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2. ATt FFHE DA ol

FH wEBFES WA ol Ade AUHom

(McTighe & Seif, 2003; a4 & FA<, 2010). o154 w53

A el BER AN GRE WS $94 Sye geed,
%

o4 v vhoprsh

o

ru

Wiggins & McTighes= 302X 9] o|s]Z A 714 F8 =l A
AUtk AAA 5, 2021). AA, FnF FRozA o|gE A
5= AASA AYstes 89S Yulgith ol oldf9 Eds X
st7] f18l Ev = HlaE AA AT vk gl Z2d Vi BdES
B AAA ddes gotaAY, 2d=ES A q1ke ouE o] st

= AAY, MEA APNES o] AA A Wty 25 gotsteE A
of AWAF ok Zlolth olel@ WA FE urte] FRH
2= %—:—3} BRow B AHABA & &4, 2010,

w5 2
o A %ﬁﬂrﬂ&i 242 F Jde UL gt AFA & £A4H
(2011)= o197k Aol5 HAlA] A& Aoz 43t
AR, ARk WAoo 2RE ®EH ol o @Wol EARE o

rol HHE 74/0]?/}% gk ZhAol gk Bl QoA HMEEn
) =

il = =

A7E a2 A< 0} ]‘:]Oie AEA o w A7 HH et 3
42 dx3n.

olg st olale MdS dS FASslo, Wiggins & McTighe(2005)

= oA 7HA ol e S-S AA A

O A (Explanation): d®|o]¥, AFA,

]

A
Agsla AAA ZAZ AAT £ Q= =

12



@ 3l A (Interpretation): °©]°F7], °|v]X], H|f, 24 F& T3 A=
onlE WA ol T

@ A &(Application): 553 A2S thkst AA4 o) 2 A3}HA

3?:1%831- 2= o)l = L:gjj

3 T U= S
@ - (Perspective): @Foly AE M o|a thZ& Q1 Al Ztof A
A8 F e 59
® s (Empathy): 19 A7 AA#E oldlstal & & v
59
® A7 A2 (Self-Knowledge): #2112 HAIS 2235la, xpAle] o] =
Wal et Aoy AL A e vpofetn, Aol Abaret S 9jE wiE
A Ao m AFE = U= T
Wiggins & McTighe(2005)= ol&1d oAl 7}#] S®o]l #d A
daeta FEe] s W v2A A o] =dd £ vk W
Ut} ol= olaf7F @] A A XY F5olv 5A Ve w9
of o, FAola HAHQl T HAFQIS AR
5 Bt wAs FFeE WAY o
HetusAE HT olalTa ugIge] A ol el FEst
2 Qtkel A, ATFA & olBE, 2024). 2022 AR WL TAo] o H =
A uSAAFE Ve R shal Atk AeA(AAA 5, 2021 AAA
S, 2017; oY &, 2022, ols-<, 2021, A, 2018), a9
A B3RS AR olsE HEtuFo] Wetoa WHETE HES:= A
- Fag A & 7 dvhAdEdA & FAs, 2010).

Teiuh ShA m=olE RAG ol AM A FHE HulFol| 1

A7 Attt McTighe & Wiggins(1999)% o] &) <]
oAX 7HA] FHol "thA 19 A (somewhat artificial)*) 3. F A 754
(not the only possible)2 o}u”72Fal o133k v} Qo) o]= o]sfe] oAl
7HA ol XA old'E ¢HSHA A A = XIS AAFETE S,
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A3FZ AT A H 7+ HH

Al 1A AT A

2 AFe HEe HAAAZTE F " s Ae=E dAaHE
Einstein®} Infeld®] 'The Evolution of Physics (1938); ¢+ Rutherford,
Holton & Watson®l THarvard Project Physics (1970); & ¥4 t#t
o2 AAIAY. EoP$t HPP 29 Hubdl 43 542 v

7z}
1. TThe Evolution of Physicsy (1938)
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Ao 7 FEinsteine T2 AFESEA] & o]opy]

5 e 22
sto] W e At ok Beste Fa WY ojz2d A
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A e ol WAEw A
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[3% 3-1] EoP

1=} [e)
'ﬂ_‘/}‘v'é‘

_(H

2t
o

(Chapter)

Me o

(Section) (Selected)

The two electric fluids

The magnetic fluids

I.

The first serious difficulty

The velocity of light

The Decline of

Light as substance

The Mechanical

The riddle of colour

What is a wave?

View

The wave theory of light

Longitudinal or transverse light waves?

0.

Ether and the mechanical view

The field as representation

The two pillars of the field theory

The reality of the field

Field and ether

The mechanical scaffold

Ether and motion

. Field,

Time, distance, relativity

O N0 O A W IN = =200 | oM O I W N —

Relativity

Relativity and mechanics

o

The time-space continuum

—_
o

. General relativity

—_
—_

. Outside and inside the lift

—_
N

. Geometry and experiment

—_
w

. General relativity and its verification

IS

. Field and matter

2.

