
Thursday, 7 Feb
brought to you by the letters ELECTRIC AND MAGNETIC FIELDS



pitchers and catchers report in 6 days 

AC/DC week (get it?)
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housekeeping

MasteringAstronomy! Free. Go there & register: 

Course ID: MABROCK41459 

Access code: WSSPCT-BLIDA-INANE-TOGUE-RIGOT-UNRWA 

free e-text, The Cosmic Perspective 

reading assignments and homework, mixed with Mastering Physics 

During Part 1: 

I sure hope you’re keeping up
you’re doing a great job keeping up!



amnesty 

I will re-open the closing dates for all of the LON-CAPA 
reading questions for a brief window-of-reprieve 

Saturday, February 9 midnight until Thursday, February 14 midnight
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lecture lecture

lecture lecture
midterm?

HW3

HW4

HW5

HW3 due

HW4 due

HW2

HW2 duelesson 13

yadda yadda yadda

lessons 
10,11,12

lecture lecture

HW5 due



quiz 

but let’s look through the packet though 

figures 3-8 we’ll do together 

the rest is for you in groups, as per normal
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Earth’s magnetic field
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20-60 micro-T 

enough to protect us from solar 
wind particles 

reason we have auroras



electricity and magnetism
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You might want to think about this:

If currents cause magnetism 

shouldn’t magnetism create currents? 

there’s a story there.
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important

when magnetic lines of force change in time 

a current flows: “Faraday’s Law”
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Faraday 
saw 
things

that weren’t there for most
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N         SS         N

He saw:  

“lines of force” exerting a physical force on 
little bits of iron 

worse... 

circular “lines of force” when currents were 
involved



Faraday’s “model”

the lines of force were real features of space 

he called this feature of space a “field” 

“action at a distance”? no!
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the field idea
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“Ac$on	at	a	Distance”
a	no-no

cause
p

effect:	a	force
e-e-

What	about	Electrosta$c	Forces?



understanding a field

it’s tough 

it	has	a	quantum	mechanical	
explana$on	

meaning	that	classical	
explana$ons	leave	one	
gasping	and	uncertain
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Electric Field
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put in a bigger charge

would be bigger at A’ 
than at A
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the electric force

depends on both charges
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F = k
Q

R2
(q) +q

+Qdepends 
only on Q E = k

Q

R2

called the Electric Field 
for a point charge, Q

Forces due to Electric Fields:

~F = ~Eq

1/2 of “Lorentz Force”



+Q

the 
Electric 
Field

for a point, POSITIVE 
charge
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~E~E = k
Q

R2
out



the field is the “mover”

 20

+Q

E

think of it as the cause and the effect

and a causeand also an effect

e-p

F = Eq



You might want to remember this:

the Field is a thing. 

there is no action at a distance 

Electric fields apply forces to electric charges

~F = ~Eq
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chunk of metal

E charges start 
rearranging 
themselves

chunk of metal

E
charges start rearranging 
themselves to make E=0 inside

+
+
+
+

–
–
–
–

E

+
+
+
+

–
–
–
–

Electric fields inside a 
metal enclosure are zero

Called a Faraday Cage
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“EMI”* shield inside 
my macbook pro

*ElectroMagnetic Interference



field potential energy

Q  feels a force, it accelerates, gains KE, could do work
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d

+

–

Q

E



 25



magnetic field of a wire

hands-on-learning 

well, one hand anyway
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II
B(out) B(in)

looking down

B(out)

B(in)

I
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I(out)

symbol for “out”

X symbol for “in”

(CounterClockWise)

~B



from Lesson 13 

reminders
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Electric	Fields,	E	

Magne$c	Fields,	B

so: two kinds of fields

for two particular configurations of charges and currents
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lines:	that	stop	and	end	on	charges

+Q

E

I

B

E

B

loops:	that	encircle	currents



are they real?

Faraday thought so.
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“Perhaps you still want to ask, what is an electric field? Is it something 
real, or is it merely a name for a factor in an equation which has to be 
multiplied by something else to give the numerical value of the force we 

measure in an experiment?...First, since it works, it doesn’t 
make any difference....”  

Edward	Purcell,	Electricity	and	Magne.sm	(standard	textbook	for	physics	sophomores)

Come on. Yes. Seriously. They’re real.



