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OBJECTIVE 4.5
 HEATING AND COOLING INTERACTIONS AND ENERGY (Grades 5-8 and Grades 9-12)

Students understand that a thermal energy transfer (heat) from one object to another can change the thermal
energies of the objects.  The interactions depend on the properties of the materials and on how far the system
is from equilibrium.  There are three different methods of thermal energy transfer: conduction, convection,
and thermal radiation.  At a constant temperature in any time interval, the amount of thermal radiation
emitted by an object to its surroundings is equal to the amount of thermal radiation absorbed by the object
from its surroundings in that same time interval (thermal equilibrium).

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with heat energy persist through several years.  This table shows the overlap between the
middle school years and high school.

Where Addressed
Student Difficulty.✢  Students often believe that: Essential

Knowledge
Learner

Outcome

1. Heat is a substance; heat is not energy. M.4.5.1 M.B.4

2. Heat (transfer of thermal energy) is the same as the energy possessed by an object (internal or
thermal energy).

M.4.5.1
M.4.5.2
H.4.5.6

M.B.4
H.B.7

3. Temperature
a. Thermal energy and temperature are the same.

M.4.5.2a
M.4.5.4a M.B.1

b. Temperature is a property of a particular material or object (e.g., metal is naturally colder than
plastic).

M.4.5.4
H.4.5.4

H.B.3a

c. The temperature of an object depends on its size.
M.4.5.2b
H.4.5.1

M.B.1
H.B.1

4. Objects with different temperatures, which are either in constant contact with each other or in
contact with air at a different temperature, do not necessarily move toward the same temperature.

M.4.5.2a M.B.2

5. Conduction and Convection
a. Objects that readily become warm (conductors of heat) do not readily become cold.
b. Heat and cold are different, rather than being opposite ends of continuum.  Heat and cold flow

like liquids.  Cold can be transferred.
c. Heat only travels upward.

M.4.5.2a
M.4.5.4c

M.B.3
M.B.4

6. Expansion and Contraction
a. All solids expand at the same rate.
b. All substances (including water) expand when heated.
c. Expansion of matter is due to expansion of particles rather than to increased particle speed and

particle spacing.

M.4.5.3d
M.4.5.4B

M.B.5
M.B.6

7. Thermal Conductivity
a. Thermal conductivity is the maximum amount of heat a substance can conduct.
b. Skin is a good thermometer.
c. Sweaters will make you warmer.

H.4.5.3
H.B.2

H.B.3a
H.B.3b

8. Specific Heat Capacity
a. Specific heat capacity is the same as the thermal energy of a substance.
b. (Specific) heat capacity is the maximum amount of heat (thermal energy) that a substance can

have.

H.4.5.1 H.B.1

9. Thermal Equilibrium
a. Thermal equilibrium is equivalent to the steady flow of heat.
b. Objects at the same temperature are not necessarily in thermal equilibrium.

H.4.5.4
H.4.5.5 H.B.3d

10. Change  of State (melting and freezing)
a. When temperature at boiling or freezing remains constant, something is "wrong".  Temperature

should change since thermal energy is being added or removed
b. Ice cannot change temperature.
c. The temperature of an object drops when it freezes.
d. Melting/freezing and boiling/condensation are often understood only in terms of water.

H.4.5.2 H.B.7
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Where Addressed
Student Difficulty.✢  Students often believe that: Essential

Knowledge
Learner

Outcome
e. At the atomic scale, the constant temperature during melting and boiling can be explained by

increased energy “overcoming” the attractive forces between the particles of the solid or liquid.

✢ See also P.2.1 for conceptual difficulties with the conservation of energy principle.

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
• Objects and Events.  Hot and cold water, thermometers, long metal rods, metal cubes, candles, and other equipment or

demonstration materials for convection, conduction, and radiant thermal energy transfers.

REPRESENTATIONS/MODELS
• Energy diagrams
• Visual representations, animations, or computer simulations of convection, conduction, and radiant thermal energy transfers (including

infrared photograph).

TECHNICAL VOCABULARY
• thermal energy transfer (heat)
• conduction, convection, and radiant thermal energy transfers

  Underlined words and phrases are defined in the Glossary.

M.B.4 Example Energy Diagrams

Example 1.  Your hand is held next to, but not touching, a cup
of hot chocolate.  The system is the cup of hot chocolate and
your hand.

Example 2.  The sun warms the ocean.  The defined system is the
ocean.

Example 3.  You hold your hand about 18 inches
above a small candle.  The defined system is the
candle and your hand.
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Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Objects and Events.  Same as for middle school.  Additional events include heating and cooling solids, water, and air, boiling water,

and freezing water.  See also Suggested Experiments or Demonstrations below.
Exclusions.  Heating or cooing other liquids than water.

REPRESENTATIONS/MODELS
• Mathematical representation of the conservation of energy for special situations in which the only transfers of energy into and/or out

of a system are thermal energy transfers (heat) and/or mechanical energy transfers (work), and the only change of energy within a
system is an increase or decrease of thermal energy:

                                                               ∆Esystem  =  Ein - Eout

∆Ethermal  =  (Qin - Qout) + (Win - Wout)
• Visual representations, animations, and computer simulations of the specific heat of different materials and thermal conductivity.

TECHNICAL VOCABULARY
• transfer of thermal energy (heat)
• specific heat
• thermal conductivity

  Underlined words and phrases are defined in the Glossary.

Suggested Experiments or Demonstrations
• Heating and/or cooling different masses of the same material by the same method for the same time interval  [H.B.1]

• Heating one end of different materials of approximately the same shape and length by the same method for the
same time interval [to establish a relative scale of thermal conductivities from good insulators to good conductors;
metals are good conductors.  [H.B.2]

• Students touch objects in the room (metals, wood, plastics, rugs or blankets, etc) to determine if they feel like they
are at the same temperature or different temperatures.  [H.B.3]

• Heating and/or cooling the same mass of different substances by the same method for the same time interval to
establish the difference between thermal energy transfer (heat), thermal energy, and temperature.  [H.4.5.3]

• Hold different flat objects (e.g., rough and smooth dark and light colored paper of different sizes) close to a heat
source (e.g., long filament bulb) for the same time interval.  [H.4.5.5]

H.B.7 Example Problems

Example #1.  The air in a closed pump is compressed quickly by pushing on the piston with an average force, Fave, for a
distance ∆x.  The system is the air in the pump.

The conservation of energy equation for this situation is:

                                                                 ∆Esystem  =  Ein - Eout

∆Ethermal  =  (Qin - Qout) + (Win - Wout)

                                                                       ∆Ethermal  = Win  = Fave ∆x

Example #2.  A Styrofoam cup of hot tea is left in the room until it reaches room temperature.  The system is the tea in
the cup.

The conservation of energy equation for this situation is:
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                                                                    ∆Esystem  =  Ein - Eout

       ∆Ethermal  =  (Qin - Qout) + (Win - Wout)

There is no transfer of mechanical energy into or out of the system, and assume that the transfer of thermal energy
out of the Styrofoam cup is negligible.  The change in the thermal energy of the tea is ctmt(Troom – Tinitial), where
ct is the specific heat of tea, mt is the mass of the tea, Troom is the temperature of the room, and Tinitial is the initial
temperature of the tea.

                                                                          ∆Ethermal  =  - Qout
                                                   ctmt(Troom – Tinitial)  =  - Qout

Example #3.  Cool water from the tap is poured into an electric tea kettle and heated.  The system is the water, and the
time interval is from just after the water is heated to just before the water boils (100ºC).

The conservation of energy equation for this situations is

                                                                   ∆Esystem  =  Ein - Eout

     ∆Ethermal  =  (Qin - Qout) + (Win - Wout)

There is no transfer of mechanical energy into or out of the system, and assume that the transfer of thermal energy
out of the electric tea kettle is negligible.  The change in the thermal energy of the water is cwmw(Tfinal – Tinitial),
where cw is the specific heat of water, mt is the mass of the water, Tfinal is the final temperature of the water
(100ºC), and Tinitial is the initial temperature of the cool water from the tap.