FHarvard Project Physicsy

(1970)
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Rutherford et al., 1970).
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o2 HAAAY([x 3-2] F=x)

[% 3-2] HPP &A1& {8 F&3% 4 H9
3 £ Meh o
(Chapter) (Section) (Selected)

16.1. Introduction

16.2. Maxwell’s formulation of the

principles of electromagnetism
16.3. The propagation of electromagnetic

16.
Electromagnetic waves O
Radiation 16.4. Hertz's experiments

16.5. The electromagnetic spectrum

16.6. What about the ether now?

A2 - AT+ U

2 A= FEoPet HPPY B2EE A4 & A (Qualitative
Content Analysis, QCA)& &3 &4 W& Z4HLS d2E=ZHH
e 758t Bget FES =E5ste AU E ol (Krippendorff,
2018), 1 % AA W& FAHEE AFAY FAA oldE nviEoRE A
AX] £ A F3 d2E ey oguE Bl W olv(HA
% &, 2016).

White &  Marsh(2006)7t  AAgE  QCAE A7 A A7
(Formulating Research Questions), X FZ(Sampling), 3
(Coding), +41(Analysis)9] Ul SAZ JPAh([2d 3-1] #F=x) A
HA GAQD AT TA A7IAA= ANEE AR (Foreshadowing
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Formulating
Research Sampling Coding Analysis
Questions
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MM AR Ay sde]l A" A, AFAE 2L i (New

Questions)s ARt AEA S HAAgTE ol & & :

gk w7 A st s, Al sfA st

= ZAoltKrippendorff, 2018).
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Radiation> AAES 23t}

[F 5-4] HERGAN Fae AAD olal’e] o4 AX =W (o143,
ArE & olF %, 2024)
sHo
Og_j o|n|gt ofjA|
| ZFHETR] LES(O: 2010 o %5t
= | (o) 7I&/EH(RA R BA ME/EYSH =5
g | USRI LSO FHOYE Xt 202 st
[0f]] -5-3/8|.5/210] 43/0|0F7 | T 2517 |
LI (O ZAONS MES AHO|L R B A
Mg | Mzl 83|
(o] Aol Z8/2H3HZ 5]
qsfol ZQsH B 22 HE/0|2/YR SI 2e FREO )
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<16.14 Introduction>
On April 11, 1846, the distinguished physicist Sir Charles Wheatstone was
scheduled to give a lecture at the Royal Institution in London. Michael Faraday was
to introduce Wheatstone to the audience. At the last minute, just as Faraday and
Wheatstone were about to enter the lecture hall, Wheatstone got stage fright,
turned around, and ran out into the street. Faraday had to give the lecture himself.
But on this

occasion he revealed certain speculations which, as he later admitted, he would

Nonnally, Faraday discussed only his actual experiments in public.

[H3]
Oersted?}
AlZ

never have made public had he not suddenly been forced to speak for an hour.

Faraday's speculations dealt with the nature of light. Faraday, like Oersted

(o]}
A

A
T

9 of
ol s

|19|-ﬂ

before him, believed that all the forces of nature are somehow connected. Electricity
and magnetism, for example, could not be separate forces that just happen to exist

in the same universe. Rather, they must be different forms of one basic

phenomenon. This belief paralleled that of Schelling and other German Nature

[24]
Faraday= AfH9| 20| HAE
O UALE HHEo =2 ™It At
7| S BIEFEUD.

Philosophers at the beginning of the nineteenth century. It had inspired Oersted to

search in the laboratory for a connection between electricity and magnetism.
Eventually he found such a connection in his discovery that an electric current in a

conductor can turn a nearby magnet.
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Faraday, too, had been guided by a belief in the unity of natural forces. Could
light also be another form of this basic "force"? Or rather, to use more modern
terms, is light a form of energy? If so, scientists should be able to demonstrate
experimentally its connection with other forms of energy such as electricity and
magnetism. Faraday did succeed in doing just this. In 1845, he showed that light
traveling through heavy glass had its plane of polarization rotated by a magnetic
field applied to the glass.

This experiment convinced Faraday that there is a definite connection between
light and magnetism. But he could not resist going one step further in his
unrehearsed lecture the following year. Perhaps, he suggested, light itself is a
vibration of magnetic lines of force. Suppose, for example, that two charged or
magnetized objects are connected by an electric or magnetic line of force. If one of
them moved, Faraday reasoned, a disturbance would be transmitted along the line
of force. Furthermore, if light waves were vibrations of lines of force, then an
elastic substance such as "ether" would not be needed in order to explain the
propagation of light. The concept of the ether could be replaced if it could be
shown that lines of force themselves have the elastic properties needed for wave
transmission.

