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Instructional Guidance for Standard 1:
Interactions, Models, and Scales
1.1 Interactions, Systems, and Scale (5-8)
1.2 Interactions and Properties (5-8)

1.3 Interactions and Atomic and
Subatomic Models (5-8 and 9-12)

1.4 Interactions and Objects Moving Very
Fast (9-12)

Instructional Guidance for Standard 2:
Conservation Principles
2.1 Conservation of Mass, Energy, and Charge
(5-8 and 9-12)
2.2 Conservation of Linear Momentum (9-12)

2.3 Nuclear Interactions and the Conservation
of Mass-Energy (9-12)

Instructional Guidance for Standard 3:
Newton’s Laws of Motion
3.1 Constant and Changing Linear Motions
(5-8 and 9-12)
3.2 Forces and Changes in Motion
(5-8 and 9-12)
3.3 Contact Interactions and Forces
(5-8 and 9-12)
3.4 Gravitational Interactions and Forces (5-8
and 9-12)

3.5 Magnetic and Electrical Interactions and
Forces (5-8 and 9-12)

Instructional Guidance for Standard 4:
Energy Transfer and Storage
4.1 Contact Interactions and Energy
(5-8 and 9-12)
4.2 Electric Circuit Interactions and Energy
(5-8 and 9-12)
4.3 Mechanical Wave Interactions and Energy
(5-8 and 9-12)
4.4 Radiant Energy Interactions
(5-8 and 9-12)
4.5 Heating and Cooling Interactions and
Energy (5-8 and 9-12)

Instructional Guidance for Standard 5:
Forces, Energy, and Fields
5.1 Forces and Fields (5-8 and 9-12)
5.2 Energy and Fields (5-8 and 9-12)

5.3 Electromagnetic Interactions and Fields
(5-8 and 9-12)

USING THE INSTRUCTIONAL
GUIDANCE FOR EACH STANDARD

Each standard is divided into sections, one for each objective (see
sidebar). These sections provide minimal guidance for interpreting
the learning outcomes (LOs) and essential knowledge (EK) statements
in each objective, especially the difference in the level of intellectual
abstractness and sophistication of reasoning expected at the middle
school and high school levels. The purpose of the Instructional
Guidance is to provide middle school, high school, and college
instructors with sufficient guidance to understand the types of events
and tasks in which students engage to meet the goals of each
objective.

Three items in each objective guide the interpretation of the LOs and
EK statements. The first is a Table of Common Student Conceptual
Difficulties for the content of the objective. The table also includes the
specific LOs and EK statements that most directly provide an
opportunity for teachers to address the conceptual difficulty. The
research literature in students’ conceptual difficulties guided the
writing of the learning outcomes and essential knowledge
statements. Consequently, the table may also facilitate
understanding some ideas in the EK statements that are not found in
most state standards. For example, many students believe that a
force (e.g., throwing a ball) is imparted to the object that is pushed or
pulled. Consequently, an EK statement is:

Grades 5-8. During contact interactions, forces are not
transferred to objects (unlike energy) — the interaction stops as
soon as the objects stop touching. [M.3.3.3]

The second item of instructional guidance is a Table of Content
Boundaries for each grade-level band. These tables describe the
bounds and depth of knowledge for each grade-level band. They
identify objects and phenomena appropriate for the learning
outcomes. Any special limitations for specific learning outcomes are
also described. In addition, the tables summarize the models and
representations expected and excluded, and the technical terms
introduced in the objective.

Finally, most objectives include some example questions or problem
situations for a few of the learning outcomes. These example
problems are intended to facilitate the understanding of how the
essential knowledge is to be developed and used through reasoning
and in problem solving. For the most part, the examples reflect tasks
that are typically not found in textbooks. It should be noted that the
examples are only a few of the many questions and problem situations
that could be used to meet the goals of each objective.

73



Using the Instructional Guidance

GUIDE TO USING THE INSTRUCTIONAL
GUIDANCE FOR EACH OBJECTIVE

OBJECTIVE 2.1
CONSERVATION OF MASS, ENERGY, AND CHARGE (Grades 5-8 and Grades 9-12) continued

Grades 9-12

The approach taken to the conservation of energy equation is similar to that of John Jewett (2008d)
in his article Energy and the Confused Student: A Global Approach to Energy:

“It is my position in this article that there is only one fundamental energy equation and that all

other energy equations are special cases. The fundamental equation is called the conservation of

energy equation or the continuity equation for energy, both of which can be abbreviated as CEE:
AEsystem = 2T,

where T represents the amount of energy transferred (T for transfer) across the boundary of the
identified system by a given mechanism. The general conceptual basis of the equation is this: the
only way the total energy (Esystem) of a system can change is if energy crosses the system boundary
by one or more mechanisms described by T. The mathematical basis is this: the total change in
energy of the system during some time interval is exactly equal to the net amount of energy

crossing the system boundary. The summation sign indicates that energy may cross the
boundary by several methods. . .” [page 210] /
Table of Common Student Conceptual Difficulties

Where Addressed

Student Difficulty. Students often believe that Essential Learning
Knowledge Outcome
1. All energies are the same.
a. Energies are always the same (electrical, kinetic, thermal,
etc) for all defined systems and time intervals. [Because
’ H.2.1.1 H.B.3
one form of energy can always be transformed into H212 H.B.4
another form of energy.] H.2 1 '4 H.B.S

b. There are no energy terms for transfer (energy in transit
from one location to another) that are different from the
energies that objects can have.