                                                                         ∆Ethermal  =  Qin
                                                   cwmw(Tfinal – Tinitial)  =  Qin
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INSTRUCTIONAL GUIDANCE FOR
STANDARD 5.  FORCES, ENERGY AND FIELDS

Attractive and repulsive interactions at a distance (e.g., gravitational, magnetic, electrical and
electromagnetic) can be described and explained using a field model.  The field model explains how objects
exert attractive and repulsive forces on each other at a distance, and where energy is stored in the system.

OBJECTIVE 5.1
 FORCES AND FIELDS (Grades 5-8 and Grades 9-12)

Students understand that the field model explains how objects exert attractive and repulsive forces on each other at a
distance: their fields are the agents of the interaction.

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with fields persist through several years.  This table shows the overlap between the middle
school years and high school.

Where Addressed
Student Difficulty.   ✢  Students often believe that: Essential

Knowledge
Learner

Outcome

1. Field lines are real.  Field lines can begin/end anywhere. There are a finite number of
field lines.  If a charge or compass is not on a field line, it feels no force.

Field lines are not introduced; field
diagrams are used instead.

2. All forces have to be contact forces. M.5.1.1 M.B.1

3. Fields don't exist unless there is something to detect them.
M.5.1.1

H.5.1.1

M.B.6

H.B.6

4. Forces at a point exist without a compass, mass, or charge there. M.5.1.3
M.B.2
M.B.4

5. A field and a force are the same thing and in the same direction. M.5.3.1a
M.5.1.3b

M.B.3

M.B.5

6. a. Magnetic fields are the same as electric fields.
b. The electric force is the same as the gravitational force.

H.5.1.2
H.5.1.3

H.B.3
H.B.4
H.B.5

7. Fields are not 3-dimensional. M.5.1 H.B.5

✢ See also conceptual difficulties for Objective 3.4 (Gravitational Interaction and Forces) and Objective 3.5 (Magnetic and Electric
Interactions and Forces).

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
• Objects.  Long springs, cords, strips of rubber sheeting (see first comment below); large, strong bar and horseshoe magnets; several

small compasses and a few good compasses; spring scale with unit mass and a plumb line.
• Events/Phenomena.  Magnetic and gravitational interaction, interaction between two wooden balls with attached spring.

Exclusions:  Interaction between two magnets or two planets.
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PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

REPRESENTATIONS/MODELS
• Magnetic field diagrams
• Gravitational field diagrams
• Animations and computer simulations of field diagrams

Exclusions: Vector field line diagrams are excluded; field diagrams are limited to one magnet or planet.

TECHNICAL VOCABULARY
• magnetic field model
• gravitational field model

Exclusions: Electrical field model (introduced in grades 9-12)

  Underlined words and phrases are defined in the Glossary.

M.B.1 Investigating and Inventing the Field Model

J. Myron Atkin and Robert Karplus (1962) described how to introduce 2nd-grade students to the ideas of direct
interactions and interactions-at-a-distance, and the field model of magnetic interactions.  A brief summary, with
language appropriate to middle- school, is given below.

Experiment #1:  Two students pull in a rope in opposite directions.  The interactions are student 1⇔rope and
rope⇔student 2.  While the two students are interacting, it is not a direct interaction but an “interaction-at-a-
distance.”  The rope made the interaction possible.

Experiment #2. Show two wooden balls held together by a strip of rubber tacked to the balls.  Students identify
system is the two balls, the rubber strip, and two thumbtacks.  The direct interactions are ball 1⇔thumbtack 1,
thumbtack 1⇔rubber sheet, rubber sheet⇔thumbtack 2, and thumbtack 2⇔ball 2.  The interaction-at-a-distance
is ball 1 ⇔ ball 2.  The force of one ball on the other ball is weak when the balls are close together, and stronger
when the balls are farther apart.  The rubber sheet makes the interaction-at-a-distance possible.

Experiment #3.  Repeat Experiment 2 with a long spring.  The interaction-at-a-distance is the ball 1 ⇔ ball 2.  The
spring makes the interaction-at-a-distance possible.

Experiment #4.  Attach horseshoe magnets to two low-friction carts, mounted to attract each other.  The
interaction-at-a-distance is the magnet 1 ⇔ magnet 2 interaction.  The magnetic force decreases with increasing
distance between the magnets.  Ask: “Is there something now between the two magnets that make the interaction-
at-a-distance possible?”  Students explore interaction of two magnets (at a fixed distance apart) with other objects
(e.g., small compass, steel nail suspended on a string).  Even though invisible, there is evidence of something
between the two magnets that make the interaction-at-a-distance possible.  This “something” is called the
magnetic field.

Of course, thee are other instructional strategies for introducing the idea of a magnetic field to students.

Examples of Magnetic Field Diagrams

             

It is impossible to avoid iron-filings photos of magnetic fields.  Students should know that the iron filings only show the
direction of the magnetic field, not the magnitude of the magnetic forces.
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Examples of Gravitational Field Diagrams

                  

Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Different planets and moons (gravitational field strength), different magnitudes of point charges, dipoles, two large capacitor plates

with uniform charge distributions, large sheet with uniform charge distribution.

Exclusions:  More complex charge distributions.

REPRESENTATIONS/MODELS
• Analogies to other quantities that have a values at each point in space (e.g., temperature, pressure)
• Gravitational and electrical field diagrams

Exclusions: Field line diagrams are excluded.  Magnetic and electromagnetic interactions excluded.

TECHNICAL VOCABULARY

• electric field strength, E =Fe/q.
• gravitational field strength (intensity); g = Fg/m.

H.B.5 Examples of Electric Field Diagrams

             

                         
                                      Electrical field of large uniformly charged sheet.                                       Electrical field of a charged capacitor.
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                                                                                             Electrical field of a dipole.

H.B.1. Table of the Gravitational Field Strength on the Surface of Planets and Moon.

Mercury Venus Earth Moon Mars Jupiter Saturn Uranus Neptune Pluto

g
(N/kg)

3.76 8.89 9.81 1.63 3.70 2.31 8.98 8.72 10.98 0.58

Example Problem(s).

(a) Calculate your weight on Earth in Newtons.
(b) On which planet would you weigh the least?  The most?  Explain your reasoning.

(c) Calculate your weight on these two planets.
(d) Would your weight be larger on the moon or on Pluto? Explain your reasoning.
(e) Calculate your weight on the Moon.

OBJECTIVE 5.2
 ENERGY AND FIELDS (Grades 5-8 and Grades 9-12)

Students understand that the field model explains where the energy is stored in a system of two mutually attracting or
repelling objects -- in the field of the system.  Only systems (not single objects) can have field (potential) energies.  Energy
can be transferred to and from the field of the system.

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with potential energy persist through several years.  This table shows the overlap between
the middle school years and high school.

Where Addressed
Student Difficulty.✢  Students often believe that: Essential

Knowledge
Learner

Outcome

1. The only type of potential energy is gravitational.
M.5.2.2

H.5.2.4

M.B.3

M.B.4

2. Potential energy in not energy.  It becomes energy when it is transferred.
M.5.2.2

H.5.2.4

M.B.2

M.B.4

3. Gravitational Potential Energy
a. Gravitational potential energy depends only on the height of an object.
b. When an object is released to fall, the gravitational potential energy immediately becomes all

kinetic energy.

H.5.2.3
H.B.1
H.B.2

4. Single Objects Have Potential Energy M.5.2.1 M.B.1
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Where Addressed
Student Difficulty.✢  Students often believe that: Essential

Knowledge
Learner

Outcome
a. An object has to stop in order to have potential energy.
b. The potential energy that an object has before it starts moving is more than its kinetic energy

at the final stage of motion.
c. Objects always have potential energy.  Potential energy is a thing that objects hold (like cereal

stored in a closet).

H.5.2.4 H.B.4
H.B.5

5. “Voltage”
a. There is no connection between “voltage” and electric field.
b. Voltage is energy

H.5.2.5 H.B.5

✢ See also conceptual difficulties for Objective 3.4 (Gravitational Interaction and Forces) and Objective 3.5 (Magnetic and Electrical
Interactions and Forces)

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
• Events and Objects.  Dropping and lifting small objects, stretching and compressing springs or stretching rubber bands.