Faraday could not make his idea more precise. He lacked the mathematical
skill needed to prove that waves could propagate along lines of electric or magnetic
force. Other physicists in Britain and Europe might have been able to develop a
mathematical theory of electromagnetic waves. But at the time these scientists
either did not understand Faraday's concept of lines of force or did not consider
them a good basis for a mathematical theory. Ten years passed before James Clerk
Maxwell, a Scottish mathematical physicist, saw the value of the idea of lines of
force and started using mathematics to express Faraday's concepts.
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<16.24 Maxwell’s formulation of the principles of electromagnetism>
The work of QOersted, Ampere, Henry, and Faraday had established two basic

principles of electromagnetism:

1. An electric current in a conductor produces magnetic lines of force that circle the

conductor.

2. When a conductor moves across eternally set up magnetic lines of force, a current

is induced in the conductor.

In the 1860's, James Clerk Maxwell
electromagnetism. In it,

developed a mathematical theory of
he added to and generalized these principles so that they
applied to electric and magnetic fields in conductors, in insulators, and even in space
free of matter.

Maxwell began by putting Faraday's theory of electricity and magnetism into
mathematical form. In 1855, less than 2 years after completing his undergraduate
studies at Cambridge University, Maxwell presented to the Cambridge Philosophical
Society a long paper. Entitled "On Faraday's Lines of Force,” it described how these
lines are constructed:
.. If we commence at any point and draw a line so that as we go along it its direction at
any point shall always coincide with that of the resultant force at that point this curve will
indicate the direction of that force for every point through which it passes, and might be
called on that account a line of force. We might in the same way draw other lines of
force, till we had filled all space with curves indicating by their direction that of the force
at any assigned point.
Maxwell stated that his paper was designed to show how, by a strict application of the
ideas and methods of Faraday, the connection of the very different orders of
phenomena which he has discovered may be clearly placed before the mathematical
mind." During the next 10 years, Maxwell created his own models of electric and

magnetic induction. In developing his theory, he first proposed a mechanical model for

[23]
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the electrical and magnetic quantities observed experimentally by Faraday and others.
Maxwell then expressed the operation of the model in a group of equations that gave
the relations between the electric and magnetic fields. He soon found these equations
to be the most useful way to represent the theory. Their power allowed him eventually
to discard the mechanical altogether.
considered by physicists to be the proper approach to the theory of electromagnetic
phenomena. If you go on to take another physics course after this introductory one,
find that the development (Maxwell's
equations) is one of the high points of the course. However, it will require vector

model Maxwell's mathematical view is still

you will of Maxwell's mathematical model

calculus.

Maxwell's work contained an entirely new idea of far-reaching consequences: An
electric field that is changing with time must be accompanied by a magnetic field. Not

7 only do currents in conductors produce fields around them, but changing electric fields
in insulators such as glass, air, or empty space also produce magnetic fields.

It is one thing to accept this newly stated connection between electric and

10 | magnetic fields. But it is harder, and more interesting, to understand the physical

necessity for such a connection. The paragraphs below are intended to make it clearer.

11

An uncharged insulator (such as glass, wood, paper, or rubber) contains equal
amounts of negative and positive charges. In the normal state, these charges are
distributed evenly. Thus, the net charge is zero in every region of the material. But
is placed these charges are subjected to
electrical forces. The positive charges are pushed in one direction, the negative in the
opposite direction. Unlike the charges in a conductor, the charges in an
material are not free to move far through the material. The charges can be displaced
only a small distance before restoring forces in the insulator balance the force of the
electric field. If the strength of the field is increased, the charges will be displaced

when the insulator in an electric field,

insulating

[ofl ]
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further. The changing displacement of charges that accompanies a changing electric

field in an insulator forms a current. Maxwell called this current a displacement
current, He assumed that this momentary displacement current in an insulator
surrounds itself with a magnetic field just as a conduction current of the same

magnitude does.

In an insulator, the displacement current is defined as the rate at which the

charge displacement changes. This rate is directly proportional to the rate at which the | [A ]
electric field is changing in time. Thus, the magnetic field that circles the displacement ‘A|ZHO| bRt HEH= A
current can be considered a consequence of the time-varying electric field. Maxwell
. : 719 A= AH7|ZHO0
assumed that this model, developed for matter, also applies to space free of matter
i | - MZIHE AU B9
(though at first glance this seems absurd). Therefore, under all circumstances, an =t e =i
12 electric field that is changing with time surrounds itself with a magnetic field, | &= Ol&° 2EE.
Previously, it was thought that the only current that produced a magnetic field was the
current in a conductor. Now Maxwell predicted that a magnetic field would also arise
from a changing electric field, even in empty space. Unfortunately, this field was very
small in comparison to the magnetic field produced by the current in the conductors of
the apparatus. So it was not at that time possible to measure it directly. But as you
will see, Maxwell predicted consequences that soon cou/d be tested.
According to Maxwell’s theory, then, the two basic principles of electromagnetism | [AE]
should be expanded by adding a third: 7|29 HHGIIF Rp7|Zf
3. A changing electric field in space produces a magnetic field. The induced OrC P Zp7|R
s - — (o o
13 magnetic field vector B is in a plane perpendicular to the changing electric field vector t J|ZS ot
o=

E. The magnitude of B depends on the rate at which £ is changing™ not on E' itself,

but on ’%’. Therefore, the higher the frequency of alteration of FE, the greater the

field E so induced.

nx |n 19 mjo rX
r&

oF rr

62



14

Consider a pair of conducting plates connected to a source of current, as shown
at the right. Charges are moved onto or away from plates through the conductors

connecting them to the source. Thus, the strength of the electric field £ in the space
between the plates changes with time. This changing electric field produces a magnetic

field B as shown. (Of course, only a few of the infinitely many lines for £ and B are
shown.)