James Clerk Maxwell

1831 – 1879 

One of the most extraordinary theoretical minds: 

Starters:  

Newton, Maxwell, Einstein, Dirac, Feynman, Gell-Mann 

off the bench:  

Bohr, Heisenberg, Fermi, and Gamow, 
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“Maxwell’s Equations” in pictures?
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a changing B field  
creates an E field

a changing E field  
creates a B field



from his 4 equations

came coupled waves moving in 
time at the  

speed of light
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a	changing	E	field	creates:

a	changing	B	field,	which	in	turn	creates:

a	changing	E	field,	which	in	turn	creates:
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what’s waving?

“the Ether” 

the 19th century Just-
So story…  

E and B vibrations are 
undulations in the Ether 

WRONG 
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and	that	we’re	
embedded	in	the	
Ether,	since	we	
see	the	stars



Electromagnetic Spectrum
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Heinrich	Hertz	
1857	–	1	January	1894

all travel at c = 3 x 108 m/s

Modern Electromagnetic 
Spectrum



refers	to:		

example:		 	
	 	 	
	 	 	 	

rela$on	alert: speed	of	a	wave

middle	C	~	4	Y	(=1.2	m)	wavelength	

f	=	262	Hz,	so	speed	of	sound:	
v = 1.2⇥ 262 = 314 m/s

v = �f



a wave is
a disturbance. 

a way to transmit 
energy 

without 
transmitting matter

 38

stiffer -  faster 
lighter -  faster

one	part	is	stretched,	but	the	rope’s	tension	restores	it	-	
and	K	is	passed	on	to	an	adjacent	part

v

the	disturbance	moves	with	velocity v =

s
T

⇢



2 kinds 
of waves
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disturbance	perpendicular	to	the	direc$on	of	
mo$on

Longitudinal
disturbance	along	the	direc$on	of	mo$on

SOUND

Transverse ROPES,	WATER

s$ll	a	mo$on	to	the	right



just some 
facts, 
Ma’am
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$me

.me	to	repeat:	“Period,”	T.					seconds

distance

distance	through	which	it	repeats:	“Wavelength,”	λ  m

rate	of	repe$$on:	“Frequency,”	f.				(Hz)

v =
�

T

f =
1
T

v = �f

maximum	height	of	the	disturbance:	“Amplitude,”	A.	
“Intensity”	is	~	A2

A



wave speeds

for sound in regular room temperature air? 

about 300ish m/s: so about 30 ms to hear me in the back row 

for light…anywhere? 

v = c = 3 x 108 m/s
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v = �f ! c = �f
<latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="rxqC+z+k6knbqdeBFJihFugGjhY=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlawboQim5cVrAPaEKZTCbt0MmDmYlSaj/FjQtF3Pol7vwbp2kEtR4YOJxzD/fO8RLOpLKsT6Owsrq2vlHcLG1t7+zumeX9joxTQWibxDwWPQ9LyllE24opTnuJoDj0OO1646u5372jQrI4ulWThLohHkYsYAQrLQ3MsqNiRNAFcrgO+RgFA7NiVa0MaJnYOalAjtbA/HD8mKQhjRThWMq+bSXKnWKhGOF0VnJSSRNMxnhI+5pGOKTSnWanz9CxVnwUxEK/SKFM/ZmY4lDKSejpyRCrkfzrzcX/vH6qgoY7ZVGSKhqRxaIg5Uh/d94D8pmgRPGJJpgIpm9FZIQFJkq3VcpKOG806rU6WibfJXRqVduq2jenleZlXkcRDuEITsCGM2jCNbSgDQTu4RGe4cV4MJ6MV+NtMVow8swB/ILx/gWmEJM3</latexit>



f

frequency and wavelength are coupled for light:

 42

f

! c = �f
<latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="gFuMxfVXdpQn88ECS9Sn25YIEnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSJ0VZJWsC6EohuXFewDmlAmk0k7dPJgZqKU2E9x40IRt36JO//GaVpBrQcGDufcw71zvIQzqSzr01hZXVvf2CxsFbd3dvf2zdJBR8apILRNYh6Lnocl5SyibcUUp71EUBx6nHa98dXM795RIVkc3apJQt0QDyMWMIKVlgZmyVExIugCOVyHfIyCgVm2qlYOtEzsBSk3K5CjNTA/HD8maUgjRTiWsm9biXIzLBQjnE6LTippgskYD2lf0wiHVLpZfvoUnWjFR0Es9IsUytWfiQyHUk5CT0+GWI3kX28m/uf1UxU03IxFSapoROaLgpQj/d1ZD8hnghLFJ5pgIpi+FZERFpgo3VYxL+G80ajX6miZfJfQqVVtq2rfnJabl/M2oABHcAwVsOEMmnANLWgDgXt4hGd4MR6MJ+PVeJuPrhiLzCH8gvH+BTNXk58=</latexit><latexit sha1_base64="rxqC+z+k6knbqdeBFJihFugGjhY=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlawboQim5cVrAPaEKZTCbt0MmDmYlSaj/FjQtF3Pol7vwbp2kEtR4YOJxzD/fO8RLOpLKsT6Owsrq2vlHcLG1t7+zumeX9joxTQWibxDwWPQ9LyllE24opTnuJoDj0OO1646u5372jQrI4ulWThLohHkYsYAQrLQ3MsqNiRNAFcrgO+RgFA7NiVa0MaJnYOalAjtbA/HD8mKQhjRThWMq+bSXKnWKhGOF0VnJSSRNMxnhI+5pGOKTSnWanz9CxVnwUxEK/SKFM/ZmY4lDKSejpyRCrkfzrzcX/vH6qgoY7ZVGSKhqRxaIg5Uh/d94D8pmgRPGJJpgIpm9FZIQFJkq3VcpKOG806rU6WibfJXRqVduq2jenleZlXkcRDuEITsCGM2jCNbSgDQTu4RGe4cV4MJ6MV+NtMVow8swB/ILx/gWmEJM3</latexit>