Exclusions:  Electric charge fields.

REPRESENTATIONS/MODELS
• Analogue model of stretching and compressing a spring to increasing or decreasing magnetic field energy.
• Analogue model of stretching a spring to increasing gravitational field energy.

TECHNICAL VOCABULARY
• magnetic field energy
• gravitational field energy

Exclusions: The phrase “potential energy” is not introduced until grades 9-12.

  Underlined words and phrases are defined in the Glossary.

M.B.2. and M.B.3 Suggested Experiment

Use books or blocks to support a smooth wood or Plexiglas board.  Sprinkle iron finings thinly over the board.  Hold two
strong repelling magnets, far apart, under the board.  Observe the pattern of iron filings.  Slowly move the repelling
magnets closer together and observe what happens to the iron filings.  Repeat the procedure for separating repelling
magnets, separating attracting magnets, and moving attracting magnets closer together.

M.B.3 Suggested Simulations

PhET Interactive Simulations, University of Colorado, Boulder (http://phet.colorado.edu/index.php) has produced three
simulations that help students visualize magnetic fields and how electromagnets and generators work: Magnet and
Compass, Magnets and Electromagnets, and Generators.

M.B.4 Example Response

Question.  Predict how the gravitational field energy changes (a) when an object is moved at a constant speed from the
ground to a height h above the ground, and (b) when the object is released and falls to the ground.
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Example Response.  When an object is lifted, to a height h, the gravitational field increases, similar to storing energy by
stretching a spring.  When the object is released and falls toward the ground, the gravitational field energy decreases,
similar to releasing a stretched spring.  The energy appears as an increase in the motion (kinetic) energy of the object.

Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Events and Objects. Similar to middle school, but with the addition of different methods of separating charges.
Exclusions:  Electromagnetic interactions are excluded.

REPRESENTATIONS/MODELS
• Energy diagrams
• Mathematical representation of the conservation of energy for systems that include magnetic, gravitational or electric field potential

energies.  For situations in which the only transfers of energy are mechanical energy transfers (work), and with the system defined as
the two magnets, the Earth and the object, or the two charged objects, then ∆Ekinetic + ∆Eelastic + ∆Ethermal + ∆Echemical +
∆PEfield  =  Win - Wout

• Visual representations, animations, and computer simulations of different methods of separating charges (e.g., battery, van de Graaff
machine, charging two materials by friction then separating two materials, capacitor)

TECHNICAL VOCABULARY
• potential energy
• gravitational (field) potential energy
• electric (field) potential energy

  Underlined words and phrases are defined in the Glossary.

H.B.3 Example Problem

You hold together two repelling magnets, the defined system, close together on a table.  You release the magnets and
they each slide a distance ∆x across the table before coming to a stop.  The time interval is from the instant you release
the magnets to the instant the magnets come to a stop.

The conservation of energy equation is:

                ∆Esystem = Ein - Eout

          ∆PEmagnets  = Win – Wout

    ∆PEmagnets  =  -2fk∆x

The decrease the magnetic field energy of the magnets is
equal to the transfer of mechanical energy (work) out the
system to the table and air (friction and drag).  The changes
in thermal energy of the system (due to friction) and the
transfer of mechanical energy to the air are assumed to be
negligible.

H.B.4 Example Problem

A ball is dropped from a height h above the floor.  The time interval is just after the ball is released to just before it hits
the floor.
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The conservation of energy equation for the Earth-ball system is.

                     ∆Esystem = Ein - Eout

   ∆Ekinetic + ∆PEgrav field  = Win – Wout

                   1/2mv2 - mgh = - Wout.

                               1/2mv2 = mgh  - Wout.

The conservation of energy equation for the ball system is.

       ∆Esystem = Ein - Eout

               ∆Ekinetic  =  Win  -  Wout

                 1/2mv2 = Fexth -  Wout

                               =  mgh -  Wout

For objects that do not fall too far or too fast through the atmosphere, the mechanical energy transfer out of the system
to the air (work done on the air) is very small and can be neglected.

H.B.5 Example Problem

You rub together a piece of fur and a rubber rod, the defined system, then slowly move the fur and rod apart at a
constant speed with an average force F.  The time interval is from just as you start rubbing the fur and rubber rod
together to just as you have separated the fur and rubber rod a distance ∆x.

The conservation of energy equation is:

                                 ∆Esystem = Ein - Eout

∆PEelectric  field  + ∆Ethermal = Win

∆PEelectric  field  + ∆Ethermal = Fext∆x

H.B.5 Other Methods of Separating Charges

                   

In a van de Graaff machine, a nonconducting conveyer belt carries charges to a hollow conducting dome that rests on a
nonconducting support.

In a battery, two conducting terminals are submerged in a solution containing mobile ions.  A chemical reaction with
the ions at one terminal deposits electrons, while the chemical reaction at the other terminal detaches an electron from
the terminal.
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A capacitor consists of two conducting plates, separated by a nonconductor.  When connected to a battery, the
capacitor acquires opposite charges on each plate, which can be stored for a long time.

H.B.9 Suggested Animations and Simulations

PhET Interactive Simulations, University of Colorado, Boulder (http://phet.colorado.edu/index.php), has several useful
simulations, including: Electric Field of Dreams and Electric Field Hockey.

Open Source Physics,
http://www.opensourcephysics.org/search/search.cfm?gs=224&b=1&qc=Compiled%20Simulation

Ruth Chabay has also produced many animations of what happens to the electric field of a system of charged particles
in different circumstances (http://www4.ncsu.edu/~rwchabay/emimovies/. Chabay, R. and Sherwood, B., Electric and
Magnetic Interactions, (Wiley, New York, 1995).   For example, the four pictures below show what happens to the
electric field when two attracting charged particles are released and move closer together.

These interactive computer simulations and animations can help students visualize that the energy stored in the field
around the two charged objects decreases as they move closer together.

(a) (b)

(c) (d)

OBJECTIVE 5.3
 ELECTROMAGNETISM AND FIELDS (Grades 5-8 and Grades 9-12)

Students understand that an electromagnetic interaction occurs when a flow of charged particles creates a magnetic
field around the moving particles, or when a changing magnetic field creates an electric field.
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Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12
Students’ conceptual difficulties with electromagnetism persist through several years.  This table shows the overlap between
the middle school years and high school.

Where Addressed
Student Difficulty.✢  Students often believe that: Essential

Knowledge
Learner

Outcome

1. Connection Between Current Electricity and Magnetism
a. Charges, when released, will move toward the poles of a magnet.
b. North and south magnetic poles are the same as positive and negative charges.
c. Magnetic poles can be isolated.
d. A suspended battery (2-ended) will align in the north-south direction like a magnet.

------ M.B.1

2. Only magnets produce magnetic fields (forces).
M.5.3.2

H.5.3.2

M.B.3

H.B.4

3. Only charges can produce electric fields (forces).
M.5.3.1

H.5.3.4

M.B.4

H.B.2

4. Generating Electricity
a. When generating electricity only the magnet can move.
b. Generating electricity requires no work.
c. A magnetic field, rather than a changing magnetic field, causes an electric current.

M.5.3.2
M.B.5
M.B.5

H.B.2

5. Charges at rest can experience magnetic forces.
M.5.3.1

H.5.3.3

M.B.2
M.5.5

H.B.3

✢ See also conceptual difficulties in Objectives 3.5 (Magnetic and Electrical Interactions and Forces)

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
• Objects: Magnets and simple battery and bulb circuits; simple motors and hand-held generators
• Events: moving magnets and coils of wires; moving magnet near current-carrying wires, building a simple motor; investigating a hand-

held generator.

Exclusions:  Investigating changing electric and magnetic fields is done in grades 9-12.

REPRESENTATIONS/MODELS
• Visual representations, animations, and computer simulations of motors and generators.

Exclusions:  Field representations of electromagnetism.

TECHNICAL VOCABULARY
• generator
• electromagnetic interaction
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M.B.1 Connection Between Electric Circuits and Magnetism

Most students think there is a direct connection between electric charges and the
magnetic poles – positive charges are attracted to north poles and negative
charges to south poles.  A suspended battery is like a magnet and will orient in the
geographic north-south direction.  A magnet can be cut in half to isolate a north
pole and a south pole (like charges).

