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COMPILATION: energy stored in fields 
 
Date:    Wed, 5 Aug 2015  
From:    Jane Jackson <jane.jackson@ASU.EDU> 
Subject: Gregg Swackhamer's paper: Understanding Energy 
 
Modelers laud the 'must-read' article by Gregg Swackhamer on energy. It is posted on the ASU 
modeling website.  To download it, visit the high school page, and click on "resources for the 
modeling classroom". Or go directly to http://modeling.asu.edu/Projects-Resources.html. 
 
While you're at it, download Patricia Westphal's paper, "Temperature, Heating, and Thermal 
Energy -- Sorting Things Out!"  It builds on Gregg's work.  (Scott Hertting lauded it in his recent 
post.)    
 
             COGNITIVE RESOURCES FOR UNDERSTANDING ENERGY 
              by Gregg Swackhamer    [Here are excerpts.] 
…   When we say that energy has different forms it usually is understood to mean that there are  
different kinds of energy.  This is, in fact, the explicit claim of one set of national science 
education standards.   A difficulty arises, however, when we try to describe what we mean by 
different kinds of energy.  When we describe the differences among kinetic energy, thermal 
energy, and elastic potential energy, for example, we invariably talk about differences in how 
energy is stored, not about differences among "kinds" of energy itself.  This is because energy  
is always and everywhere only energy.  Or, put in an equivalent way, there is only one kind of 
energy, but there are many ways in which it is stored. ... 
 
  ----------------------------------- 
Date:    Thu, 6 Aug 2015  
From:    Arthur Zadrozny  
Subject: Understanding Energy 
 
I appreciate the work by Gregg in trying to explain a concept I struggle with as a teacher as well.  
Mass is something I can hold and feel.  A force is something one object exerts on another, but 
energy, like momentum, two of the great conservation concepts, is defined as a product of other 
properties, namely mass and velocity or position. 
 
I like the idea of talking about systems, like the ball and the earth he describes. As the ball rises, 
its energy changes because the earth is doing work on it. However, at the top of page 11 Gregg 
states that *"When energy is transferred from one system to another, changes occur in both 
systems." * 
 
I'm at a loss as to how the energy of the earth changes in this example. Do we say the KE of the 
earth is changing as well as the ball, since the ball is doing work on the earth as well?  But then 
we have students measuring PE changes of the earth relative to the ball.  I'm seeing real chaos 
here.  Or do we consider when we toss the ball in the air, we exert a force on the earth as well as 
the ball?  If so, we are now introducing a 3rd component to the system, namely ourselves, which 
actually introduces mechanical energy into the system by virtue of the act of tossing the ball 
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in the air, so we change both the ball's energy and that of the earth? 
 
I like the idea introduced on page 15 of GPE being energy that is stored in the gravitational field, 
however, when the question is asked *"If a change in energy content is indicated by some change 
in the thing that stores it, then what changes in the gravitational field when it gains or loses 
energy?"*  I'm not sure I like the answer that says, in relation to a falling meteor, that as the 
meteor strikes, the earth now has more mass and thus a stronger gravitational field.  But as the 
meteor was falling, the strength of the gravitational field it passes through as already 
strengthening, so is the change in earth's mass that significant? 
 
Is there a treatise on this topic that is more focused on the mechanical energy aspect of energy?  I 
find the effort to incorporate heat somewhat distracting from the core focus I deal with when 
introducing energy in my classroom. 
  ------------------------------ 
 
Date:    Thu, 6 Aug 2015  
From:    Matt Greenwolfe  
Subject: Re: Understanding Energy 
 
I tried to look up some of Gregg's E-field simulations showing the total field of two particles as 
they interact.  That total field (the vector sum of the field from both particles) visibly intensifies 
as the stored energy increases.  I looked up his glowscript page and didn't find them, though.   
 
Another help is to visualize the field between the particles as a spring.  A compressive spring in 
the case of a repulsive force and a stretchy spring in the case of an attractive force.  Think about 
what happens to the spring mediating the interaction as the particles interact.  This complements 
the visualization of the field lines intensifying. 
  ---------------------------- 
Date:    Fri, 7 Aug 2015  
From:    Aaron Titus  
 
Matt Greenwolfe posted an excellent article about teaching energy at: 
    http://arxiv.org/abs/physics/0702153 
I recommend starting with his paper.  Matt references Sherwood’s AJP papers on work and the 
textbook Matter & Interactions by Chabay and Sherwood. 
 