c = (700⇥ 10�9)f
<latexit sha1_base64="rwDOhXi3yaxg5q4HuXH9mxZwtY4=">AAACA3icbVDLSgNBEOyN7/ha9aaXwSDEg2E2EYwHIejFo4J5QBLD7GQ2GTL7YGZWCEvAi7/ixYMiXv0Jb/6Nk00ENRY0FFXddHe5keBKY/xpZebmFxaXlleyq2vrG5v21nZNhbGkrEpDEcqGSxQTPGBVzbVgjUgy4ruC1d3Bxdiv3zGpeBjc6GHE2j7pBdzjlGgjdexdis5Q/gRj1NLcZwo5+DY5Oh0dIq9j53ABp0CzxJmSXCUPKa469kerG9LYZ4GmgijVdHCk2wmRmlPBRtlWrFhE6ID0WNPQgJh97ST9YYQOjNJFXihNBRql6s+JhPhKDX3XdPpE99Vfbyz+5zVj7ZXbCQ+iWLOAThZ5sUA6RONAUJdLRrUYGkKo5OZWRPtEEqpNbNk0hNNyuVQsoVnyHUKtWHBwwbk+zlXOJ2nAMuzBPuTBgROowCVcQRUo3MMjPMOL9WA9Wa/W26Q1Y01nduAXrPcvLEKVoA==</latexit><latexit sha1_base64="rwDOhXi3yaxg5q4HuXH9mxZwtY4=">AAACA3icbVDLSgNBEOyN7/ha9aaXwSDEg2E2EYwHIejFo4J5QBLD7GQ2GTL7YGZWCEvAi7/ixYMiXv0Jb/6Nk00ENRY0FFXddHe5keBKY/xpZebmFxaXlleyq2vrG5v21nZNhbGkrEpDEcqGSxQTPGBVzbVgjUgy4ruC1d3Bxdiv3zGpeBjc6GHE2j7pBdzjlGgjdexdis5Q/gRj1NLcZwo5+DY5Oh0dIq9j53ABp0CzxJmSXCUPKa469kerG9LYZ4GmgijVdHCk2wmRmlPBRtlWrFhE6ID0WNPQgJh97ST9YYQOjNJFXihNBRql6s+JhPhKDX3XdPpE99Vfbyz+5zVj7ZXbCQ+iWLOAThZ5sUA6RONAUJdLRrUYGkKo5OZWRPtEEqpNbNk0hNNyuVQsoVnyHUKtWHBwwbk+zlXOJ2nAMuzBPuTBgROowCVcQRUo3MMjPMOL9WA9Wa/W26Q1Y01nduAXrPcvLEKVoA==</latexit><latexit sha1_base64="rwDOhXi3yaxg5q4HuXH9mxZwtY4=">AAACA3icbVDLSgNBEOyN7/ha9aaXwSDEg2E2EYwHIejFo4J5QBLD7GQ2GTL7YGZWCEvAi7/ixYMiXv0Jb/6Nk00ENRY0FFXddHe5keBKY/xpZebmFxaXlleyq2vrG5v21nZNhbGkrEpDEcqGSxQTPGBVzbVgjUgy4ruC1d3Bxdiv3zGpeBjc6GHE2j7pBdzjlGgjdexdis5Q/gRj1NLcZwo5+DY5Oh0dIq9j53ABp0CzxJmSXCUPKa469kerG9LYZ4GmgijVdHCk2wmRmlPBRtlWrFhE6ID0WNPQgJh97ST9YYQOjNJFXihNBRql6s+JhPhKDX3XdPpE99Vfbyz+5zVj7ZXbCQ+iWLOAThZ5sUA6RONAUJdLRrUYGkKo5OZWRPtEEqpNbNk0hNNyuVQsoVnyHUKtWHBwwbk+zlXOJ2nAMuzBPuTBgROowCVcQRUo3MMjPMOL9WA9Wa/W26Q1Y01nduAXrPcvLEKVoA==</latexit><latexit sha1_base64="rwDOhXi3yaxg5q4HuXH9mxZwtY4=">AAACA3icbVDLSgNBEOyN7/ha9aaXwSDEg2E2EYwHIejFo4J5QBLD7GQ2GTL7YGZWCEvAi7/ixYMiXv0Jb/6Nk00ENRY0FFXddHe5keBKY/xpZebmFxaXlleyq2vrG5v21nZNhbGkrEpDEcqGSxQTPGBVzbVgjUgy4ruC1d3Bxdiv3zGpeBjc6GHE2j7pBdzjlGgjdexdis5Q/gRj1NLcZwo5+DY5Oh0dIq9j53ABp0CzxJmSXCUPKa469kerG9LYZ4GmgijVdHCk2wmRmlPBRtlWrFhE6ID0WNPQgJh97ST9YYQOjNJFXihNBRql6s+JhPhKDX3XdPpE99Vfbyz+5zVj7ZXbCQ+iWLOAThZ5sUA6RONAUJdLRrUYGkKo5OZWRPtEEqpNbNk0hNNyuVQsoVnyHUKtWHBwwbk+zlXOJ2nAMuzBPuTBgROowCVcQRUo3MMjPMOL9WA9Wa/W26Q1Y01nduAXrPcvLEKVoA==</latexit><latexit sha1_base64="rwDOhXi3yaxg5q4HuXH9mxZwtY4=">AAACA3icbVDLSgNBEOyN7/ha9aaXwSDEg2E2EYwHIejFo4J5QBLD7GQ2GTL7YGZWCEvAi7/ixYMiXv0Jb/6Nk00ENRY0FFXddHe5keBKY/xpZebmFxaXlleyq2vrG5v21nZNhbGkrEpDEcqGSxQTPGBVzbVgjUgy4ruC1d3Bxdiv3zGpeBjc6GHE2j7pBdzjlGgjdexdis5Q/gRj1NLcZwo5+DY5Oh0dIq9j53ABp0CzxJmSXCUPKa469kerG9LYZ4GmgijVdHCk2wmRmlPBRtlWrFhE6ID0WNPQgJh97ST9YYQOjNJFXihNBRql6s+JhPhKDX3XdPpE99Vfbyz+5zVj7ZXbCQ+iWLOAThZ5sUA6RONAUJdLRrUYGkKo5OZWRPtEEqpNbNk0hNNyuVQsoVnyHUKtWHBwwbk+zlXOJ2nAMuzBPuTBgROowCVcQRUo3MMjPMOL9WA9Wa/W26Q1Y01nduAXrPcvLEKVoA==</latexit><latexit sha1_base64="P3faWXVmEwnCMFOkwMINwtSJZrU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahLiyZVmi7EIpuXFawD2jHkkkzbWjmQZIRylBw46+4caGIW3/CnX9jOh1BrQcuHM65l3vvcULOpELo08gsLa+srmXXcxubW9s75u5eSwaRILRJAh6IjoMl5cynTcUUp51QUOw5nLad8eXMb99RIVng36hJSG0PD33mMoKVlvrmAYHnsFBBCPYU86iEFrqNT2vTE+j2zTwqogRwkVgpyYMUjb750RsEJPKorwjHUnYtFCo7xkIxwuk014skDTEZ4yHtaupjvc+Okx+m8FgrA+gGQpevYKL+nIixJ+XEc3Snh9VI/vVm4n9eN1Ju1Y6ZH0aK+mS+yI04VAGcBQIHTFCi+EQTTATTt0IywgITpWPLJSHUqtVyqQwXyXcIrVLRQkXr+ixfv0jjyIJDcAQKwAIVUAdXoAGagIB78AiewYvxYDwZr8bbvDVjpDP74BeM9y+e+5U4</latexit>