AN

2. Energy is only conserved in a closed system. When the
system is open, energy can sometimes disappear. [Things, H.2.1.1 H.B.2
like light bulbs, “use up” energy.]

3. There is nothing special about the conservation of energy - all

o . M.2.1.4 M.B.3
quantities are conserved in a closed system.
4. The conservation of energy is useless; it does not help think H2.1.1 H.B2
about or solve problems (qualitatively or quantitatively). o )
5. The conservation of mass, charge, and energy are not H.2.1.6 H.B.7

fundamental principles of science.

Introductions describe
any approaches to the
content that are not
traditional but are
supported by cognitive
and educational research.
References are usually
included.

Table lists students’
common conceptual
difficulties with the
objective content from
physics education
research (see Research
Base for Tables of
Common Student
Conceptual Difficulties in
Appendix B). Also listed
are the EK statements and
Los that provide the
opportunity for teachers to
address each conceptual
difficulty.

Learning Outcomes are
identified by grade level
(M for middle school, H for
high school), and the
bullet number of the
learning outcome. For
example, H.B.3 indicates
thigh school, third bulleted
learning outcome.
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Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
¢ Objects and events similar to Objectives 4-1 through 4.5, and Objective 5.2. However,
situations involve multiple interactions (contact, gravitational, electrical, electric circuit,
radiant, and thermal interactions.
¢ H.B.2. Methods of energy storage within a system include (See Objectives 4.1 through
4.5):
- kinetic energy
- thermal energy
- elastic energy (e.g., spring)

- gravitational potential energy
- electric potential energy
- magnetic potential energy

e

Boundaries Table lists the
objects and events that
limit the content of the
objective. Other
boundaries for specific

LOs are also listed.
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Using the Instructional Guidance

GUIDE TO USING THE INSTRUCTIONAL
GUIDANCE FOR EACH OBJECTIVE (continued)

Representations/

Models describes the
analogue and mental
models in the objective. It

ﬂlstt)hdesct(ibflls visual and PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
mathematical

representations of ideas, High School (Grades 9-12)

and speqial mathematical Methods of energy transfer include (See Objectives 4/1 through 4/5):

symbols introduced. } - mechanical energy transfer (work) - electrical energy transfer in circuits, and

- mechanical wave energy transfer - radiant energy transfer (EM)
- thermal energy transfer (heat)
Exclusions. two-and three-dimensional forces

N\ | REPRESENTATIONS/MODELS
¢ More complex analogue models can be considered for the conservation of energy: for
example, a banking account that includes savings, investments with dividends, interest
charges, etc. See comments below for H.2.1.1.
¢ Symbol A to represent “change in.”
¢ Mathematical model of energy conservation (AEsystem = Ein - Eout)

¢ Mathematical model for mass-energy equivalence: Eout = Amc?2
. Energy diagram (see description below)

/v TECHNICAL VOCABULARY

/ * conservation of energy principle

Technical Vocabulary H.B.2 Example Problem

specifies the technical

vocabulary for the vent: A battery is connected to a switch and bulb.

objective, as well as any (@) System of interest is the complete circuit; time interval is the tiny (unnoticeable) time after the
exclusions. switch is closed and while the bulb’s brightness is increasing. The energy change within the

system is a decrease in the chemical energy of the battery and an increase in the thermal energy
of the bulb filament (because the temperature of the bulb filament is increasing).* There is a
transfer of radiant energy (mostly visible light and infrared) out of the system. [Note: A heat
conduction energy transfer is much slower than a radiant energy transfer, so for this tiny time
interval, it can be ignored.]

(b) System of interest is the bulb filament; time interval is the tiny (unnoticeable) time after the
switch is closed and while the bulb’s brightness is increasing. The energy change within the
system is an increase in the thermal energy of the bulb filament (because the temperature of the
bulb filament is increasing).* There is a transfer of electrical energy into the bulb filament (from
the battery) and a radiant energy transfer out of the system.

(c) System of interest is the bulb filament; time interval is a few minutes while the bulb brightness is
not changing. There is a transfer of electrical energy into the system and a transfer of radiant
energy out of the system. There is no change in energy of the filament. (Changes in the internal
energy of the bulb filament are ignored at the high school level.)

