PHY294H

Professor: Joey Huston
email:huston@msu.edu

office: BPS3230

Homework will be with Mastering Physics (and an average of 1 hand-
written problem per week)

+ Help-room hours: 12:40-2:40 Monday (note change);
3:00-4:00 PM Friday

+ hand-in problem for Wed Mar. 16: 33.54
Quizzes by iclicker (sometimes hand-written)
Final exam Thursday May 5 10:00 AM — 12:00 PM 1420 BPS
Course website: www.pa.msu.edu/~huston/phy294h/index.html

+ lectures will be posted frequently, mostly every day if | can
remember to do so




Physics gang sign.




Example

® The switch has been in
position 1 for a long time

® Then it is abruptly moved

to position 2 2}
¢ What is the maximum 1 5
current through the +
inductor? 12V — — 2.0 uF 50 mH

+ when does this maximum
current occur?

+ what if the inductor and
capacitor changed
position?




The capacitor discharges
until the current is & maximum,

Maximum capacitor charge is like
a fully stretched spring,

The current continues until
the initial capacitor charge

is restored,

Now the discharge goes in
I the opposite direction,

=

Capacitor

charge Q

Maximum current is like the block

having maximum speed.

The current can’t stop. It continues
until the capacitor is fully recharged

wilh the opposite polarization.

current

1 -

max

max




Back to Bill and Sharon

® In S, there is a magnetic force  ®But the forces have to be the same

onq in the two frames of reference
® In S’, there is no magnetic ®|n S’ if there is no magnetic force
force InS,theforceongis then there must be an electric force

due to a magnetic field.

on g due to an electric field of size
VXB’ in order for Bill and Sharon

X
In S’, the force on ¢ is
X due to an electric field. to agree
X "oe F' =gqE
X | x| xfx]|x]|x
X A A A A E' =3
X | x| xfx]|x]|x
X PaE— In S’, there’s
The situation in frame 1 @ el aErz ele%mc field
(b) X | X [ XX | X | X, =IO B
A A A A *o,
3 X X X | X[ X[X]|X]|X The charge is at
X X The situation in frame S’ restin §'.
X X
i i * At least part of Bill’s magnetic field has become
. » an electric field
X X *  Whether a field is seen as electric or magnetic

Bill
Charge ¢ moves through a magnetic field B depends on the motion of the reference frame

established by Bill. relative to the sources of the field!



Electric and magnetic forces

Suppose Bill (the sneaky bastard)
decides to create both an electric
and magnetic field in his frame of
reference (S==A)

Then the charge carried by
Sharon experiences both an
electric force and a magnetic
force in Bill's frame of reference

But in Sharon’s frame of
reference, where the charge is
not moving, it experiences only
an electric force

But the magnitude and directions
of the forces determined in each
frame of reference have to be the
same

So in Sharon’s reference frame,
part of Bill's magnetic field is
transformed into an electric field,

and you have Bill’s electric field
as well

The electric and magnetic
fields in frame A =S

The electric field in frame B, =S’
where the charged particle is at rest

/ | s



Electric and magnetic forces

® Both Bill and Sharon
agree on the force on the
charge, but Sharon sees
no magnetic force but an
electric force from the
original electric field and
from part of the magnetic
field being transformed
into an electric field

The electric and magnetic
fields in frame A =S

The electric field in frame B, =S’
where the charged particle is at rest

/ | s



Sharon runs past Bill while
holding a positive charge g.
In Bill s reference frame,
there 1s (or are)

Sharon

A. Only an electric field.
B. Only a magnetic field.

C. An electric and a magnetic field.
D. No fields.



Sharon runs past Bill while
holding a positive charge g.
In Bill s reference frame,
there 1s (or are)

Sharon

A. Only an electric field.
B. Only a magnetic field.

¢/ C. An electric and a magnetic field.
D. No fields.



Sharon runs past Bill while
holding a positive charge q.
In Sharon’ s reference frame,
there 1s (or are)

Sharon

A. Only an electric field.
B. Only a magnetic field.

C. An electric and a magnetic field.
D. No fields.



Sharon runs past Bill while
holding a positive charge q.
In Sharon’ s reference frame,
there 1s (or are)

Sharon

¢ A. Only an electric field.
B. Only a magnetic field.
C. An electric and a magnetic field.

D. No fields.

No moving charges in Sharon’ s frame



What about the magnetic field?