15

An additional principle, known before Maxwell, assumed new significance in
Maxwell’s work because it is so symmetrical to statement 3 above:
4. A changing magnetic field in space produces an electric field. The induced

electric field vector “E” is in a plane perpendicular to the changing magnetic field

vector ‘B’. The magnitude of 'E" depends on the rate at which "B’ is changing-not on

"B’ itself, but on ’%’. Consider the changing magnetic field produced by, say,

temporarily increasing the current in an electromagnet. (See the illustration in the right
margin of this page.) This changing magnetic field induces an electric field in the
region around the magnet. If a conductor happens to be lined up in the direction of
the induced electric field, the free charges in the conductor will move under the field’s
influence. Thus, a current in the direction of the induced field will arise in the
conductor. This electromagnetic induction had been discovered experimentally by
Faraday (Sec. 15.3).

16

Maxwell’s theories of the total set of relations between electric and magnetic
fields were not at once directly testable. When the test finally came, it concerned his
prediction of the existence of waves traveling as interrelating electric and magnetic
fields, that is, electromagnetic waves.
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<16.34 The propagation of electromagnetic waves>

Suppose in a certain region of space, an electric field that changes with
time is created. According to Maxwell's theory, an electric field ‘E’ that varies in
time simultaneously induces a magnetic field ‘B° that also varies with time. (The
magnetic field also varies with the distance from the region where the changing
electric field was created.) Similarly, a magnetic field that is changing with time
simultaneously induces an electric field that changes with time. (Here, too, the
electric field also changes with distance from the region where the changing
magnetic field was created.)

18

As Maxwell realized and correctly predicted, mutual induction of time- and
space-changing electric and magnetic fields should set up an unending sequence
of events. First, a time-varying electric field in one region produces a time- and
space-varying magnetic field at points near this region. But this magnetic field
produces a time and space-varying electric field in the space surrounding it. And
this electric field produces time- and space-varying magnetic fields in its
neighborhood, and so on. Thus, suppose that an electromagnetic disturbance is
started at one location, say by vibrating charges in a hot gas or in the transmitter
wire of a radio or television station. This disturbance can travel to distant points
through the mutual generation of the electric and magnetic fields. The fluctuating,
interlocked electric and magnetic fields propagate through space in the form of an
electromagnetic wave, a disturbance in the electric and magnetic field intensities

in space.
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In Chapter 12 it was shown that waves occur when a disturbance created in
one region produces at a later time a disturbance in adjacent regions. Snapping
one end of a rope produces, through the action of one part of the rope on the
other, a displacement at points farther along the rope and at a later time.
Dropping a pebble into a pond produces a disturbance that moves away from the
source as one part of the water acts on neighboring parts. Time-varying electric
and magnetic fields produce a disturbance that moves away from the source as
the varying fields in one region create varying fields in neighboring regions.

20

What determines the speed with which electromagnetic waves travel? Recall
first that for mechanical waves the speed of propagation is determined by the
stiffness and density of the medium. Speed increases with increasing stiffness, but
decreases with increasing density. This relation between wave speed, stiffness, and
density holds for mechanical wave motions and for many other types of waves.
Only the barest outline of how Maxwell proceeded beyond this point is given here.
First, he assumed that a similar "stiffness and density" relation would hold for
electromagnetic waves. Then he computed what he thought to be the "stiffness”
and "density” of electric and magnetic fields propagating through the hypothetical
ether. In finding values for these two properties of the electric and magnetic
fields, Maxwell was guided by his mechanical model representing the ether. In this
model, stiffness was related to the electric field, and density to the magnetic field.
Next, he proved mathematically that the ratio of these two factors, which should
determine the wave speed, is the same for all strengths of the fields. Finally,
Maxwell demonstrated that the speed of the waves (if they exist!) is a definite
quantity that can be deduced from measurements in the laboratory.
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The necessary measurements of the factors involved actually had been
made 5 years earlier by the German scientists Weber and Kohlrausch. Using their
published that the the
electromagnetic waves should be about 311,000,000 m/sec. He was immediately
struck by the fact that this large number was very close to a measured speed
already well known in physics. In 1849, Armand Fizeau had measured the speed
of light and had obtained a value of about 315,000,000 m/sec. The close similarity

could have been a chance occurrence. But Maxwell believed that there must be a

values, Maxwell calculated speed of supposed

deep underlying reason for these two numbers being so nearly the same. The
significance for physics seemed obvious to him. Making an enormous leap of the
imagination, he wrote:

The velocity of the transverse undulations in our hypothetical
medium, calculated from the electromagnetic experiments of MM
Kohlrausch and Weber, agrees so exactly with the velocity of light

calculated from the optical experiments of M. Fizeau, that we can scarcely
avoid the inference that /ight consists in the transverse undulations of the
same medium which is the cause of electric and magnetic phenomena.