Energy Diagrams

There are, of course, many different ways of drawing energy diagrams. The most extensive discussion is
by Greg Swackhamer in his paper Cognitive Resources for Understanding Energy.

S emSesesssssssssssssssssssssssssssssses N
Final sections provide \ Environment l | System (closed) = Everything '
some examples to ) e i
facilitate understanding of Thermal ! Eodropmant ? sl
level of intellectual ko : '
abstraction and (eeeesssssssssassssasezeas LLLICH S — ) } 5 armal 5 omal '
sophistication required for ] ! Enegy, ey !
the grade-level band. The ! i Sheeat S '
examples tend to differ ! Transfer \ ' *Declease in || Electrical

. \ ' 1| Battery chemical Energy Bulb
from those found in ! ! \ energy Transfer i
traditional textbooks. Of | System (open) = Battery and Bulb : \
course, specific wordingin |  teeeen S e e e
the examples is not Some diagrams show the transfers of energy ~ Some diagrams show changes of stored energy
required. Learning
outcomes (LOs) are
identified by grade band

and bullet number (e.g.,
M.B.2).
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INSTRUCTIONAL GUIDANCE FOR
STANDARD 1. INTERACTIONS, MODELS, AND SCALE

Changes in the natural world are the result of interactions. The description, explanation, and prediction of
interactions depend on the size and time scale and our models of the structure of matter. For objects moving
very fast, the macro (human) scale ideas of absolute time and space must be revised.

OBJECTIVE 1.1
INTERACTIONS, SYSTEMS, AND SCALE (Grades 5-8)

Students understand that observed changes in our world are the result of interactions. The description, explanation, and
prediction of interactions during a time interval depends on the defined system and the size and time scales involved
[cosmic, macro (human) and the atomic and subatomic domains of magnitude].

In 1969, Robert Karplus wrote in his book Introductory Physics: A Model Approach:

“Pieces of matter, objects, that influence or act upon one another are said to interact. The changes that occur in
their form, temperature, arrangement, and so on, as a result of the influence or action are evidence of interaction.
For the study of interaction, pieces of matter are mentally grouped into systems to help the investigator focus his
attention on their identity. As he gathers evidence of interaction, the investigator compares the changes he
observes with what would have happened in the absence of interaction. Sometimes he may carry out controlled
experiments to discover this; at other times he may draw on his experience or he may make assumptions.”

This approach is followed in all the physics standards.

Table of Common Student Conceptual Difficulties

Where Addressed
Student Difficulty.t Students often believe that: Essential Learning
Knowledge Outcome
1. Interactions
a. Observed changes are associated with the innate properties of objects, and are not caused by
the interaction of the object with another object. M1 M.B.1
b. Observed changes in an object occur spontaneously. They are not caused by the interaction of M.1 '1 '3 M.B.4
the object with other object(s). o M.B.5
c. Events can be described and interpreted by noting the qualities of the separate objects involved
rather than by seeing the interactions between the objects involved.
2. The description of an event is the same for all systems and time intervals. M.1.1.4 M.B.3
3. Asystem of objects must be doing something (interacting) in order to be a system. | M.B.5

-+ See also conceptual difficulties in Objective 2.1 (Conservation of Mass, Energy, and Charge)

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)

* M.B.1. Events are limited to simple, everyday activities, such as tearing a piece of paper with hands, cutting paper with scissors,
writing with a pencil, throwing or kicking a ball, stretching a rubber band or spring, using a rubber band as a sling shot, hammering
a nail, drilling a hole in wood, using an electrical blender or mixer, and so on.

* M.B.4. Devices can include any broken household devices, such as blenders, mixers, graters, a garlic press, can opener (plugs cut
off electrical devices); old tools, such as drills, wrenches, anything with gears (plugs cut off electrical devices).
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Instructional Guidance for Standard 1

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

* M.B.6. Chart (logarithmic) should center on 109, and extend to either side into the cosmic and atomic scale as far as students are
knowledgeable (e.g., age of the dinosaurs, size of our solar system, size of a virus, and so on).

REPRESENTATIONS/MODELS
¢ Chart of domains of magnitude of distance and time.

* Diagrams of interactions (see example below).
* Scientific notation limited to powers of ten.

TECHNICAL VOCABULARY
* interaction
* system and subsystem
e system of interest

Underlined words and phrases are defined in the Glossary.