A simple exploration to begin to explore the connection is to place a current-
carrying wire above and below a compass.

M.B.2 and M.B.3 Experimenting with Motors and Analyzing
Generators

There are many ways to investigate the variables that influence the
size of the magnetic force on a rotating coil of wire, from very
simple qualitative explorations (see diagram of motor at right) to
more complex experimental apparatus.  Similarly, there are simple
ways to investigate how a generator works, from using a hand-
held generator to light a bulb to more complex experimental
apparatus.

Simple Motor
Hand-held Generator

M.B.5 Example Problem. In which cases below (a through g) will a current flow in a loop?  Explain your reasoning.

M.B.4 Experiment

Some different orientations of magnet and current carrying wire are shown above.
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Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Objects: Magnets, wire loops with bulb, simple circuits with current-carrying wires, coils and loops of wire; old, broken generators,

motors, microphones and speakers.
• Magnetic fields around wires with electric current, induced current in wire loops, effect of radio waves on a wire antenna.

REPRESENTATIONS/MODELS
• Visual representations, animations, and computer simulations of Faraday’s law, the magnetic field around wires, the effects of changing

magnetic and electric fields, generators, motors, microphones, and speakers.

Exclusions:  Electromagnetic equations

TECHNICAL VOCABULARY
• Faraday’s Law

Exclusions: Oersted’s Law, Ampere’s Law, and so on.

  Underlined words and phrases are defined in the Glossary.

Three good sources of interactive computer simulations and animations in electromagnetism:

1. PhEt Interactive Simulations, University of Colorado, Boulder (http://phet.colorado.edu/index.php).

2. Open Source Physics Simulations,
(http://www.opensourcephysics.org/search/search.cfm?gs=224&b=1&qc=Compiled%20Simulation).

2. Chabay, R. and Sherwood, B., Electric and Magnetic Interactions, (Wiley, New York, 1995)
(http://www4.ncsu.edu/~rwchabay/emimovies/).
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APPENDIX A
FIVE PRINCIPLES OF HOW STUDENTS LEARN*

During the last four decades, scientists have engaged in
research that has increased our understanding of human
cognition, providing greater insight into how knowledge
is organized, how experience shapes understanding, how
people monitor their own understanding, how learners
differ from one another, and how people acquire
expertise.  From this emerging body of research, scientists
and others have been able to synthesize a number of
underlying principles of human learning.†  This growing
understanding of how people learn has the potential to
influence significantly the nature of education and its
outcomes.

Principle 1: Principled Conceptual Knowledge.
Learning with understanding is facilitated when new
and existing knowledge is structured around the major
concepts and principles of the discipline.

Highly proficient performance in any subject domain
requires knowledge that is both accessible and usable.  A
rich body of content knowledge about a subject area is a
necessary component of the ability to think and solve
problems in that domain, but knowing many disconnected
facts is not enough.  Research clearly demonstrates that
experts’ content knowledge is structured around the
major organizing principles and core concepts of the
domain, the “big ideas” (e.g., Newton’s second law of
motion in physics, the concept of evolution in biology, and
the concept of limit in mathematics).  These big ideas lend
coherence to experts’ vast knowledge base; help them
discern the deep structure of problems; and, on that basis,
recognize similarities with previously encountered
problems.  Research also shows that experts’ strategies for
thinking and solving problems are closely linked to rich,
well-organized bodies of knowledge about subject matter.
Their knowledge is connected and organized, and it is
“conditionalized” to specify the context in which it is
applicable.‡

If one conceives of … [a learning progression] as moving
students along a continuum toward greater expertise, then
… [science courses] should have as their goal fostering
students’ abilities to recognize and structure their growing
body of content knowledge according to the most important
principles of the discipline.  Therefore, curriculum and
instruction … should be designed to develop in learners the
ability to see past the surface features of any problem to the
deeper, more fundamental principles of the discipline.

Curricula that emphasize breadth of coverage and simple
recall of facts may hinder students’ abilities to organize
knowledge effectively because they do not learn anything in
depth, and thus are not able to structure what they are
learning around the major organizing principles and core
concepts of the discipline.  Even students who prefer to seek

understanding are often forced into rote learning by the
quantity of information they are asked to absorb.

Principle 2: Prior Knowledge.  Learners use what they
already know to construct new understandings.

When students come to advanced study, they already
possess knowledge, skills, beliefs, concepts, conceptions,
and misconceptions that can significantly influence how
they think about the world, approach new learning, and
go about solving unfamiliar problems.  People construct
meaning for a new idea or process by relating it to ideas or
processes they already understand.  This prior knowledge
can produce mistakes, but it can also produce correct
insights. Some of this knowledge base is discipline
specific, while some may be related to but not explicitly
within a discipline.  Research on cognition has shown that
successful learning involves linking new knowledge to
what is already known.  These links can take different
forms, such as adding to, modifying, or reorganizing
knowledge or skills.  How these links are made may vary in
different subject areas and among students with varying
talents, interests, and abilities.  Learning with
understanding, however, involves more than appending new
concepts and processes to existing knowledge; it also involves
conceptual change and the creation of rich, integrated
knowledge structures.

 … Moreover, when prior knowledge is not engaged,
students are likely to fail to understand or even to separate
knowledge learned in school from their beliefs and
observations about the world outside the classroom.
…Effective teaching involves gauging what learners
already know about a subject and finding ways to build on
that knowledge.  When prior knowledge contains
misconceptions, there is a need to reconstruct a whole
relevant framework of concepts, not simply to correct the
misconception or faulty idea.  Effective instruction entails
detecting those misconceptions and addressing them,
sometimes by challenging them directly.”

Principle 3: Metacognition.  Learning is facilitated
through the use of metacognitive strategies that
identify, monitor, and regulate cognitive processes.

To be effective problem solvers (qualitative or quantitative)
and learners, students need to determine what they
already know and what else they need to know in any
given situation.  They must consider both factual knowledge
-- about the task, their goals, and their abilities -- and
strategic knowledge about how and when to use a specific
procedure to solve the problem at hand.  In other words, to be
effective problem solvers, students must be metacognitive.
Empirical studies show that students who are
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metacognitively aware perform better than those who are
not.
Metacognition is an important aspect of students’
intellectual development that enables them to benefit
from instruction and helps them know what to do when
things are not going as expected.  For example, research
demonstrates that students with better-developed
metacognitive strategies will abandon an unproductive
problem-solving strategy very quickly and substitute a
more productive one, whereas students with less effective
metacognitive skills will continue to use the same strategy
long after it has failed to produce results.  The basic
metacognitive strategies include (1) connecting new
information to former knowledge; (2) selecting thinking
strategies deliberately; and (3) planning, monitoring, and
evaluating thinking processes.

Experts have highly developed metacognitive skills related
to their specific area of expertise.  If students in a subject
area are to develop problem-solving strategies consistent
with the ways in which experts in the discipline approach
problems, one important goal … should be to help students
become more metacognitive.   Fortunately, research indicates
that students’ metacognitive abilities can be developed
through explicit instruction … It is important to note that
the teaching of metacognitive skills is often best
accomplished in specific content areas since the ability to
monitor one’s understanding is closely tied to the activities
and questions that are central to domain-specific knowledge
and expertise (NRC, 2000b).

Principle 4: Differences Among Learners.  Learners
have different strategies, approaches, patterns of
abilities, and learning styles that are a function of the
interaction between their heredity and their prior
experiences.
… among learners of the same age, there are important
differences in cognitive abilities, such as linguistic and spatial
aptitudes or the ability to work with symbolic quantities
representing properties of the natural world, as well as in
emotional, cultural, and motivational characteristics.
Additionally, by the time students reach high school, they
have acquired their own preferences regarding how they
like to learn and at what pace.  Thus, some students will
respond favorably to one kind of instruction, whereas
others will benefit more from a different approach.
Educators need to be sensitive to such differences so that
instruction and curricular materials will be suitably
matched to students’ developing abilities, knowledge
base, preferences, and styles.