(a) In frame S, the static charge creates

® Consider a Charge g atrestin an electric field but no magnetic field.
frame S? The electric field is y Y
given by the standard formula B
and the magnetic field B is ) q/{ >V
zero - 1 g . o=

E = —21" rl’ @ x
4.7'[80 r @/Chargeqat restin S

® \What about in frame S’ ® i

moving with velocity V'? The
. . (b) In frame S’, the moving charge creates
eIeCtrIC erIdS arel the same both an electric and a magnetic field.
E' - E = _}/’: ’
_ 4re r’ _ {

® But there is also a magnetic E
field since in S’ the charge is ﬁj
moving away with a velocity b
-/ NG o

4—'(:) q
DI Mo Q—w A ALl‘o q_> A 7 / 1 qA\ V=V
B'= — V' Xr=-—=-=VXr =-¢ u VX — T
4 r 4 r k4m90 r J

So while there is only an electric field in S, there is both an electric field and magnetic field in S’



Fields

(a) The electric and magnetic
fields in frame S

® The size of the electric
and magnetic fields
depends on the frame of
reference

E'=F +VXB
B'=B

® This last term is the Biot-
Savart law

+ the magnetic field of a
moving point charge is just
the Coulomb electric field
of a stationary point
charge transformed into
the moving reference
frame

(b) The electric field in frame S’,
where the charged particle is at rest

F' = gE'

/ -y

C.

vV =0



Galilean field transformation equations

No longer can we think of

electric and magnetic fields as

being separate things
There’ s only one

electromagnetic field whose
manifestation depends on our

frame of reference

Consider units of the term u_¢,

o (TM/A)(C2/Nm2)

o but1T=1N/Amand 1 A=

1Cl/s

¢ SO units of u g, = s?/m?

o value of 1/
sqrt(u,e,)=3X10% m/s
Coincidence
+ | think not

E'=E+VXB

B' = B—iT/XE
C

E = E'-VXB

§=B+£JKE

works for v<<c



Problems revisited

® Consider the electric and
magnetic fields produced by
two charges moving with a
velocity vin S and at rest in

S’
- 1o u,qvy 1 1 g A
B'=B-—VXE, =20 — fix— 4
1 ¢’ ' 4m o’ c? l\ 4me, 1’ /
1
=Moq%v{1_ 2\,/(\=0
...as expected
—> — —> —> 1
E' =E +VXB = —— L) \ix Lo 22
drme, r 4z r
1 g 2 1 %/ V2\/\
= L= uv?))= Lr1-=
4me, rz( o)) 4me, rzl\ cz)]

...not as expected

b4 Fields due to ¢,
EI .v’
B, -
1] @ L "’, -V
q,
e o 3

Fields seen in frame S

3 Fields due to ¢,
FK

Fields seen in frame S’



Problems revisited

® Consider the electric and
magnetic fields produced by
two charges moving with a
velocity vin S and at rest in

S’
B'=B-— El=“0i:%—7/ﬁx <
C 4 r C l\ dme, r
1
_ Moq%v{l_ 2\,/(\=0
...as expected
—> — —> —> 1
E' =E +VXB = —— L) \ix Lo 22
dme r 4 r

1 g 2 Vz\
=——{-cuyv 1-—
drz, 2 ( oy )? %i 62)

...not as expected

?\

b4 Fields due to ¢,
E, y'
B, 5
1] @ L "’, =
q,
-. | ® L) I’
ri
A QN
g (‘_/
q,
vV
o\ -
(S) X

Fields seen in frame S

wait for relativity

to understand
V~C

4

B =0

3 Fields due to ¢,
Flﬁ

1
&)V =0
|
i |

!
r
q, v =0

®

Fields seen in frame S’

A

close for
V<<C

|

Galilean transformations don’ t (quite) work



ol

Experimenters on earth have
created the magnetic field shown.
A rocket flies through the field,
from right to left. Which are the
field (or fields)

in the rocket’ s reference frame?
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Experimenters on earth have
created the magnetic field shown.
A rocket flies through the field,
from right to left. Which are the
field (or fields)

in the rocket’ s reference frame?
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Ampere’ s law revisited

® Remember the formulation of

Ampere’ s law

? BdS = tualthrough

curve

® /00 refers to any surface
bounded by closed curve C

s €4g.5,0rS,

Closed curve C around wire

Surface S, \ Surface S,

/

T . T

n -~

Any currents passing through
S, must also pass through S,.

B

Curve C—

Positive /

direction
Surface S

L. =I—1

through

Closed curve C around wire

S, \ S,

1

Even 1n this case, the net current
through S, namely zero, matches
the net current through S,,.



What about this case?