Example of a Domains of Magnitude Chart (full chart)

Timein
10v¢  seconds

Sizein
1024 meters

10+ Milky Way 10+
(our galaxy)
10*"8 10*'®  age of universe
life on earth
10 1075 firstmammals
Solar System first humans
102 orbit of Jupiter 10+12
orbit of Earth recorded history
10%° Sun diameter 10*° human lifetime
Earth diameter year
10" Chicago to NY 10*¢  month
day
10%3 1 mile 10+3 hour

10° (1 m) human stride 100 (1 sec) heartbeat

103 mi”imf;tef 103 1 vibration (audible
razor edge sound)

106 single cell 10 1 vibration (AM radio)
DNA, protein

10° molecules 10° 1 cycle (1000 GHz)
atoms

102 1072 1 cycle (1000 GHz

. . computer)
jgie  Srenienuelel 1075 1 vibration (visible
light)
1078 1078 1 vibration (X-ray)
jfog 107

.
. ™

<Subatomi><Atomic>< Macro Domain >< Cosmic Domain >

Example of an Interaction Diagram

Students will create many different diagrams for interactions. The example below is for cutting paper with scissors.

acts on or
infinences

acts on or
infinences

hand scissors paper
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Instructional Guidance for Standard 1

OBJECTIVE 1.2
INTERACTIONS AND PROPERTIES (Grades 5-8)

Students understand that at the macro (human) scale, the properties of objects are qualitative or quantitative descriptions
of how the object interacts with other objects or systems. Some properties do not depend on the amount of material and
can be used to help identify the material.

It may seem unnecessarily complex to define a property of an object as a qualitative or quantitative description of how the
object interacts with other objects, including our senses and measurement instruments. This definition, however, helps
students distinguish between physical and chemical properties and provides additional practice drawing interaction chains.
Moreover, the idea is essential for an initial understanding of the small-particle model of matter (middle school) and the
quantum mechanics model (high school) in Objective 1.3.

Table of Common Student Conceptual Difficulties

Where Addressed
Student Difficulty. Students often believe that: Essential Learning
Knowledge Outcome
. . . . . . M.B.2
1. Objects have innate properties (unrelated to the way they interact with other objects). M.1.2.1a MB.8
3. The five senses are infallible. M.1.2.1b M.B.1
. M.B.3
4. Any quantity can be measured as accurately as you want. M.1.2.4 M.B.4
5. You can only measure to the smallest unit shown on the measuring device. M.1.2.4a M.B.4
6. Gases
Gases are not matter because most are invisible.
E.6 M.B.7
b. Gases do not have mass and volume.
M.1.2.3 M.B.9
c. Airand oxygen are the same gas; helium and hot air are the same gas, nitrogen and oxygen
have the same properties.
7. Measurement of area and volume.
Only the area of rectangular shapes can be measured in square units. E4
b. Surface area can be found only for two-dimensional objects, and is a concept used only for MA '2 %a M.B.7
mathematics classes. M 1' 2 3 M.B.9
c.  You cannot measure the volume of some objects because they do not have “regular” lengths, o
widths, or heights.
8. Measuring Volume by Displacement
A heavier object displaces more volume of water (pushes aside more water) than a lighter object of
. . ; ) . - M.1.2.2a M.B.4
the same size. Two objects with the same mass, but different sizes, will displace the same volume
of water.
9. Mass and volume, which both measure “amount of stuff,” are the same property. M.1.2.5 M.B.5
10. The density of an object depends only on its volume. The density of two samples of the same M.B.5
substance with different volumes or shapes cannot be the same. The density of all objects with M.1.2.5 o
the same volume is the same. MB.6

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)

* Objects. Typical solids, such as wood, plastic, different metals blocks, cylinders, and irregular solids (several solid samples of the
same substance), water, air from pump, carbon dioxide from chemical reaction; measuring tools (mass balance, rulers,
thermometers, unit squares, unit cubes, graduated cylinders.
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Instructional Guidance for Standard 1

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)
* M.B.1. Examples include putting hand first in warm water then in cold and comparing perceptions with thermometer readings,
holding objects in hand to estimate relative masses, and so on.

* M.B.4. Different methods for measuring volume: bubbling gas into inverted container filled with water; irregular solid displacing
water in graduated cylinder, calculating volume of cube, rectangle cylinder; pouring liquid into graduated cylinder

REPRESENTATIONS/MODELS
* Mathematical representation of density (d=m/v)
* Interaction diagram

TECHNICAL VOCABULARY

* property ¢ volume

* mass ¢ density

M.B.1 Examples of Interaction Chains

A. Touching the surface of a solid object to determine if it is rough or smooth,

nerve-brain
subsystem

acts onor \ | surface of
infiuences object

acts on or
inffuences

hand

B. Measuring the temperature of water

eye-brain
subsystem

acts on or
infiuences

acts on or

infiuences thermometer

water

M.B.2 Evidence that Gases Have Mass

Many students believe that gases do not have mass or volume. Demonstrating that gases have mass with balloons or
plastic baggies is difficult because of large buoyancy effects. An effective method is to start with a soft basketball or
soccer ball. Pump as much air as you can into the ball, and measure the mass of the ball again. The volume of the ball

should not change noticeably.

WEIGHT.

Ball changes from TN MASS

soft to firm.