Here then was an explanation of light waves and at the same time a joining
of the previously separate sciences of electricity, magnetism, and optics. Maxwell
realized the importance of his discovery. Now he set to work making the theory
mathematically sound and freeing it from his admittedly artificial model.
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Maxwell's synthesis of electromagnetism and optics, after it had been
experimentally confirmed (see Sec. 16.4), was seen as a great event in physics.
In fact, physics had known no greater time since the 1680's, when Newton was
his Of
electromagnetic mind in a

writing monumental work on mechanics. course, Maxwell's

theory had arisen in Maxwell's Newtonian,

mechanical framework. But it had grown out of that framework, becoming
another great general physical theory, independent of its mechanical origins.
Like Newtonian mechanics, Maxwell's electromagnetic field theory succeeded
spectacularly. You will see something of that success in the next few sections.
The success occurred on two different levels: the practical and the theoretical.
such as radio and

Practically, it led to a host of modern developments,

television. On the theoretical level, it led to a whole new way of viewing
phenomena. The universe was not only a Newtonian machine of whirling and
colliding parts: It included fields and energies that no machine could duplicate.
As you will see later. Maxwell's work formed a basis of the special theory of
relativity. Other physical theories were nourished by it also. Eventually, however,
results accumulated that did not fit Maxwell's theory: something more was
1925, the

development of quantum mechanics led to a larger synthesis, which included

needed. Starting about after a quarter-century of discovery,

Maxwell's electromagnetism.
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<16.44 Hertz's experiments>
Did Maxwell establish without doubt that light actually does consist of
electromagnetic waves, or even that electromagnetic waves exist at all? No. Most

physicists remained skeptical for several years. The fact that the ratio of two

23
quantities determined by electrical experiments came out equal to the speed of light
certainly suggested some connection between electricity and light. No one would
seriously argue that this was only a coincidence. But stronger evidence was needed
before the rest of Maxwell's theory, with its displacement current, could be accepted.
What further evidence was needed to persuade physicists that Maxwell's theory
was correct? Maxwell showed that his theory could explain all the known facts about [Z2ZH
electricity, magnetism, and light. But so could other theories, although with less Maxwell O|20| TA| pst
— =
sweeping connections between their separate parts. To a modern physicist, the othern S0 7| HIOFEOZ|7| O
= =
24 theories proposed in the nineteenth century seem much more complicated and ol 1ES HEA|F|7
AR — ’ == H ~
artificial than Maxwell's. But at the time, Maxwell's theory seemed strange tq QM= Al =AHIL HE
physicists who were not accustomed to thinking in terms of fields. It could be = L OstS TIFSF A O]
) . ] CAl BRedE 34 &+ A
accepted over other theories only if it could be used to predict some new property of £2 om
20 -
electromagnetism or light. -
Maxwell himself made two such predictions from his theory. He did not live to
see them verified experimentally in 1888, for he died in 1879 at the age of 48
Maxwell's most important prediction was that electromagnetic waves of many different
25 |frequencies could exist. All such waves would propagate through space at the speed

of light. Light itself would correspond to waves of only a small range of high

frequencies (from 4x10714 Hz to 7x10"14 Hz). These are frequencies detectable by the

human eye.
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To test this prediction required inventing apparatus that could both produce and
detect electromagnetic waves, preferably of frequencies other than light frequencies
This was first done by the German physicist Heinrich Hertz, whose contribution wag
triggered by a chance observation. In 1886, Hertz noticed a peculiar effect produced
during the sparking of an induction coil. As was well known, sparks sometimes jump
the air gap between the terminals of an induction coil (see drawing). You will recal
(Chapter 15) that an induction coil can be used to produce high voltages if there are
many more turns of wire on one side than on the other. Ordinarily, air does not
conduct electricity. But when there is a very large potential difference between two
wires a short distance apart, a conducting pathway may form briefly as air moleculeg
are ionized. A short burst of electricity then may pass through, attended by a visible
spark. Each visible spark produced is actually a series of many small sparks, jumping
rapidly back and forth (oscillating) between the terminals. Hertz found that he could
control the spark's frequency of oscillation by changing the size and shape of metal
plates attached to the spark gap of the induction coil.