In my opinion, Matter & Interactions by Chabay and Sherwood has the best “storyline” on 
energy and is the treatise you are looking for. See CH 6-7 (with CH 8 on energy quantization if 
interested). The storyline is: 
1. total energy (rest + kinetic) of a single particle system 
2. total energy of a multiparticle system with electric or gravitational interactions 
3. energy principle for system with work done on the system 
4. changes in internal energy of a solid 
 
5. changes in internal energy of extended systems (classic example of an ice skater pushing 
herself from a wall; the wall does no work yet her kinetic energy changes) 
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6. energy transfer due to temperature difference (Q) 
7. energy principle applied to a macroscopic system energy transfers due to W and Q. 
8. quantized energy for microscopic systems 
9. energy principle applied to microscopic systems with photon emission and absorption like the 
hydrogen atom and quantum harmonic oscillator 
 
The theme in this story is: 
1. choice of system 
2. the energy principle:  delta E = W + Q 
 
Some of the story's highlights are: 
1. a correct analysis of extended, deformable bodies where the work done on the system is not 
equal to the change in kinetic energy of the system (due to changes in internal energy). 
2. a correct analysis of work done by friction (work done by friction is not equal to the frictional 
force dot displacement of the cm of the body because there is always an increase in internal 
energy when there is friction) 
 
Their storyline is beautiful, consistent, and general. It unifies mechanics and thermodynamics. 
  ------------------------------ 
Date:    Fri, 7 Aug 2015  
From:    Matt Greenwolfe  
Hi Aaron, 
Thanks for citing the paper, and I agree that the Matter and Interactions story line is very good.   
My only objection to it is when they recommend calculating the "work done by the net force."  
The net force is not an interaction between two objects, and so this "work" is not an energy 
transfer between two objects, either.  They get a correct mathematical equation, but with some 
muddling of the concept.   
 
In discussions with Josh Gates, he recommends modifying the M&I approach using modeling 
language. 
 
1)  Model the system as a point particle that cannot store internal energy.  In cases that actually 
involve internal energy, you will still learn some things from this model and get correct 
equations, but you will be unable to identify the source or destination for some of the energy 
transfers.   
 
2)  Model the objects as multi-particle systems capable of storing energy.  Using this more 
sophisticated model, you can identify the source and destination for all of the energy transfers. 
 
Using both models together, you get a complete conceptual and mathematical representation.  
This is very similar to the matter and interactions approach, except step 1 is substituted for their 
equation involving the "work done by the net force."   
 
Framing things this way, I think my old paper could be tremendously simplified. 
  ---------------------------------- 
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Date:    Fri, 7 Aug 2015  
From:    Joe Kremer  
 
I find it helpful to define energy instead in terms of work done on the system. If we define our 
system carefully, then this is quite illuminating. 
 
For example, for the simple case of lifting a ball slowly, let's set our system to include only the 
ball. Our hand does positive work on the ball (force and displacement in the same direction) and 
the Earth does negative work, so the system ends up with zero energy stored. Since the system 
does not contain both objects interacting (the ball and the Earth) , the system can't store 
gravitational "interaction" energy. When we drop the ball, only the Earth does work on the 
system (positive work this time), and the KE of the system increases. 
 
Alternatively, look at the same situation where the Earth is a part of the system (but the hand is 
not). The force diagram for this system would look funny, because technically you're exerting an 
upward force on the ball AND a downward force on the Earth. But the important points are a) 
the interaction between the Earth and the ball is internal to the system, and b) only the interaction 
between your hand and the ball does work, because the point of contact between your feet and 
the Earth does not experience displacement. (Matt wrote about visualizing how energy is actually 
stored in fields, but this is just about how to keep track of it using the tool of a well-defined 
system.) So only the hand on ball interaction does (positive) work on the system, and the 
gravitational energy stored in the interaction between both objects in the system increases. With 
the system defined this way, I'd say that later, when we drop the ball, no work is done on the 
system. There is simply a transfer from gravitational to kinetic energy within the system as the 
ball speeds up. 
 
Everything about this seems consistent to me, and nothing seems controversial up until that last 
part -  that the increase in kinetic energy doesn't actually mean that work is being done. But it's 
just a matter of keeping track of how we've defined the system. 
 
------------------------------ 
 
Date:    Fri, 7 Aug 2015  
From:    Richard McNamara  
Good Morning Everyone, 
Let me take a stab at this one. (And then get corrected by Greg and many 
others...) 
 