Appreciation of differences among learners also has
implications for the design of appropriate assessments and
evaluations of student learning.  Students with different
learning styles need a range of opportunities to
demonstrate their knowledge and skills.  For example,
some students work well under pressure, while the
performance of others is significantly diminished by time
constraints.  Some excel at recalling information, while
others are more adept at performance-based tasks.  Some
express themselves well in writing, while others do not.

Thus using one form of assessment will work to the
advantage of some students and to the disadvantage of
others.

Principle 6: Situated Learning.  The practices and
activities in which people engage while learning shape
what is learned.

Research on the situated nature of cognition indicates that
the way people learn a particular domain of knowledge
and skills and the context in which they learn it become a
fundamental part of what is learned. When students learn,
they learn both information and a set of practices, and the
two are inextricably related.  McLellan (1996, p. 9) states
that situated cognition “involves adapting knowledge and
thinking skills to solve unique problems … and is based
upon the concept that knowledge is contextually situated
and is fundamentally influenced by the activity, context,
and culture in which it is used.”  Learning, like cognition, is
shaped by the conventions, tools, and artifacts of the
culture and the context in which it is situated.

Because the practices in which students engage as they
acquire new concepts shape what and how the students
learn, transfer is made possible to the extent that knowledge
and learning are grounded in multiple contexts.  Transfer is
more difficult when a concept is taught in a limited set of
contexts or through a limited set of activities. When concepts
are taught only in one context, students are not exposed to
the varied practices associated with those concepts. As a
result, students often miss seeing the concepts’ applicability
to solving novel problems encountered in real life, in other
classes, or in other disciplines.  It is only by encountering the
same concept at work in multiple contexts that students can
develop a deep understanding of the concept and how it can
be used, as well as the ability to transfer what has been
learned in one context to others.

If the goal of education is to allow learners to apply what
they learn in real situations, learning must involve
applications and take place in the context of authentic
activities. J. S. Brown and colleagues (1989, p. 34) define
authentic activities as “ordinary practices of a
culture”—activities that are similar to what actual
practitioners do in real contexts. A. L. Brown and
colleagues (1993) offer a somewhat different definition:
given that the goal of education is to prepare students to
be lifelong learners, activities are authentic if they foster
the kinds of thinking that are important for learning in out-
of-school settings, whether or not those activities mirror
what practitioners do.  Regardless of which definition is
adopted, the importance of situating learning in authentic
activities is clear. Collins (1988) notes the following four
specific benefits: (1) students learn about the conditions for
applying knowledge, (2) they are more likely to engage in
invention and problem solving when learning in novel and
diverse situations and settings, (3) they are able to see the
implications of their knowledge, and (4) they are supported in
structuring knowledge in ways that are appropriate for later
use.
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Teachers can engage learners in important practices that can
be used in different situations by drawing upon real-world
exercises, or exercises that foster problem-solving skills and
strategies that are used in real-world situations.  …
Problem-based and case-based learning are two
instructional approaches that create opportunities for
students to engage in practices similar to those of experts.

Technology also can be used to bring real-world contexts
into the classroom.  The committee emphasizes that with
all of these approaches, care must be taken to provide
multiple opportunities for students to engage in activities in
which the same concept is at work; otherwise learning could
become overly contexualized.

The five learning principles are excerpts from Chapter 6 of Learning and Understanding: Improving Advanced Study of
Mathematics and Science in U.S. High Schools (National Research Council, 2002).  Many of the references in the original have
been removed to make the principles easier to read.

† The research on which these principles are based has been summarized in How People Learn: Mind, Brain, Experience and
School (Expanded Edition), National Research Council, 2000.

‡ The blue, italicized portions are particularly important aspects of the learning principles that the were used to develop the
physics college-ready standards.
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APPENDIX B
RESEARCH USED FOR THE TABLES OF COMMON

STUDENT CONCEPTUAL DIFFICULTIES

There are several identical lists of misconceptions or preconceptions
available on the Web.  Many of these lists can be traced back to a posting
of a list by Bill Weiler of U. Illinois via the PHYS-L group 9/1998 (e.g., a list
compiled by the Operation Physics Elementary/middle school Physics
Education Outreach Project of the American Institute of Physics, available
at http://amasci.com/miscon/opphys.html).  This list was checked and
determined that the listed items came from the two books (Driver,
Guesne, & Tiberghien, 1985; Driver, 1994).  Another list available from the
University of Dallas (http://phys.udallas.edu/C3P/Preconceptions.pdf)
Helping Students Learn Physics Better—Preconceptions and Misconceptions:
A Guide to Enhancing Conceptual Understanding).  This list appears to be
compilation of misconceptions from research articles primarily published
in The Physics Teacher and the American Journal of Physics.

These lists were revised based on later research, and newer research
added as needed in the Tables of Common Student Conceptual Difficulties
for each objective.  It is impossible to reference all the research literature
used to construct each row in the Tables; only research summaries are
referenced.  The research base includes:

• The cognitive psychology of learning and solving problems (National
Research Council, 2000);

• Physics education research on students’ conceptual difficulties
(undifferentiated concepts and alternative or naïve conceptions,
sometimes called preconceptions or misconceptions, from elementary
school through first year college (e.g., Driver, Guesne, & Tiberghien,
1985; Driver, 1994; McDermott & Redish, 1999, and AAAS Benchmarks
for Science Literacy Online at
http://www.project2061.org/publications/bsl/online/index.php?chapt
er=15);

• Research on students’ difficulties with qualitative and quantitative
problem solving in physics (e.g., Maloney, 1994; McDermott & Redish,
1999, Hsu, Brewe, Foster, & Harper, 2004; National Research Council,
2002);

• Research in physics curriculum and instructional strategies based on
principles of learning (Abell & Lederman (Eds.), Handbook of Research
in Science Education (2007); National Research Council, 2002; Arons,
1996; Redish, 2003; Leonard, Dufresne, Gerace, & Mestre (2002).); and

• Recent research indicating that students in grades K-8 can, with
appropriate instruction, learn concepts and reasoning skills at a much
earlier ages than assumed by the national science standards (e.g.,
National Research Council, 2006).
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APPENDIX C
SUMMARY OF RESEARCH USED TO DEVELOP THE STANDARDS‡

1. Conceptual Difficulties Learning Physics
a. Students at all grade levels leave current physical

science and physics courses with essentially the same
conceptual difficulties (including misconceptions,
undifferentiated concepts, and over-generalized
concepts) as when they entered these courses.  For
example, after an introductory college physics course,
students still confuse position with velocity and velocity
with acceleration, just as they did in middle school and
high school (e.g., Trowbridge and McDermott, 1980,
1981).  Moreover, these misconceptions are directly
related to some of the conceptual difficulties students
have with Newton’s Laws, gravitational, electric charge
and magnetic forces and fields, electromagnetic forces,
and linear momentum.  Another example is that
students think that the principle of energy conservation
is useless and never use it to solve problems (e.g., Driver
and Warrington, 1985, Kautz, Heron, Loverude, &
McDermott, 2005).  There is sufficient research about
physics misconceptions at all levels (35-40 years and
over 600 research papers) to identify common students
conceptual difficulties in every physics content area
grades K-12.

b. Most elementary and middle school science teachers,
and many high school physics teachers have essentially
the same conceptual difficulties as their students.**
(e.g., Cohen, Eylon & Ganiel, 1983;; Galili & Bar, 1992;
Trumper, 1996a, 1996b; Palmer, 1997; Heller & Finley,
1992; Bendall, Galili and Goldberg, 1993).

c. Many of these conceptual difficulties appear to be
closely related to curricular and instructional practices.
(i) On average, middle school physical science and

high school physics teachers spend less than 5% of
their classroom time helping students make sense
of experimental results, newly presented concepts
(from textbook reading, lecture, or lecture-
demonstration), or with the application of the
concepts beyond recognition and recall (Horizon
Research Inc., 2001, 2002a, 2002b).  From Middle
school to high school to college, too many of
essentially the same ideas are taught over and over
again much too fast for deep learning to occur.