7
’

OBJECTIVE 1.3
INTERACTIONS AND ATOMIC AND SUBATOMIC MODELS (Grades 5-8 and Grades 9-12)

Students understand that different mental models are useful at the atomic scale (small particle model of matter) and
subatomic scale (quantum mechanics) for describing, explaining and predicting events, processes, and the properties of

systems.
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Instructional Guidance for Standard 1

Grades 5-8

Table of Common Student Conceptual Difficulties: The Small-particle Model of Matter

Where Addressed
Student Difficulty. Students often believe that: Bl Learning
Knowledge Outcome
Theories and Models
1. Models as physical copies of reality, not conceptual representations. M.1.3.2; M.1.3.5 M.B.6
2. Mental models are not useful in science. M.1.3.4
a. Mental models only help us explain things if many of the material features are also T M.B.6
. , M.1.3.6
the same; if they are abstract, they don't help us.
. T . M.1.3.5
3. Thereis no distinction between observation and theory (or mental models) M136 M.B.6
Small Particle Model
4. There are no particles of air (air is continuous), or air is represented as cloudy, smoky, M.1.3.5 M.B.4
or dusty. M.1.3.6a o
5. Particles are embedded in stuff - like raisins in a muffin. Air is between the particles M.1.3.5a
. ) ] - M.B.4
of air or a solid; water is between the particles of water. M.1.3.6¢C
6. Particles can be seen through a microscope — they are about the size of dust
- M.1.3.5a M.B.3
particles or a cell.
7. Particles in matter (particularly in solids and liquids) are stationary rather than in M.B.4
continual motion. Instead, they share the motion of a substance. Particles will o
- : ; . M.1.3.5d M.B.5
spread out after some interaction, but then they stop moving. When a substance is
moved and then left stationary, the particles will slow down and stop. M.B.6
8. Particles (rather than huge numbers of particles) have all or most of the same macro-
properties as solids, liquids and gases—i.e., particles of solids are cold, hard and rigid; M.1.3.1 M.B.4
particles of liquids are warmer, larger, softer, and transparent; and particles of a gas M.1.3.6 M.B.6
are hot, very large and squishy, and transparent.
9. Visual representations of particles (atoms and molecules), including computer
animations and simulations, are physical copies of reality - for example, oxygen
- L M.1.3.3 M.B.4
atoms are red and nitrogen atoms are blue, they are the same relative size as the
container in which they are shown, and move at the same speeds as shown.

Students of all ages show a wide range of beliefs about the nature and behavior of particles, as shown in the Table above.
Despite these difficulties, there is some evidence that carefully designed instruction carried out over a long period of time may
help middle-school students develop correct ideas about particles, especially in the later middle school years (grades 7-8).

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
* M.B.1. Qualitative comparisons of gases, liquids and solids could include: shape, volume, density, tensile strength (how easy they
are to pull apart), compressibility, and thermal expansion.
* M.B.5. Almost every representation found on the web or in textbooks is poor -- not useful for the purpose of understanding the
ideas in the small particle model (see example problems below). It is more difficult to find good examples.
* M.B.7. The physical properties include, but are not limited to: why we can pour liquids, but not solids; why it is difficult to pull most

solids apart (tensile strength); why gases are far more compressible than liquids and solids; why the density of gases is so much
smaller than the density of liquids and solids; why air can push on objects from all directions, or why we can blow up a balloon.

REPRESENTATIONS/MODELS
* Small-particle model of gases, liquids, and solids (mental model).

* Visual representations of particles (atoms and molecules). Animations and simulations of the motion and spacing of particles of a
gas, liquid, and solid.

* Verbal descriptions.
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Instructional Guidance for Standard 1

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

TECHNICAL VOCABULARY
* theory
* mental model

Underlined words and phrases are defined in the Glossary.

M.B.1 and M.B.7. Visual Representations at Atomic Scale of
Thermal Expansion and Contraction

Students have a difficulty visualizing thermal expansion and
contraction at the atomic scale. Visual representations, animations,
and simulations are helpful.

M.B.4 -- Example Problems

1. The purpose of the picture at right is to help younger students understand two small-
particle model ideas: (a) Substances are made up of a huge number of very tiny
particles (atoms or molecules). The particles of a (pure) substance are too small to see
with a visible-light microscope; and (b) There is nothing between the particles of a
substance (the space is empty of stuff). Is this picture good or poor for this purpose?
Explain your reasoning. If it is poor, revise the representation.’

Answer. This picture is poor because (a) the particles are shown floating in the liquid, rather than as consisting of particles
with nothing between the particles, and (2) the particles are shown to be about the size of marbles, rather than tiny
particles too small to see even through a visible-light microscope.