c

700⇥ 10�9
= f

<latexit sha1_base64="ay46uzLTD4bSDP0kNQLUdT5kAaQ=">AAACCnicbZDLSgMxFIbPeK31VnXpJlqEbiyZVmi7EIpuXFawF2hryaSZNjRzIckIZZi1G1/FjQtF3PoE7nwb04ug1h8CP/85h3PyOaHgSmP8aS0tr6yurac20ptb2zu7mb39hgoiSVmdBiKQLYcoJrjP6pprwVqhZMRzBGs6o8tJvXnHpOKBf6PHIet6ZOBzl1OiTdTLHHVcSWhMk7iEMepo7jGFbHwbn1aSBJ0jN93LZHEeT4UWjT032WoOpqr1Mh+dfkAjj/maCqJU28ah7sZEak4FS9KdSLGQ0BEZsLaxPjEru/H0Kwk6MUkfuYE0z9domv6ciImn1NhzTKdH9FD9rU3C/2rtSLvlbsz9MNLMp7NFbiSQDtCEC+pzyagWY2MIldzciuiQGDba0JtBqJTLxUIRLZpvCI1C3sZ5+/osW72Y0YAUHMIx5MCGElThCmpQBwr38AjP8GI9WE/Wq/U2a12y5jMH8EvW+xfmjJln</latexit><latexit sha1_base64="ay46uzLTD4bSDP0kNQLUdT5kAaQ=">AAACCnicbZDLSgMxFIbPeK31VnXpJlqEbiyZVmi7EIpuXFawF2hryaSZNjRzIckIZZi1G1/FjQtF3PoE7nwb04ug1h8CP/85h3PyOaHgSmP8aS0tr6yurac20ptb2zu7mb39hgoiSVmdBiKQLYcoJrjP6pprwVqhZMRzBGs6o8tJvXnHpOKBf6PHIet6ZOBzl1OiTdTLHHVcSWhMk7iEMepo7jGFbHwbn1aSBJ0jN93LZHEeT4UWjT032WoOpqr1Mh+dfkAjj/maCqJU28ah7sZEak4FS9KdSLGQ0BEZsLaxPjEru/H0Kwk6MUkfuYE0z9domv6ciImn1NhzTKdH9FD9rU3C/2rtSLvlbsz9MNLMp7NFbiSQDtCEC+pzyagWY2MIldzciuiQGDba0JtBqJTLxUIRLZpvCI1C3sZ5+/osW72Y0YAUHMIx5MCGElThCmpQBwr38AjP8GI9WE/Wq/U2a12y5jMH8EvW+xfmjJln</latexit><latexit sha1_base64="ay46uzLTD4bSDP0kNQLUdT5kAaQ=">AAACCnicbZDLSgMxFIbPeK31VnXpJlqEbiyZVmi7EIpuXFawF2hryaSZNjRzIckIZZi1G1/FjQtF3PoE7nwb04ug1h8CP/85h3PyOaHgSmP8aS0tr6yurac20ptb2zu7mb39hgoiSVmdBiKQLYcoJrjP6pprwVqhZMRzBGs6o8tJvXnHpOKBf6PHIet6ZOBzl1OiTdTLHHVcSWhMk7iEMepo7jGFbHwbn1aSBJ0jN93LZHEeT4UWjT032WoOpqr1Mh+dfkAjj/maCqJU28ah7sZEak4FS9KdSLGQ0BEZsLaxPjEru/H0Kwk6MUkfuYE0z9domv6ciImn1NhzTKdH9FD9rU3C/2rtSLvlbsz9MNLMp7NFbiSQDtCEC+pzyagWY2MIldzciuiQGDba0JtBqJTLxUIRLZpvCI1C3sZ5+/osW72Y0YAUHMIx5MCGElThCmpQBwr38AjP8GI9WE/Wq/U2a12y5jMH8EvW+xfmjJln</latexit><latexit sha1_base64="ay46uzLTD4bSDP0kNQLUdT5kAaQ=">AAACCnicbZDLSgMxFIbPeK31VnXpJlqEbiyZVmi7EIpuXFawF2hryaSZNjRzIckIZZi1G1/FjQtF3PoE7nwb04ug1h8CP/85h3PyOaHgSmP8aS0tr6yurac20ptb2zu7mb39hgoiSVmdBiKQLYcoJrjP6pprwVqhZMRzBGs6o8tJvXnHpOKBf6PHIet6ZOBzl1OiTdTLHHVcSWhMk7iEMepo7jGFbHwbn1aSBJ0jN93LZHEeT4UWjT032WoOpqr1Mh+dfkAjj/maCqJU28ah7sZEak4FS9KdSLGQ0BEZsLaxPjEru/H0Kwk6MUkfuYE0z9domv6ciImn1NhzTKdH9FD9rU3C/2rtSLvlbsz9MNLMp7NFbiSQDtCEC+pzyagWY2MIldzciuiQGDba0JtBqJTLxUIRLZpvCI1C3sZ5+/osW72Y0YAUHMIx5MCGElThCmpQBwr38AjP8GI9WE/Wq/U2a12y5jMH8EvW+xfmjJln</latexit><latexit