(ii) AAAS’s Project 2061 reviewed middle school and
high school curriculum materials (including
teacher’s guides) to determine how currently
available learning materials align with national
learning goals (Kesidou & Roseman, 2002).  They
found that the middle and high school programs
that they examined were unlikely to result in
students developing understandings of key
learning goals.  Their critique showed that the
materials covered many topics at a superficial level,
focused on technical vocabulary, failed to consider
students’ prior knowledge, lacked coherent
scientific explanations of real-world phenomena,

and provide students with few opportunities to
develop explanations of phenomena.

(iii) Physics misconceptions are perpetuated through all
levels of K-12 education – from textbooks to some
State Science Standards and Assessments.
Teachers and textbook writers have the teaching
misconception that they should make physics
concepts as simple as possible for students by
providing short, pithy definitions (e.g., energy is
the ability to do work; velocity is speed in a
particular direction; and so on).  These definitions
are either wrong or very misleading.  They fail to
provide students with the deep conceptual
knowledge or problem-solving tools they need
to be successful in physics at either the scientific
literacy level or the college readiness level.

d. In 2000, Horizon Research Inc. conducted a national
survey (5,728 teachers) of science and mathematics
education.  They also observed and rated the quality
of science and mathematics lessons (Weiss, Pasley,
Smith, Banilower, & Heck, 2003).  Some results of
these studies are outlined below.
(i) Middle School (Fulp, 1002).  Instruction in

physical science (physics and chemistry) at the
middle school level varies greatly from state to
state.  Just over half of the nations middle schools
offer general science and integrated science
courses; only about 16 percent of the nations
middle schools offer a physical science class.
[This has changed since 2000.  Now the majority
of schools offer an 8th grade physical science
course.] At most, physics topics are taught for
about one-half of an academic year.  This
averages about 120 hours of instruction (not
counting off-task time during science classes,
assemblies and other special events, other
required curriculum such as health education,
and the growing amount of time spent on
mandatory state testing).  Only about eight
percent of middle school science lessons were
rated high quality in lesson design and
instruction; low ratings are given to 75 percent of
lessons.  Ratings were weakest for providing
adequate time and structure for sense making or
wrap-up, teachers’ ability to adjust instruction
according to student understanding, and
teacher’s ability to ask questions that enhance
student learning.

(ii) High School (Banilower, 2002).  In high school
science, about eleven percent of the lessons were
rated high quality in design (with 60 percent
rated low quality), and only 14 percent were
rated high quality in instruction (with 74 percent
rated low quality).  The weakest areas are
providing adequate time and structure for sense
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making and wrap-up, the use of investigative
instructional strategies, and the teacher’s ability to
ask questions that enhance student learning.

e. Recent research (in the last 10-20 years) indicate that
children in grades K-8, are able to learn concepts and
reasoning skills at a much earlier ages than assumed by
the national standards with appropriate curriculum and
instruction based on the Principles of Learning (Taking
Science to School: Learning and Teaching Science in
Grades K-8, National Research Council, 2006)
“Children from all backgrounds and all socioeconomic
levels show evidence of sophisticated reasoning skills.
Although they may lack knowledge and experience,
they can and do engage in a wide range of subtle and
complex reasoning processes. These processes can form
the underpinnings of scientific thinking.” (from Ready,
Set, Science: Putting Research to Work in K-8 Science
Classrooms, National Research Council, 2007, page 7).

2. Difficulties Learning How to Solve Physics Problems
a. Expanded Version of the first Principle of Learning,

Appendix A.  Expert physics problems solvers have a
hierarchical organization of physics knowledge that is
related to using their knowledge to solve problems.  This
organization starts with core physics principles or
theories in their most general form, for example
kinematics (describing the motion of objects), Newton’s
Laws of Motion, and the principle of energy conservation.
These principles are stored in memory with the conditions
under which they can be applied (e.g., when the object is
speeding up, slowing down, and/or changing direction,
then it is accelerating; when the acceleration is not
constant, then it is more difficult to solve problems; when
the sum of forces on an object is zero, then there is no
change in velocity of the object; when the system is
open, then energy can be transferred into or out of the
system).  This is followed by specific physics concepts for
different applicability conditions, such as definitions of
acceleration for different special cases – constant
acceleration and average acceleration.

b. Expert physics problem solvers use the cues in a non-
routine problem situation† to decide what general
principles to use to approach the problem.  They then do
an extensive “qualitative analysis” of the problem.  This
includes deciding the assumptions that need to be made
to solve the problem, using their knowledge of the
conditions of applicability of concepts and principles to
draw representations of the problem (e.g., motion
diagrams, force diagrams, energy diagrams), and
translating the assumptions and representation(s) of the
problem into mathematical representations.  Experts

then plan how to solve the problem (e.g., What
additional information do I need to solve this
problem?  Can I extract this knowledge from the
problem situation or estimate the unknown
information?).  Only after this qualitative analysis of
the problem do experts use the rules of mathematics
(e.g., algebra or calculus) to solve the problem (see
references in Maloney, 1994).  [Note: Of course, the
process is not as linear as implied by this brief
description – there are many feedback loops and often
more trial and error.]

c. Physics instruction from middle school through
college fails to: (1) provide students with the deep
conceptual knowledge they need for the qualitative
analysis of problems; (2) promote students’
development of hierarchical knowledge of physics
principles and concepts, including their conditions of
applicability; (3) teach real-world problem solving as a
series of decisions; and (4) promote the metacognitive
skills students need to make decisions in real-world
problem solving.  By the time students have finished
high school or an introductory college course, their
physics knowledge is organized around the surface
features of problem situations (e.g., inclined planes,
free fall, collisions, and so on) and specific equations
that are associated these surface features.
Consequently, students do not do qualitative analyses
of problems, and even if their knowledge is correct,
they cannot solve slightly unfamiliar problems (see
references in Maloney, 1994).

d. Research studies in physics education have shown that
students’ problem solving skills and conceptual know-
ledge improve when: (1) students are provided with
framework (scaffolding) for the decisions that need to
be made to solve the problem; (2) instruction focuses
explicitly on physics representations -- how to select a
system of interest, how to draw motion diagrams, how
to draw free-body force diagrams, and so on; and (3)
instruction focuses explicitly on the conditions of
applicability of the physics concepts and principles
(Larkin & Bracket, 1976; van Heuvalin, 1991; Heller,
Keith, and Anderson, 1992; Mestre, Dufresne, Gerace,
Hardiman, & Touger, 1993; Leonard, Dufresne &
Mestre, 1996; Bango & Eylon, 1997)  This improvement,
however, depends on the types of problems students
are asked to solve – only instruction which includes
real-world experimental situations and/or context-rich
word problems result in an improvement (e.g., van
Heuvalin, 1991; Heller & Hollbaugh, 1992; Cummings,
Marx, Thornton, & Kuhl, 1999.)

‡ These summary findings are closely related to the Principles of Learning, five of which are described briefly in Appendix A, pages 145 to 147.
For the purposes of this document, only example research studies or research summaries have been included as references.

** This is a statistical statement and not a disparaging comment.  The statement reflects the fact that teachers are a product of a kindergarten-
through-college educational system that teaches too many of the same ideas over and over again much too fast for deep learning to occur.
There are notable exceptions and master teachers at all grade levels.