27

Hertz then bent a simple piece of wire so that there was a short gap between
its two ends. When it was held near an induction coil, a spark jumped across the airn
gap in the wire just when a spark jumped across the terminals of the induction coil
This was a surprising new phenomenon. Hertz reasoned that as the spark jumps
back and forth across the gap of the induction coil, it must set up rapidly changing
electric and magnetic fields. According to Maxwell's theory, these changes propagate
through space as electromagnetic waves. (The frequency of the waves is the same ag
the frequency of oscillations of the sparks.) When the electromagnetic waves pasg
over the bent wire, they set up rapidly changing electric and magnetic fields there
too. A strong electric field produces a spark in the air gap, just as the transmitter
field did between the terminals of the Since the field is rapidly
changing, sparks can jump back and forth between the two ends of the wire. Thig
wire, therefore, serves as a detector of the electromagnetic waves generated by the
induction coil. Hertz's observation of the induced spark was the first solid clue that

induction coil.

electromagnetic waves do exist.
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Hertz showed that the electromagnetic radiation from his induction coil has al
the usual properties of light waves. It can be reflected at the surface of solid bodies
including metallic conductors. In addition, the angle of reflection is equal to the angle
of incidence. The electromagnetic radiation can be focused by concave metallig
mirrors. It shows diffraction effects when it passes through an opening in a screen
All  interference be standing waves. Also
electromagnetic waves are refracted by prisms made of glass, wood, plastic, and

phenomena can shown, including

[4&d 2F]

7| Zof 2ol o
3 2AS HA|LOE A

oF o
2l UHE

Z £0l5
28 other nonconducting material. (All these experiments, with more modern apparatus ;::I;Z 71;:-2];{&*'3 EO;
can be done in your laboratory.) By setting up a standing-wave pattern with a large © == = 2o
metal reflector. Hertz was also able to determine the distance between consecutive dSots UF= AMsHA
nodes and thus measure the wavelength. He determined the frequency of the AESH
oscillating electric current through an analysis of his circuits. Thus, he was able tqg
determine the speed of his waves and found it to be the same value that Maxwel
had predicted: the speed of light.
[2Z]
Hertz's experiments dramatically confirmed Maxwell's electromagnetic theory' Hertzel Alsjo] 2zoz
They showed that electromagnetic waves actually exist, that they travel with the = B o
29 |speed of light, and that they have the familiar characteristics of light. Now Maxwell 0|25 &S&2=2
mathematical physicists rapidly accepted Maxwell's theory and applied it with great ol 8 =2=tA=0] 9|
success to the detailed analysis of a wide range of phenomena. 2g HorE0|1 AMEgsHD
£ 0 3UY & YEE
Thus, at the end of the nineteenth century, Maxwell's electromagnetic theory O|Zk.
30 |stood with Newton's laws of mechanics as an established part of the foundations of

physics.
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<16.54 The electromagnetic spectrum> [A1H]

Hertz's induction coil produced electromagnetic radiation with a ZAZ}7| ATE=O| E£SiQIZ|0| LCjsf
wavelength of about 1 m. This is about 1 million times the wavelength of MESH

isible light. Later experiments showed that a very wide and continuous range
of electromagnetic wavelengths (and frequencies) is possible. The entireg
possible range is called the electromagnetic spectrum. A range of frequencieq
from about 1 Hz to 10"25 Hz, corresponding to a wavelength range from 107§
m to 107-17 m, has been studied. Many of these frequency regions have been
put to practical use.

Light, heat, radio waves, and X rays are names given to radiations in
certain regions of the electromagnetic spectrum. In each of these regiong
radiation is produced or observed in a particular way. For example, light may
be perceived directly through its effect on the retina of the eye. But to detect
radio waves requires electronic equipment. The named regions overlap. For
example, some radiation is called "ultraviolet” or "X ray," depending on how it

is produced.

All waves in the electromagnetic spectrum, although produced and
detected in various ways, behave as predicted by Maxwell's theory. Al
electromagnetic waves travel through empty space at the same speed-the [AITH]
speed of light. They all carry energy; when they are absorbed, the absorber i§ ZZ}7|ItQ| Oj2] EXA0f C{sH AHS
heated, as is food in a microwave oven. Electromagnetic radiation, whatever
its frequency, can be emitted only if energy is supplied to the source of

radiation, which is, ultimately, a charge that is undergoing acceleration. Thig

charge acceleration can be produced in many ways. For example, heating 3

71 3]



material will increase the vibrational energy of charged particles. Also, one
can vary the motion of charges on an electric conductor (an antenna) or
cause a charged particle to change its direction. In these and other processes
work is done by the force that is applied to accelerate the electric charge
Some of the energy supplied to the antenna in doing this work is "radiated’
away; that is, it propagates away from the source as an electromagnetic wave,