2. The purpose of the diagram below is to show how much space there is between the particles of a solid, liquid, and
gas, on the average. Is this diagram good or poor for this purpose? Explain. If it is poor, revise the representation.?

liquid gas

Answer: This is a poor diagram because liquid particles should only be a tiny fraction further apart than the particles in the
solid, and the particles of a gas should be about 10 times farther apart than in solids and liquids. In addition, all
representations should have a black background (like the empty space between the planets) because there is nothing to
reflect light.

Visual representations of particles should use magic eyeglasses or a magical microscope, like the “Ultrascope”
representations below (Goldberg, Bendall, Heller, and Poel, 2006).

ULTRASCOPE ULTRASCOPE ULTRASCOPE

Image from http://goalfinder.com/productasp?productid=71

Image from http://www.explainthatstuff.com/statesofmatter.html
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Instructional Guidance for Standard 1

Grades 9-12
The approach taken to quantum mechanics is similar to that of Richard Feynman in his book QED: The Strange Theory of
Light and Matter (1985). The approach is modern and attempts to avoid many student misconceptions by excluding the

historical arguments of wave-particle duality, the uncertainty principle, and de Broglie’s wavelength.

Table of Common Student Conceptual Difficulties: The Quantum Mechanics Model

Where Addressed
Student Difficulty. Students often believe that: Bl Learning
Knowledge Outcome
1. Atomic Structure
a. Electrons orbit the nucleus. Atoms have electrons circling them like planets around H.1.3
astar. 1.3 H.B.1
. H.1.3.5¢
b. Electrons are physically larger than protons
Electrons and protons are the only fundamental particles.
2. The wave function describes the trajectory of an electron. H.1350 | -
3. The position of a particle always can be exactly known. H.1.3.6 H.B.5
4. Wave-particle duality.
a. Lightis one or the other--a particle or a wave.
b. Light and electrons are innately either sometimes a particle or sometimes a wave, H.1.3.3 H.B.3
and switch back and forth as they move. H.1.3.7 H.B.6
c. The electron “waves” as it moves.
d. Aphoton is a particle with a wave inside.
5. Electron “clouds” of atoms
a. Electron clouds of atoms are pictures of their “orbits”.
b. The electron cloud is like a rain cloud, with electrons suspended in it like droplets of H.1.3.5¢ H.B.5
water.
c. The cloud contains the electrons but is made of something else.
6. Spectral lines are the same as the energy levels of electrons in the atoms. H.1.3.2 H.B.2

Student misconceptions about the “orbitals” of the electrons in atoms, the meaning of electron “clouds,” and emission and
absorption spectra depend on whether students take chemistry before physics or vice versa

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)

* H.B.2.If available, gas discharge tubes or flame tests for different elements, and diffraction gratings (or simulations); pictures of
emission and absorption spectra of elements and some stars, including our Sun.

* H.B.3. Evidence for wave-like and particle-like behavior of photons and electrons is qualitative. See additional comment below.
* H.B.4. See comments below.

REPRESENTATIONS/MODELS
* Quantum model of the interaction of subatomic particles with macroscopic materials.
* Baseball analogy of the path of subatomic particles from one location to another.
* Visual representations, animations and/or simulations of two-slit interference, electron diffraction.
* Visual representation of energy levels of an electron in an atom, with emission and absorption transitions shown.

* Analogue models of energy levels (e.g., steps on ladder), emission, and absorption of light at definite energy values (e.g., jumping
up and down different numbers of steps on step

TECHNICAL VOCABULARY
¢ two-slit interference
» diffraction
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PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

* energy levels of electrons (in atoms)

* emission spectra and absorption spectra

Underlined words and phrases are defined in the Glossary.

H.B.3. and H.1.3.2 - Experimental Evidence of the Wave and Particle Models of Subatomic Interactions

An understanding of the complexities of the four classes of experiments is not necessary for this learning outcome, as
illustrated below

1. Experiments with light interacting with single or double slits that result in a diffraction pattern or two-source
interference pattern, which are characteristic of the interaction of mechanical waves with slits.

Students should develop a good mental visual image of two-slit interference patterns of light, through demonstrations,
photographs, and animations and simulations (see Objective 4.4).

View of screen

2. Experiments with light interacting with metals (photoelectric effect), which result in data patterns characteristic of the
interaction of objects (called photons) with discrete energies interacting with other objects (electrons of the metal

atoms).

According to a wave model, the more intense the incident light the greater the energy with which the electrons should
be ejected from the metal. That is, the average energy carried by an ejected electron should increase with the intensity
of the incident light. The frequency (energy) of the light should not make a difference. The results of the photoelectric
experiment showed, however, that:

(@) Red light will not cause the ejection of electrons, no matter what the intensity.

(b) Violet light will eject electrons, but their maximum kinetic energies are less
than those for light of higher frequencies (higher energy).

(c) Asthe intensity of the incident light is increased, more electrons are emitted,
but their maximum kinetic energy does not increase.