† This includes problems that are “real” to physicists -- problems that they do not initially know how to solve.  The problems in introductory
college textbooks are not real problems for physicists, and they use automatic “routines” that they know will solve the problem.
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GLOSSARY

The purpose of this glossary is to communicate and clarify how these standards are using terms.  Others may use these terms
in slightly different ways.  The objective in brackets after each term refers to the first objective in which the term was used or
defined. Many terms are the same as in the Science College Board Standards for College Success™.

absorption spectra  Refers to the dark lines that appear in the
visible spectrum when a cold gas is located between the glowing
gas and a prism or diffraction grating (or spectrometer).  The
pattern of different frequencies is unique for each element.
[Objective 1.3]

accuracy  Refers to the bias in data — the difference between the mean of the measurements and the reference value, or
“true value.” [Objective 3.1]

alpha decay  Alpha decay of a radioactive isotope is the release of an alpha particle consisting of two protons and two
neutrons (nucleus of a helium atom) from the nucleus. [Objective 2.3]

amplitude  The distance from the equilibrium line to the crest of a wave. This is often viewed as one-half of the total
wavelength.  Amplitude is always taken to be positive.  [Objective 4.3]

analogue model  Scientists find it useful to compare a new idea about a system, process, or event with something that is
familiar.  The thing that is familiar is called an analogue model of the system, process, or event.  Analogue models can be
physical (e.g., small model car in wind tunnel), verbal, and visual.  [Objective 2.1]

atomic scale  See glossary entry for domains of magnitude.

beta decay  Beta decay of a radioactive isotope is the release of beta particles, which are fast-moving electrons, from the
nucleus.  [Objective 2.3]

charging by induction  Charging by induction is a method used to charge a metal object without actually touching the
object to any other charged object.  A charged object is brought near (but not touching) a metal conductor.  A second object
that can serve as a source or sink of charge is brought in contact with the metal conductor, then removed.  Finally the
charged object is removed.  The metal conductor is left with a charge opposite that of the original charged object.
[Objective 3.5]

claim  An assertion that is based on evidence or physics knowledge.  Claims can be based on the following: natural or
human-designed systems and phenomena, observations of the natural world, results of a planned investigation, scientific
questions, or answers to a posed question.  [Objective 2.1]

compression (longitudinal) wave  In a compression (longitudinal) wave (e.g., slinky, sound waves), the particles of the
medium vibrate back and forth along the same direction as (parallel to) the wave disturbance. Some waves, such as seismic
waves, have both compression and transverse components.  [Objective 4.3]

conceptual difficulties  Refers to common undifferentiated concepts, alternative or naïve conceptions (sometimes
called misconceptions), and mistakes or errors found in the science and physics education research literature.
[Introduction to the Standards]

conservation principle  A quantity is conserved when the total change in the quantity within a system (∆Qsystem) is equal to
the total transfer of the quantity into or out of the system (Qin – Qout).  [Objective 2.1]

cosmic  scale  See glossary entry for domains of magnitude.

defined system See glossary entry for system of interest..
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defining characteristics of interactions  Interactions can be classified by the following characteristics:
(1) The conditions necessary for the interaction to occur (e.g., two objects must be touching, one object must be charged,
one object must be moving, one object must be a solid and the other a fluid, etc.);
(2) The evidence of the interaction – the observed changes; and
(3) The variables that influence the strength of the interaction (forces, energies, and/or fields).  For students in high school,
the variables that influence the strength of the interaction are force laws (e.g., empirical relationship for the sliding frictional
force, Newton’s universal law of gravitation) and energy and/or field laws (e.g., Ohm’s law).  See also Glossary entries for
interaction and force law.  [Objective 2.1]

domains of magnitude  In these standards, domains of magnitude refer to three convenient ranges of distance (meters) and
time (seconds). The macro (human) domain (distance and time larger than about 10-6 and smaller than about 10+10)
corresponds roughly with what can be perceived and measured with either human senses or simple instruments (e.g.,
optical microscopes and telescopes). The cosmic domain (distance and time larger than about 10+10) is so great it is almost
beyond imagination, and requires instruments or procedures that depend on long chains of reasoning to understand how
they work.  Similarly, the atomic domain (smaller than 10-6 and larger than 10-14) and subatomic domain (smaller than 10-14)
are tiny beyond imagination, and it requires a great deal of physics knowledge to understand the measurement instruments.
[Objective 1.1]

emission spectra  Refers to the bright lines that appear at different
frequencies (energies) of visible light when a prism or diffraction
grating (or spectrometer) is placed in front of a glowing gas
source.  The pattern of energies (frequencies) that appear is
unique for each element.  [Objective 1.3]

energy diagram  An energy diagram for a specific event or problem situation represents the type and direction of energy
transfers (e.g., thermal energy transfer, electrical energy transfer) within and/or across the boundary of a defined system
during a defined time interval.  An energy diagram can also include the type and direction of changes (increase, stay the
same, decrease) of energy changes within a system (e.g., increase in the kinetic energy of a falling object, decrease in the
gravitational potential energy of an Earth-object system).   A labeled shape (e.g., box, oval) often represents the
objects/subsystems within a system and outside the boundaries of the system, and a labeled arrow often represents energy
transfers (see Instructional Guidance for Standard 1 and Standard 4).  The example below includes both energy transfers and
energy changes for a one-bulb circuit with the defined system of interest the bulb and wires.

At the high school level, the energy diagram can be a bar graph showing the relative changes in energy within the defined
system and the energy transfers into and out of the system. [Objective 2.2, Objectives 4.1 through 4.4]   See also glossary
entries for problem and system of interest.

evidence   Data (from investigations, scientific observations, the findings of other scientists, historic reconstruction and/or
archived data) that have been represented, analyzed and interpreted in the context of a specific scientific question.  Modes
of representing data could include, but are not limited to, verbal summaries, diagrams, summary charts and tables,
frequency plots, bar graphs (histograms), and scatter plots.  These representations, based on accepted physics knowledge
and mathematics processes or procedures, are used to interpret the data in terms of properties, trends or patterns.
[Objective 2.1]

explain  See Glossary entry for explanation.
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explanation  A scientific explanation includes (1) a claim about natural or designed objects, systems or phenomena; (2) the
evidence, which can consist of empirical evidence or observations; and (3) the reasoning that links the claim with the
evidence.  A scientific explanation can specify causal relationships, generalizations (inductive and analogical), contrasting
relationships or proposed models.  An explanation also specifies, based on physics knowledge, how or why a natural or
designed system has its observed properties, or how an observed phenomenon occurs.

field diagram  A field diagram shows the strength and direction of a field
at different locations around the object producing the field.  Field
diagrams represent the magnetic, gravitational, electrical, and
electromagnetic fields.

force diagram  The forces acting on an object can be represented by arrows drawn on an isolated picture of the object.  The
direction of each arrow shows the direction of the push or the pull.  [Objective 3.2]

a) For a pushing force, the head of the arrow is placed at the approximate point or surface where the force acts on the
system.  For a pulling force, the tail of the arrow is placed at the approximate point where the force acts on the
system.  For long-range forces, the tail of the arrow is placed at the center of the object.

b) The length of the arrow represents the (relative) size of the force—longer arrows for larger forces and shorter arrows
for weaker forces.  If two forces have the same value, the arrows should be equal in length.

c) Each force arrow is labeled by a symbol (often a letter) and described by identifying the type of interaction, whether
the force is a push or a pull, and the interacting object causing the force.

Example.  A student pushes a toy car
along a table as the car speeds up

Force Diagram in Direction of Motion

force law  A force law for an interaction is the empirical approximation or mathematical representation of the variables that
determine the magnitude of the forces between the two interacting objects.  Force laws are the third defining characteristic
of an interaction.  See also glossary entry for defining characteristics of interactions.  [Objective 3.3]

frequency  The amount of cycles that have been completed in one second. It is measured in hertz (Hz).  [Objective 4.3]

gamma Rays  Gamma decay of a radioactive isotope is the release of radiant energy that is like infrared, visible light, or x-ray,
only at a much higher energy.  Gamma rays are a type of radiation that results from a redistribution of electric charge within
a nucleus.  A gamma ray is a high-energy photon.  [Objective 2.3}

interactions  Two objects (which can be a defined quantity of a solid, liquid or gas) interact when they act on or influence
each other to cause some effect.  The evidence of the interaction is usually the effect — an observed change (e.g., change in
motion, shape, mass, temperature, state) of one or both objects.  Interaction is a statement of causality in science.  In these
standards, interactions are described, explained, and predicted with the concepts of forces, energy transfers, linear
momentum transfers, and fields.  [Objective 1.1]

investigate  Refers to a variety of ways in which students can gather observations, data and evidence to solve a problem
(which can be a laboratory problem, a demonstration, a project, or a word problem rich in context).  The observation or
idealized data for some problems can sometimes be gathered from computer simulation models.  At the middle school level,
investigations are often qualitative explorations of phenomena.  See also glossary entries for data, evidence, and problem.
Objective 2.1]

macro (human) scale  See glossary entry for domains of magnitude.

mental model  In these standards, a mental model refers to simplified, idealized set of related ideas from a theory, without
the complexities of the full theory. [Objective 1.3]  See glossary entry for theory.
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methods of energy storage (forms of energy)  In these standards, energy can be stored in seven ways.
(a) Energy can be stored in elastic objects, such as rubber bands or springs. The elastic energy of an object changes

when it is stretched or compressed.  [Objective 4.1]
(b) Energy can be stored in the motion of objects.  Motion (kinetic) energy changes when an object’s speed changes.