sha1_base64="ay46uzLTD4bSDP0kNQLUdT5kAaQ=">AAACCnicbZDLSgMxFIbPeK31VnXpJlqEbiyZVmi7EIpuXFawF2hryaSZNjRzIckIZZi1G1/FjQtF3PoE7nwb04ug1h8CP/85h3PyOaHgSmP8aS0tr6yurac20ptb2zu7mb39hgoiSVmdBiKQLYcoJrjP6pprwVqhZMRzBGs6o8tJvXnHpOKBf6PHIet6ZOBzl1OiTdTLHHVcSWhMk7iEMepo7jGFbHwbn1aSBJ0jN93LZHEeT4UWjT032WoOpqr1Mh+dfkAjj/maCqJU28ah7sZEak4FS9KdSLGQ0BEZsLaxPjEru/H0Kwk6MUkfuYE0z9domv6ciImn1NhzTKdH9FD9rU3C/2rtSLvlbsz9MNLMp7NFbiSQDtCEC+pzyagWY2MIldzciuiQGDba0JtBqJTLxUIRLZpvCI1C3sZ5+/osW72Y0YAUHMIx5MCGElThCmpQBwr38AjP8GI9WE/Wq/U2a12y5jMH8EvW+xfmjJln</latexit><latexit sha1_base64="QP8jAWvv16lPAW1UU2MzKt1Dtg4=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gR3FgyrdB2IRTduKxgL9AZSybNtKGZC0lGKMOs3fgqblwo4tYncOfbmLYjqPWHwM9/zuGcfG7EmVQIfRq5peWV1bX8emFjc2t7x9zda8swFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO76c1jt3VEgWBjdqElHHx8OAeYxgpaO+eWh7ApOEpEkVIWgr5lMJLXSbnNbTFJ5Dr9A3i6iEZoKLxspMEWRq9s0PexCS2KeBIhxL2bNQpJwEC8UIp2nBjiWNMBnjIe1pG2C90klmX0nhsU4G0AuFfoGCs/TnRIJ9KSe+qzt9rEbyb20a/lfrxcqrOQkLoljRgMwXeTGHKoRTLnDABCWKT7TBRDB9KyQjrNkoTW8OoV6rVcoVuGi+IbTLJQuVrOuzYuMiw5EHB+AInAALVEEDXIEmaAEC7sEjeAYvxoPxZLwab/PWnJHN7INfMt6/AFlUmP8=</latexit>

f =
3⇥ 10

8

7⇥ 10�7
= 0.42⇥ 10

15
= 4.2⇥ 10

14
Hz

<latexit sha1_base64="CNJBh+N3Tk69c4SAhK/Qe4M3hsg="></latexit><latexit sha1_base64="CNJBh+N3Tk69c4SAhK/Qe4M3hsg="></latexit><latexit sha1_base64="CNJBh+N3Tk69c4SAhK/Qe4M3hsg="></latexit><latexit sha1_base64="CNJBh+N3Tk69c4SAhK/Qe4M3hsg="></latexit><latexit sha1_base64="CNJBh+N3Tk69c4SAhK/Qe4M3hsg="></latexit><latexit sha1_base64="71h73uOyGFPI9Cb+MrU9kWWlH1M="></latexit>



projects, continued 

sing-along portion
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Oersted’s compass?

could cancel out the effects
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I I

wait,	wait,	wait	...nothing!
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