However, at the top of page 11 Gregg states that *"When energy 
> is transferred from one system to another, changes occur in both systems." 
>  *I'm at a loss as to how the energy of the earth changes in this example? 
 
Part of the problem with thinking about gravitational energy is identifying how exactly it's being 
stored. If energy is the "capacity to effect change," then an energy transfer results in a change. 
By raising the ball, how is the ball changed? Is the energy stored solely in the ball? The way I 
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have tried to address this is by talking about the "earth-ball" system. To talk about what's really 
changing, we have to have some cursory understanding of the gravitational field. If we think of 
the field as a distortion of space created by a mass that causes all other masses in that region of 
space to experience a force, we can talk about changing the magnitude of the distortion. 
 
> I like the idea introduced on page 15 of GPE being energy that is stored in 
> the gravitational field, however, when the question is asked *"If a change 
> in energy content is indicated by some change in the thing that stores it, 
> then what changes in the gravitational field when it gains or loses energy?"* 
 
One of the great parts about the modeling materials are the parallels between the treatment of 
gravitation in mechanics and the parallel treatment of electrical fields in E&M. By focusing on 
the uniform fields between parallel plates, we have a direct correlation between: 
 
a property of the object: mass vs. charge. 
the magnitude of the field: g vs. E 
position in the field: h vs. d (from the negative plate. 
 
If we use a field mapping simulation, we can easily see how the field lines are distorted near a 
change between the plates. But better yet, we can also talked about the geometry of fields due to 
point charges. If we consider the forces involved in moving charges toward or away from one 
another, it becomes much easier to visualize how a charge distorts the space around it in such a 
way that any other charge in that space experiences a force. 
 
Once again, if we use a field mapping simulation, it's easy to see the field being distorted by the 
presence of other charges. The key to consider at this point is how the magnitude of the charge 
creating the field and the magnitude of the charge placed in the field impacts the amount the field 
is distorted. If you have a "huge" charge creating the field and a "minuscule" charge being in the 
field, the field doesn't get distorted much. In an analogous fashion, if we have a huge mass, say 
the Earth, and a minuscule mass, the ball, we won't see much distortion of the field created by 
the Earth, but there will be some distortion. 
 
Does that make any sense? 
  ------------------------------ 
 
Date:    Fri, 7 Aug 2015  
From:    Gregg Swackhamer  
 
I don't know if I can be of any help in clarifying things about energy in the case of gravitational 
energy that Art Zadrozny points out, but I'll let you know how I deal with it and let you decide if 
it will be of help in class or not. 
 
Before I say anything else, though, I must say that gravitational energy (GPE) is a slippery 
concept in our best theory of gravitation, General Relativity (GR). GR does not have a unique 
way of describing GPE, especially where it is stored in the field. This is because the field you 
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observe is relative to your frame of reference. In a freely falling frame of reference, there IS no 
observable field, for example. If you look at the same situation from afar in an unaccelerated 
frame, there IS a field. So GR does not help us locate energy in a field, because the field is not 
the same for everyone. 
 
That does NOT mean that GPE is not stored somewhere in a gravitational field, it's just that we 
don't have a clear way of describing its storage. That's the extent of what I know, and you'll have 
to talk to a GR theorist to get a more authoritative explanation. 
 
I do not talk about any of this GR stuff with my students, except for the few who are curious and 
willing to shoot the breeze. What I do talk about is the fact that gravitational fields change as 
they lose energy (GPE). In fact, they get stronger as they lose GPE. Just think of a place where 
an enormous amount of mass has fallen--a black hole. Now a black hole has a strong grav field. 
And the more stuff that falls into it, the stronger the field--and the less GPE there is. So a strong 
grav field means less GPE. 
 
An easier way for students to think about a grav field changing is to use the "warped rubber 
sheet" idea. The greater the mass an object has, the more it warps that space around it. This 
change in curvature is an indicator of a change that occurs when the energy content of the field 
changes. More curvature means less GPE. (And that's counterintuitive, isn't it!) 
 
The point for me is to associate a change in the energy storehouse with a change in its energy 
content. When a ball falls, it gains KE as indicated by speed, but what is losing the GPE? The 
Earth? No, not the Earth; it doesn't change. The ball? No, it didn't have any GPE stored in it to 
begin with. (Does anything about the ball itself change as you raise it? No.) But the grav field 
DOES change, and we can imagine the change even if we cannot detect it in everyday situations. 
 