In 1905, Einstein proposed that the incident light consists of individual photons that interacted with the electrons in the
metal like discrete particles, rather than as continuous waves. For a given frequency or 'color' of the incident radiation,
each photon carried the energy E = hf, where h is Planck’s constant and f is the frequency. Increasing the intensity of
the light corresponds to increasing the number of incident photons per unit time, while the energy of each photon
remained the same.

3. Experiments with electrons interacting with crystals (whose atomic structure acts like
slits) resulting in diffraction or interference patterns, which are characteristic of the
interaction of mechanical waves with slits.

Students should develop good mental images of electron and photon (e.g., x-ray)
diffraction from crystals.
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4. Experiments with high-energy particles interacting with materials that result in data
patterns characteristic of the interaction of discrete objects.

A bubble chamber consists of a vessel filled with a liquid heated nearly to the boiling
point. When the pressure on the fluid is suddenly dropped, the fluid becomes
overheated.

High energy cosmic rays from the sun passing through the bubble chamber leave a
visible string of bubbles left by the particles as they fly through a liquid.

H.B.4 -- Partial Explanation

When a photon or electron beam is directed towards two slits in a barrier, a two-
slit interference pattern is seen.

When electrons (or photons) are allowed to go through the slits one at a time
and produce a spot on a special screen, the interference pattern builds up very
slowly, as shown in the photographs at right. The final pattern is exactly the
same as predicted mathematically by using quantum mechanics rules to add up
the probabilities of all possible paths of the electrons through the slits to the
screen. Quantum mechanics does not tell us which slit the photons go through.

“It is tempting to ask the question: Which way did the photon really go?” Thisis
a question that many people have given some serious thought, including Albert
Einstein, Richard Feynman, and Werner Heisenberg. They came up with thought
experiments that proposed to measure the "which-way" information of a
particle's path on its way to the screen. They came to a rather perplexing
conclusion, however, namely that it is not possible to observe the "which-way"
information and the interference pattern simultaneously. One can set up a
measurement to ‘watch’ which slit a photon goes through. It can be determined
that the photon went through one slit and not the other. However, once this is
kind of measurement is set up, the photons will no longer collectively produce a
nice pattern of bright and dark spots. Instead they will strike the screen in one
big bright spot, as if there were only one slit instead of two.” (Luis Orozco and - R '
graduate students, A Double-Slit Quantum Eraser Experiment, Electron buildup over time

http://grad.physics.sunysb.edu/~amarch/) See also Wht.-:'n single electron§ are
http://en.wikipedia.org/wiki/Double-slit_experiment. fired at a double slit.

OBJECTIVE 1.4
INTERACTIONS AND OBJECTS MOVING VERY FAST (Grades 9-12)

Students understand that the Newtonian ideas about absolute space and time are incorrect, as Einstein demonstrated with his
special theory of relativity.

Table of Common Student Conceptual Difficulties
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Where Addressed
Student Difficulty. Students often believe that: Essential Learning
Knowledge Outcome

1. Postulates cannot be used to develop a theory. H.1.4.3 H.B.1
. . H.1.4.4a

2. Length and time changes are just apparent. H.B.5
9 9 ) PP H.1.4.4b

H.B.2

3. Time isabsolute H.1.4.3a H.B.4

H.B.5

) H.1.4.4a H.B.3

4. Length and time only change for one observer. H.B.4
H.1.4.4b

H.B.5

) I . . H.B.4

5. Time dilation refers to 2 clocks in 2 different frames. H.1.4.4a HEBS

6. Time dilation and length contractions have not been proven in experiments. H.1.4.3 H.B.1

. . . H.B.4

7. There exists a preferred frame of reference in the universe. H.1.4.3b HB.S

- . T . H.B.4

8. Velocities for light are additive like for particles. H.1.4.4d HBS

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
* H.B.1. Limited to simple descriptions of a few experiments. See additional comments below.
* H.B.4. See some example questions for this learning outcome in the comments below.

REPRESENTATIONS/MODELS
* Visual representations of time dilation and length contraction,

* Simulations of time dilation, length contraction, 4-dimensional space-time events (see, for example,
http://nobelprize.org/educational_games/physics/relativity/index.html)

TECHNICAL VOCABULARY
« inertial frame of reference (see comments below)
«  Michelson-Morley experiment
« timedilation
« length contraction

Underlined words and phrases are defined in the Glossary.

Inertial Frame of Reference

From Einstein’s first postulate, it follows that there is no coordinate system that is in absolute rest. All motion with
constant speed is relative and any coordinate system moving with constant speed (relative to the "fixed stars") is called
an inertial coordinate system (or inertial frame of reference). In the illustration at the right, two inertial frames A and B are
moving with constant speed v relative to each other. An observer at rest in A will say that objects at rest in B are moving
with respect to A. On the other hand, an observer at rest in Bwill say that it is the objects at rest in A that are moving
with respect to B. Motion is relative. [See also http://nobelprize.org/educational_games/physics/relativity/postulates-
2.html.]
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Experimental Evidence for H.B.1.

