Urel/u) = Urel = Vo T Vg



Dopple Effect (Electromagnetic Waves)

When observer ofa wave, or source of wave (or both) is movmg,

_observed wave frequency is different than that by source

> BEM wayves also exhibit a Doppler effect
1- They do not require a medium through which to propagate, and ...

But m &- Only relative motion of source to observer is important,
since speed at which all EM waves move is same speed of light

> 50 how do we calculate shift in frequency?
>If EM wave, sources and observer all travel along same line, then

fo 1is observed frequency

fs 1is frequency emitted by source
vrer 18 relative velocity between observer and source

+ 8ign is used when object and source move toward each other
— 8ign is used when object and source move away from each other
This is valid for speeds U, << C




> A distant galaxy emits light that has a wavelength of 500.7nm
> On earth, wavelength of this light is measured to be 503.7 nm

(a) Decide if galaxy is moving away from or toward earth

(b) Find speed of galaxy relative to earth

Solution

.
> We start with Doppler equation f, = f, (1 + e j
C

> Light is shifted to longer wavelengths, which means smaller frequencies m /= c/A

> Thus n‘fo < fs

y
> Which means that parentheses (1 + L

. j must be<1

> Therefore, correct sign in parentheses is —sign m galaxy is moving away from earth

) =%

(b) from Doppler equation B (
V., =cll—

J
Js

js) =3x10°(1—3%01mm) =] 8x10°m/s

. 503.7nm

> Thus m vrel — C‘(l
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