At this point, I will point out that electric and magnetic fields are different. The stronger an 
electric or magnetic field, the GREATER the potential energy it stores. The gravitational field is 
just the opposite! Why? I dunno. Alan Guth of Inflationary Universe fame thinks this is 
because gravitational energy (GPE) is negative. A stronger grav field means it's storing more 
negative energy, which is, of course, less energy than a weaker field. More of a negative thing. 
Hmmm. 
 
The bottom line is to help our students make sense of things, not to confuse them. So use your 
judgment. I think my qualitative argument is fair, but if it doesn't help you and your students, 
then don't worry about it! 
 
To be honest, I felt the need to get this straight since I was confused on this specific point in my 
early teens after reading Fred Hoyle's account of a supernova in his marvelous book, Frontiers of 
Astronomy. It turned out that the field energy idea made fission, fusion, latent heats, chemical 
reactions, falling bodies, and even supernovae make more sense. It's been an enormously 
simplifying idea to me and relieved my teenage confusions (at least so far as supernovae go!). 
 
So use anything that helps your work, and ignore what won't help. But have fun with it in any 
case! 
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------------------------------ 
Date:    Fri, 7 Aug 2015  
From:    Noah Segal  
 
Art Zadrozny asked about a treatise on energy. I recommend looking at "Teaching Introductory 
Physics" by Arons. That book is actually three books mushed together, and it includes a 
monograph on conservation laws that gives a careful treatment of energy. I also recommend 
looking up Bruce Sherwood's articles on work and energy in AJP. 
 
I feel that the idea that fields store energy is tremendously subtle, and I question whether it is 
appropriate in a high school physics class. There is an article in AJP "What should be the role of 
field energy in introductory physics courses?" by Hilborn that discusses some but not all of my 
concerns. 
 
One thing to keep in mind is that space-filled gravitational field has less energy than space 
without it; gravitational field has negative energy density. This is the opposite of the case with 
electric and magnetic fields. Similarly, the nice mental picture one has of stretching field 
lines like rubberbands when one separates attracting charges doesn't carry over well to 
gravitational attraction. 
 
To me it's not clear that when a small rock descends in a uniform gravitational field, the integral 
of the square of the field over all space is increased and that this change is linear with height. (I 
mean, I know both claims should be true, but this seems mathematically mysterious when 
the energy is formulated as an integral of field squared over all space). I'm not even able to say 
which region of space change their energy content the most as the rock descends, so I'm not sure 
it solves a pedagogical problem of locating gravitational energy in a definite way. 
  --------------------------------------- 
 
Monday, Aug. 10, 2015 
From: Matt Randall (a physics and chemistry Modeling Workshop leader near Seattle WA) 
 
To join into the Energy conversation: I am in agreement with what has been said about the 
concept of energy being stored in a gravitational field as a way of describing the fact that there is 
not any energy stored in the ball itself, but rather in the interaction between the ball and the earth 
(the ball-earth system).   
     I want to add an important connection between this concept and a fundamental concept in 
chemistry and biology, the electrostatic attraction between charged particles.  Similar to what 
Rich said about the connections to energy stored in fields in the E&M curriculum, I think that 
example of the gravitational attraction between two objects with mass is a helpful system to be 
able to describe in terms of energy in order to describe the energy released in the formation of 
electrostatic bonds between objects with charge and absorbed in the "breaking" of these bonds.  
This has been a really helpful connection for students who already have a strong background in 
Chemistry or Biology when entering my Physics classes.  The right understanding of the 
gravitational situation can lead to a coherent and consistent understanding of energy changes in 
the breaking and reformation of chemical bonds.   
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     Here's the connection.  Imagine a situation where a ball is at rest on the surface of Earth.  We 
could define this as the location of zero gravitational energy.  This situation is similar to two 
charged particles being held together by electrostatic forces, such as a Carbon atom and 
Hydrogen atom in a molecule like methane (CH4).  In order for the earth and ball to be 
separated, work must be done to separate the ball from the Earth.  Once the two objects are 
separated, there is gravitational potential energy stored in the field between them, as indicated by 
the fact that these two objects that exert attractive forces on one another are separated by a 
distance.  If the object is let go, this energy is released as Kinetic and Thermal energy when the 
objects become "bound" again, when the ball again returns to its position on the surface of the 
earth.   
     The analogy with charged particles is that when two atoms are bound together by electrostatic 
forces, there must be work done on the particles to separate them, just as work must be done to 
separate two masses that are attracted gravitationally.  This work causes energy to be stored in 
the electric field, which is an indication that "breaking" of chemical bonds requires an input of 
energy.  If the atoms are released and go back to their original bound state, this energy is released 
as Kinetic Energy on the microscopic level or Thermal energy on the macroscopic level, and 
indicates that energy is released in the re-formation of chemical bonds.  In a chemical reaction 
the total energy absorbed or released is dependent on the amount of energy required to break the 
initial chemical bonds and comparing this to the amount of energy released by the formation of 
the new chemical bonds.  To use the combustion of methane as an example, there are four C-H 
bonds that must be broken, but then new bonds are formed when the carbon atom bonds with two 
oxygen atoms and each pair of hydrogen bonds with one oxygen atom.  Energy is released in the 
overall chemical reaction because more energy is released in the reformation of chemical bonds 
than was required to break the original chemical bonds.   
 