34

The work of Maxwell and Hertz opened up a new scientific view of
nature. It also prepared for a rapid blooming of new technologies, such as
radio, TV, radar, etc. As was done before, for example, in the chapter on
electric motors and generators, a brief description of these indirect
consequences of a scientific advance is given below.
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Radio. Electromagnetic waves having frequencies of 1074 to 1077 Hz are
reflected quite well by electrically charged layers that exist in the uppern
atmosphere. This reflection makes it possible to detect radio waves at great
distances from the source. Radio signals have wavelengths from tens tqg
thousands of meters. Such waves can easily diffract around relatively smal
obstacles such as trees or buildings. But large hills and mountains may cast

"dark"” shadows.
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36

<16.64 What about ether now?>

The "luminiferous ether" had been proposed specifically as a medium for the
propagation of light waves. Maxwell found that the ether could also be thought of as a
medium for transmitting electric and magnetic forces. Later, he realized that he could
drop his specific model of the ether entirely if he focused on the mathematical form
of the theory. Yet, just before his death in 1879, Maxwell wrote an article in which he
still supported the ether concept:

Whatever difficulties we may have in forming a consistent idea of the
constitution of the aether, there can be no doubt that the interplanetary and
Interstellar spaces are not empty, but are occupied by a material substance or
body, which is certainly the largest and probably the most uniform body of
which we have any knowledge. .

Maxwell was aware of the failures of earlier ether theories. Near the beginning of the
same article he said:

Aethers were invented for the planets to swim in, to constitute electric
atmospheres and magnetic effluvia, to convey sensations from one part of our
bodies to another, and so on, till all space had been filled three or four times
over with aethers. It is only when we remember the extensive and mischievous
influence on science which hypotheses about aethers used formerly to exercise,
that we can appreciate the horror of aethers which sober-minded men had
during the 18th century-.

73

LELE

11



37

Maxwell had formulated his electromagnetic theory mathematically, independent
of any particular model of the ether. Why, then, did he continue to speak of the "great
ocean of aether” filling all space? It seemed unthinkable to Maxwell that there could
be vibrations without something that vibrates, or waves without a medium. Also, to
many nineteenth-century physicists the idea of "action at a distance” seemed absurd.
How could one object exert a force on another body far away if something did not
transmit the force? One body is said to act on another, and the word on gives the
idea of contact. Thus, according to accepted ways of describing the world in common
language, the ether seemed somehow necessary.
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Yet 25 years after Maxwell's death the ether concept had lost much of its
support. Within another decade, it had vanished from the collection of useful concepts.
In part, the success of Maxwell's theory itself helped to undermine the general belief
in the existence of an ether, simply because his equations did not depend on details
of the ether's structure. In fact, they could be taken to describe the relations between
changes of electric and magnetic fields in space without any reference to the ether at
all.
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Another difficulty with belief in the ether was that all attempts to detect the
motion of the earth relative to the ether failed. If light is a kind of vibration of an
ether that fills all space, then light should travel at a definite speed relative to the
ether. But the earth must also be moving through the ether in its annual orbit around
the sun. Thus, the earth should be moving like a ship, against an “ether wind" at
some times, and with it at other times. Under these conditions, the apparent speed of
light should be observed to differ. When the earth and a beam of light are moving in
the same direction through the ether, the observed speed of light should not be the
same as when the earth and the light are moving in opposite directions.
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Theorists computed the time required for light to make a round trip with and
against the ether wind. They compared this interval with the time calculated for a
round trip in the absence of an ether wind. The expected time difference was found to
be very small: only 107(-15) sec for a round trip of 30 m. This is too short a time
difference to measure directly, but it is of the same order as the time for one
vibration of visible light. Therefore, the difference might be detected from observations
of a properly produced interference pattern. In 1887, the American scientists Albert A.
Michelson and Edward Morley used a device sensitive enough to detect an effect only
1% as great as that predicted by the ether theory. Neither this experiment nor the
many similar experiments done since then have revealed the existence or expected
effects of an ether wind.

Supporters of the ether concept offered various explanations for this unexpected
result. For example, they suggested that objects moving at high speeds relative to the
ether might change their size in just such a way as to make this relative speed
undetectable. But even those who made such attempts to rescue the ether concept
felt their proposals to be forced and artificial. Finally, a decisive development led
scientists to abandon the ether concept. This breakthrough was not a specific
experiment, but a brilliant proposal by a young man of 26 years. The man was Albert
Einstein, who in 1905 suggested that a new and deep union of mechanics and
electromagnetism could be achieved without the ether model. A few brief remarks
here will provide a setting for your further study of relativity at a later time.
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Einstein showed that the equations of electromagnetism can be written to fit the
same principle of relativity that holds for mechanics. In Sec. 4.4, the Galilean principle
of relativity was discussed. It states that the same laws of mechanics apply in each of
two frames of reference that have a constant velocity relative to each other. Thus, it
is impossible to tell by any mechanical experiment whether or not a laboratory
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(reference frame) is at rest or is moving with constant velocity. The principle is
illustrated by common experience within a ship, car, plane, or train moving at a
constant speed in a straight line. The observer finds that objects move, remain at rest,
fall, or respond to applied force in just the same way they do when the ship, or
whatever, is at rest. Galileo, a convinced Copernican, applied this principle to the
motion of objects with respect to the earth. You will recall the example of a stone
falling straight down alongside a tower. Galileo argued that this event gives no
indication whether the earth is fixed and the sun in motion, or the sun fixed and the
earth in motion.