[Objective 4.1]
(c) Energy can be stored in a system of chemicals.  The chemical energy of a system changes when the chemicals are

allowed to react and new substances are produced.  [Objective 4.1]
(d) Energy can be stored because the object has a temperature and state (solid, liquid, or gas).  The thermal (internal)

energy of an object changes when its temperature or state changes. [Objective 4.1]
(e) Energy can be stored in the fields of mutually attracting and repelling objects, as in gravitational field energy,

electrical field energy, and magnetic field energy.  [Objective 5.2]

Methods of energy transfer  In these standards, energy can be transferred by five methods.
(a) A mechanical energy transfer (work) occurs when an object pushes or pulls the interacting object, which moves

while the force acts.  [Objective 4.1]
(b) An electrical energy transfer occurs when an energy source (e.g., battery) is connected in a closed circuit to an

electrical devise (e.g., bulb, motor) and an electrical current flows.  [Objective 4.2]
(c) A mechanical wave energy transfer occurs when a vibrating energy source produces a wave disturbance in a

material, which travels to a distant receiver without the transfer of the material.  [Objective 4.3]
(d) A radiant energy transfer (e.g., light) occurs when a source radiates energy to its surroundings (energy receivers).

Radiant energy transfer does not require a material between the source and the receivers.  [Objective 4.4]
(e) A thermal energy transfer (heat) occurs when energy is transferred between a warmer object and cooler objects in

the surroundings (receivers).  Thermal energy transfers usually result in a change in the thermal energy, chemical
energy, or kinetic energy of one or both interacting objects. [Objective 4.5]

momentum diagram (one dimension)  A momentum diagram for a
specific event or problem situation includes a vector for the initial
momentum of the defined system, a vector for the final momentum, and
a vector for the change in momentum of the system.  The change in
momentum can be found by vector subtraction.  The momentum
diagram often includes a statement about momentum transfer (impulse)
by an external force.  [Objective 2.2]

motion diagram  For middle school, a motion diagram shows the position at each successive clock reading of one or more
objects traveling in one direction in a straight line, as shown in the example below.  [Objective 3.1]

The motion diagram gradually becomes more abstract moving into high school.  Dots represent the moving object at
specified instants and times along a convenient coordinate axis, the position and velocity are specified at all relevant
times at all relevant instants – initial time, final time, and instants when the motion of the object changes (unknowns
are labeled with a question mark).  Finally, the acceleration is indicated at all relevant times or time intervals.  The
example below is the motion diagram for a car that accelerates uniformly for 7 seconds then moves with a constant
velocity for 4 seconds.

multistep  problem  A problem in which the solver must find several (i.e., two or more) intermediate pieces of information,
which must then be used in generating the solution to the entire problem.  Multistep problems can be experimental
problems, project-based problems, or context-rich word problems.
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particle  In middle school, particle refers to the atoms and molecules of the small-particle model of matter.  In high school,
particle sometimes refers to subatomic particles.  [Objective 1.3]  See glossary entry for subatomic particles.

Michelson-Morley experiment  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.

photoelectric effect  The photoelectric effect occurs when electrons are released from a metal surface as a result of light
shining on that surface.  The surprising results were: (a) Red light will not cause the ejection of electrons, no matter what the
intensity.  (b) A violet light will eject electrons, but their maximum kinetic energies are greater than those for intense light of
higher frequencies (higher energy).  (c) As the intensity of the incident light is increased, more electrons are emitted, but
their maximum kinetic energy does not increase.  [Objective 1.4]

positron  A positron has the same mass as an electron, but is positively charged.

postulate  A statement that is assumed to be true and is used as the basis of an argument or theory.  [Objective 1.4]

precision  Refers to the spread in a group of measurements.  [Objective 3.1]

problem  A problem is non-routine question to be answered through a hands-on investigation, a demonstration, a project,
or by solving word problems rich in context.  All problems have two characteristics: (1) the context is real world (i.e., no
idealized situations); and (2) some information is observable, measurable, or known.  Problems require at least two steps of
reasoning, and can be either qualitative or quantitative.  See also glossary entries for qualitative and quantitative.  [Objective
1.1]

qualitative  The reasoning and justification of a description, explanation or prediction requires only comparing the relative
sizes or magnitudes of the variable(s) identified in the problem  (e.g., increasing, decreasing, or the same; twice as large).
[Introduction to Standards]

quantitative  The reasoning and justification of an explanation or prediction requires the use of equations and/or numbers
for the variables identified in the problem. .  [Introduction to Standards]

ray diagram  A diagram showing the path (direction) of a “beam” of light.  Three or four
short rays are shown to emphasize the concept that light is radiated in all directions
from each point of a light source or object (diffuse reflection).  The example at right
shows the path of three light rays (one from the sun, two from diffuse reflection off
surrounding objects) to an apple, then to the eye of an observer.  [Objective 4.4]

scientific question  A question that leads to an empirical investigation (collecting and interpreting data to develop an
explanation).  Types of scientific questions include existence, causal/functional and exploratory questions that involve
collecting novel data (NOT testing a hypothesis).  [Objective 3.1]

subatomic particles  Refers to photons, electrons, protons, neutrons, and other particles (e.g., muons, pions, neutrinos).
[Objective 1.3]

subatomic scale  See glossary entry for domains of magnitude.

system of interest  A defined system for a problem.  A system is defined by identifying the boundaries of the system and the
surrounding objects that could interact with the system.  [Objective 1.1]  (See also glossary entries for problem and
interactions.)
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theory  A system of scientific explanations or related observations that has been rigorously tested by the scientific
community at large.  It is often based on numerous verified hypotheses, and as the theory is tested over time, it is revised but
is seldom replaced completely.  All scientific theories are subject to continuous testing, and when new evidence comes to
light that refutes the theory, the theory must then be abandoned or revised to account for this new evidence; otherwise it
cannot be tested and therefore cannot be considered scientific.  [Objective 1.3]

totally inelastic collision  An inelastic collision in which the two colliding objects stick together. After the collision, the two
objects (stuck together) travel with the same velocity.  [Objective 2.2]

transverse wave  In a transverse wave (e.g., ropes, springs), the particles of material vibrate at right angles to (perpendicular
to) the direction the wave disturbance moves through the material.  [Objective 4.4]

two-source interference pattern  When two sources of two- or three-dimensional
mechanical waves are vibrating in sync (i.e., in the same direction at the same time), a
pattern of locations of constructive and destructive interference is produced. The
wavelength and the spacing of the two sources determine the interference pattern.  The
greater the separation of the sources relative to the wavelength, the larger the number of
destructive interference (nodal) curves.  [Objectives 1.3 & 4.3]

vector addition  To add vectors in one dimension, place the tail of the second vector in the sum at the tip of the first vector,
then the tail of the third vector in the sum to the tip of the second vector, and so on.  The vector representing the sum runs
from the tail of the first vector to the tip of the last vector.

            

vector subtraction  To subtract two vectors in one dimension, reverse the direction of the vector being subtracted and add
the inverted vector to the vector from which you are subtracting.  The vector representing the difference runs from the tail of
the first vector to the tip of the second vector.  [Objective 3.1]

                 

wavelength  The length (measured in meters) of one complete wave cycle. Thus, after every wavelength, the wave is at a
point that is identical to the one where it started — wave motion is periodic.  [Objective 4.3]

weight  The everyday term for the gravitational force (pull) of Earth (or other planet or moon) on objects located on or near
Earth’s surface (or other planet or moon).  [Objective 3.4]
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