® It' s clear that there’ s a
current passing through
surface S, but not S,

+ both are bounded by the
same curve C

® Maxwell realized that while
there is no current passing
through S, there is an
(changing) electric flux

b, =FA
0, -2 4.2
€A £,

db, 1d0 1
dt _80 dt ¢
do,
©odt

o

I =¢

(a) Cross section through a closed
curve C around the wire

Current / & . No current passes
passes through  + through surface S..

surface S . e R
l.’.‘.l— =
o — _
oooo+ | e e o o
o -
© o oo | | o o o o
o -
4y | X X X X
i ] X X X X
1

|| [
I I
This is the magnetic field of the

current / that is charging the capacitor.

(b)

Curve C

\. / Sz

e
_ do
I_dt

e
_ do
o dt

1

e

L4 A
The electric flux ®_ through surface S,
increases as the capacitor charges.



Displacement current

® Now | can re-write
Ampere’ s law as

. dd, (b)
? B dS = Auo (Ithrough + 80 dl’ ) Curve C

curve / \. 2
S 1\ ——>—

displacement current

w2

++ 4+ + +

> .. —

I = d_Q BiE I = d_Q

® Note that now | get the di (%] @
same result for each *

The electric flux ®_ through surface S,
increases as the capacitor charges.

surface

® It' s now called the

Ampere-Maxwell law

+ and we note an added
symmetry: a changing electric
field (flux) creates a magnetic
field




Example

® At what rate must the
potential difference
Increase across a 1.0

(b)

Curve C

\. / S2

. Sl\ +——>—:

uF capacitor to i
createa 1.0 A - i i

+H v |

displacement current
in the capacitor?

Y

o \
The electric flux ®_ through surface S,
increases as the capacitor charges.

dd dE AdV dV
[=¢, —==¢A _ % -2l
dt dt d dt dt
d I 1A
oL —— = IX10°V /s
dt C 10XI107F



Example

® et me re-phrase this.
Suppose the potential
across a 1.0 uF capacitor
IS increasing at the rate
of 1X10° V/s. What must
the current charging the
capacitor be?
o 1A

® ._.or in other words, the
displacement current is
equal in value to the real
current

(b)
Curve C\. S,
S]\ i——)—:
— ——]
— +——>—_ —
dQ . dQ
I= ar +__)_- I = T
wn A
. . .
The electric flux ®_ through surface S,
increases as the capacitor charges.
C
AV 1d0o I
d Cdt C

I = CC;—V = (1X10°F)(1X10°V / s)
4



Changing fields

® An increasing magnetic
field creates an electric
field

® An increasing electric
field creates a magnetic —
. I
field .
_ _ Increasing solenoid current
® Note that the direction of
the induced magnetic
field is opposite that of

E
the induced electric field j:

YYYVYY
o 1

o

+ Faraday’s law has a - sign 0

o Ampere-Maxwell law does
not Increasing capacitor charge

Induced E

N

Increasing B

Induced B

\

Increasing £



Direction of the induced field

® For an induced

electric field, think of Indu\cedé
Lenz’ s law
+ any change is going -
to be opposed T
Increasing solenoid current Increasing B

® For an induced
magnetic field, think
of Lenz’ s law and
then reverse the =
direction

Induced B

\

!

t

YYYVYVYY

\

Increasing capacitor charge Increasing E



1
I

;e e o s
The electric field is increasing. A
| |
Which is the induced magnetic field? IR IR
\ ® 6 o 0 o /
\\\.../’/

T I X X X

- T & o0 00 X X X X X
\/ e o 00 00 X X X X X XX
(—/l\—) ® & & o o o X X X X X X X

e o o o o X XXX X

¥ l N e o o X X X

A. B. C. D.

E. There’ s no induced field in this case.



1
I

\

T
The electric field is increasing. Aol
|
Which is the induced magnetic field? s o0 0 0 00
T . X X X
™ T il e o0 0 0 X X X X X
‘\/‘ ® ¢ ¢ o o o o 3 M e G e e I
‘—‘/l\'_’ ® o0 0 0 o0 XK KK WK K
e © o o o X XXX X
v l N e o o X X X
A. B. C. D.

E. There’ s no induced field in this case.



Charging capacitor

A capacitor is being charged
The electric field is changing
What is the induced magnetic

field inside the capacitor?

EP Bds = u,e, —=
curve dt
d({r> Q) r* dO :
= Ho%, dt l\ R’ ¢ ) = R? dt The magnetic field line is a circle concentric
¢ with the capacitor. The electric flux through
The magnetic field is this circle is 7r°E.
everywhere tangent to the
circle of radius r 2 , 0 r’ 0
2B = u,—— ENR™ R g,
R™ dt
u, r do

B

B 2w R* dt