43

Einstein extended this principle of relativity beyond mechanics. It applied, he
proposed, to all of physics, including electromagnetism. A main reason for this
assumption appears to have been his feeling that nature could not be lopsided:
relativity could not apply only to part of physics. Einstein then added a second basic
conjecture. He stated that the speed of any light beam moving through free space is
the same for all observers, even when they are moving relative to each other or
relative to the light source! This bold statement resolved the question of why the
motion of observers with respect to the ether did not show up in experiments on the
speed of light. In fact, Einstein rejected the ether and all other attempts to provide a
"preferred frame of reference" for light propagation. The price of making these
assumptions of his Einstein showed, the necessity of some
common-sense notions of space and time. Einstein showed that Maxwell's equations
are fully consistent with extending the principle of relativity to all physics. This was yet
another great synthesis of previously separate ideas, like the syntheses forged by
Copernicus, Newton, and Maxwell.
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Abstract

A Basic Study on the
E'stablishment of the
Electromagnetic Waves

Content System in High School

. Focusing on TThe Evolution of Physics (1938);
and THarvard Project Physics (1970),

Kangrae Kim
Physics Education Major
Department of Science Education

The Graduate School

Seoul National University

This study addresses several concerns regarding the content
structure of physics education. Previous research indicates that
Korean science education lacks fundamental reflection on subject

content (Lee et al, 2010), and physics teachers continue to struggle
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with rote learning due to insufficient concept hierarchy (Kang et al.,
2015). Additionally, the lack of connectivity between content systems
creates difficulties in textbook writing (Lee et al, 2019), and in
electromagnetic wave units, content is often presented fragmentarily,
making it difficult to establish organic connections between concepts
(Lee, 2020, Kam, 2024).

A potential solution to these structural issues can be found in the
2022 Revised National Curriculum. This curriculum emphasizes
organizing physics content according to storylines (flow) and
encourages students to reach core ideas that reveal the essence and
framework (structure) of physics through the complementary
development of three  dimensions: knowledge/understanding,
process/skills, and values/attitudes. While this direction shows
promise in addressing current issues, the curriculum documents lack
specific details about the flow and structure of physics. Recent
studies (Shim et al, 2023, 2024, Lee et al, 2024) suggest that such
flow and structure can be found within science’s practice traditions.

Science’s practice tradition refers to science as human activity
viewed from an ’essential-holistic’ perspective. It encompasses
scientific viewpoints on nature along with related core ideas, thinking
methods, attitudes (values), and the organic, holistic relationships
between these elements. Therefore, exploring science’s practice
tradition can lead to understanding the flow and structure of physics
as presented in the 2022 Revised Curriculum.

This study investigated science’s practice tradition as one
approach to concretizing the flow and structure of physics content.
Specifically, we analyzed "The Evolution of Physics” (1938, EoP) and
"Harvard Project Physics” (1970, HPP), both expected to embody

science’s practice tradition. We systematically analyzed the flow and
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structure of electromagnetic wave concepts in these texts to provide
foundational material for establishing high school physics content
systems. Additionally, considering that students can develop genuine
understanding through science’s practice tradition (Lee, Shim & Lee,
2024), we analyzed the understanding readers would achieve through
these scientific classics.

The results show distinct characteristics in both texts. FEoP’s
content flow emphasizes paradigm shifts, highlighting the limitations
of existing perspectives and the success of new ones, presenting
historical flow in logical reconstruction. HPP focuses on narrative
flow centered on historical events, emphasizing contemporary
scientists’ thoughts and ideas, featuring a natural storyline from
theoretical predictions to experimental proof and practical
applications. Regarding content structure, FEoP demonstrates a
systematic structure centered on contrasting viewpoints, while HPP
shows a less distinct contrast between perspectives with somewhat
weaker logical connections between elements.

Understanding achieved through EoP encompasses five aspects of
understanding (excluding ’application’), particularly —emphasizing
‘perspective’ and ’self-knowledge.” HPP enables readers to reach all
six aspects of understanding, with particular emphasis on
‘explanation,’ though somewhat lacking n meta-level
‘self-knowledge.”

These findings suggest that both texts reflect science’s practice
tradition and  support  students’  development of 'genuine
understanding,” albeit with distinct characteristics. These results can
contribute to establishing new electromagnetic wave content systems
in high school physics by combining EoP’s macroscopic structure

with HPP’s detailed content elements. This open approach can
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incorporate  elements from both new scientific classics and

contemporary texts to address issues in electromagnetic wave

content Structure.

keywords @ Practices in science, Authentic understanding,
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Student Number @ 2023-20715
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