There are hundreds of experiments about the postulates and consequences of Einstein’s theory of relativity. Only a few are
considered here. [See http://en.wikipedia.org/wiki/Michelson-Morley experiment#Einstein and special relativity, and
http://www.desy.de/user/projects/Physics/Relativity/SR/experiments.html.]

1. Michelson-Morley Experiment — The Speed of Light is Constant in aVvacuum
In the late 1800s it was presumed that if light is a wave, then it must have a i t:_“ﬂ"}inl;:_fef"gus"..Eﬂ}ef
medium in which to travel. All the other waves require a medium. Since no
medium was apparent between the Earth and the sun, it was hypothesized
that this medium was transparent and therefore not readily observable - it
was called the "ether." The popular belief was that this ether was stationary
and filled all of space. This involved the assumption that there was an
absolute reference frame in the universe, and that all the movement of L L T
planets and stars was through this ether. Y Y Y Y Y Y Y YYYYYY

With a new instrument called an interferometer, Albert. A. Michelson and Edward W. Morley (1887) arranged one set of
light beams to travel parallel to the direction of the Earth's motion through space, another set to travel crosswise to the
motion. The experimental result was that the speed of the Earth through the ether was zero. This experiment, like most
important new science, was done at the very limit of available techniques. The results were long in dispute. It was only
after the invention of lasers that it became easy to show beyond reasonable doubt that the speed of light in a vacuum is
invariable -- independent of the speed of the observer. [See also http://hyperphysics.phy-astr.gsu.edu/.]

2. Velocities Do Not Depend on the Velocity of a Moving Source of Light

There are "obvious" optical effects that are not seen in astronomical photographs that would be expected if the speed of
light depended on the velocity of a moving source of light. One example is the observation of binary stars in which the
light from the two stars can be measured with an interferometer. If the speed of light depended on the source velocity,
the light from the stars should cause fringe shifting due to the velocity of the stars being added to the speed of the
light, but no such effect can be seen. A supernova explosion sends debris out in all directions with speeds of 10,000
km/s or more. If the speed of light depended on the source velocity, its arrival at Earth would be spread out in time due
to the spread of source velocities. Such a time spread is not observed.

3. Time Dilation

High-energy particle accelerators and detectors would not exist without
special relativity. For example, the path of particles which have lifetimes less
than 106 seconds are seen in bubble chamber photographs of cosmic rays.
Without time dilation, the paths would not be observable. Similarly, other
detectors of high-energy particles could not be built without time dilation.

4. Length Contraction

At this time there are no direct tests of length contraction, because measuring the length of a moving object to the
precision required has not been feasible.
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There is however, much indirect evidence. Kennedy and Thorndike (1932) modified the original Michelson-Morley
experiment by making the path lengths of the split beam unequal, with one arm being very short. The null results were
presented as evidence for both length contraction and time dilation. Edward M. Purcel (1984) demonstrated that the
large magnetic force from a current carrying wire on moving charges in a second wire is due to the different length
contractions of the positive and negative charges in the wire (the former are fixed relative to the wire, while the latter
are mobile with drift velocities of a few mm per second).

Example Question and Answer for H.B.4.

88

There are no resources for these questions. One strategy for creating questions is to start with a misconceptions in the
Table of Common Student Conceptual Difficulties. For example, the question below is based on Misconception #7.
Another strategy is to save students’ explanations, modify slightly, and use the following year.

Question. Evaluate the following explanation of time dilation in special relativity, based on the criteria: (a) the
explanation is based on evidence; (b) the explanation is based on the correct special relativity idea(s); (c) the
explanation is complete (no important special relativity ideas are missing from the explanation); and (d) the explanation
is logical.

The light clock on the moving train (velocity v) measures the time interval At for the light to travel a distance 2d. The
stationary observer thinks the time interval is slow because the light really travelled a longer distance during the time At,
as shown in the diagram below. Similarly, the observer on the moving train thinks the stationary observer’s clock is
running slow because he is moving backwards with a speed v. But both observers are moving relative to the rotating
Earth, which is moving relative to the solar system, which in turn is moving relative to our galaxy, and so on.

P
&)

v - 4
|
I

7 7 7

Observer on moving train watching a clock. Stationary observer watching a clock on the moving train.
Therefore time dilation is each observer thinking the other’s clock is running slow because of his or her relative motion.
However, from a coordinate system at the center of the universe, there is no time dilation. Time is absolute in this

reference frame.

Answer. This is a poor explanation because it does not include the correct postulate of Einstein’s theory of special relativity, or
the evidence for time dilation — that even biological clocks run slow for uniformly moving reference frames.
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