     A PowerPoint presentation that Larry Dukerich created is on the AMTA website, that 
describes more about the energy changes in chemical reactions.  It is called "Energy in Chem" 
and is under the Curriculum Resources -> Chemistry Resources -> Presentations folder. 
 ---------------------------------------- 
Date:    Wed, 14 Mar 2018 
From:    Noah Segal  
Subject: Conservation of Energy & Circuits 
 
I wanted to ask the community about the distinction Modeling draws between 
heating and radiating. Most textbooks define heating as energy transfer due 
to a temperature difference. Radiation, convection, and conduction are then 
described as three mechanisms of heating. (Some forms of light emission, 
e.g. fluorescence, are not classified as heating according to this scheme.) 
Is there something incorrect with the mainstream physics community's way of 
classifying thermal radiation? 
 
I am also puzzled that so many insist on teaching fields as repositories 
for energy. I'd like to hear more about the pedagogical benefits of this. 
Here are some of the concerns I have about the concept: 
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1. With two interacting objects (A and B), there is a difference between 
the field by A and the field by the combination of A and B. The former 
would be used to calculate the force on B and (through integration) the 
work on B. The latter would be where the energy is stored. If we use a 
falling rock as our example, it is the combined field of the rock and 
Earth, squared and integrated over all space that gives the gravitational 
energy stored by the rock-Earth interaction. I worry about students getting 
confused about when to use the joint field in their reasoning and when to 
use just A's field. 
 
2. When it comes to gravitational fields, the fields have a negative energy 
density, but electric fields have a positive energy density. If a star 
collapses to reveal more empty space filled with a lot of gravitational 
field, there is less stored energy. The opposite would be true for a 
collapsing charged sphere. Related to this, the intuitive picture of field 
lines as elastic bands that try to pull objects together and stretch to 
store energy is only valid for electric fields. When people appeal to this 
model for gravity, they are not reasoning with the joint field of both 
objects. 
 
It seems to me there are a lot of potential pitfalls to teaching energy 
storage in fields in introductory physics. Can someone speak to its 
advantages? Is there good literature on this? 
 ------------------------------------ 
From: Matt Greenwolfe  
Date: Thu, 15 Mar 2018  
 
I don't claim to have all the answers or a complete understanding here, but here's how I see it.  If 
a system gains or loses energy, it must undergo some change, as our definition of energy is the 
ability to cause change. That energy has to be transferred to another object, and that object also 
to undergo some change after receiving the energy.    
 
When a ball, say, is attracted to the Earth, the Earth and its field do not change.  The ball gains 
some kinetic energy.  Where did that energy come from?  It cannot have come from the Earth or 
the Earth's field, which have not changed.  Was that energy stored in object B?  That's seems 
difficult to justify, as the only thing that changed about object B was its velocity.  Therefore, we 
ascribe the stored energy to the system of A and B and their mutual fields, which did change. 
 
With the definition of work as energy transferred through a system boundary, things get 
confusing if you choose just the ball (in the above example) as the system.  The  "work done by 
gravity" has to be energy transferred from one object/location to another.  If the energy is not 
stored in a specific place before and after the transfer, then we haven't located it in the universe 
and we have violated the concept of energy conservation.  In this case, the energy is transferred 
from the system of ball + Earth + their gravitational fields to just the ball, which stores it as 
kinetic energy.  If I've isolated just the ball as my system, how do I represent that transfer from a 
system that also includes the ball?  The separation between system and environment is no longer 
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clear, and so the idea of "the work done by gravity" is a poorly defined concept and confusing.   
Therefore, the best way to think about this (in my opinion) is to choose the system to include the 
ball and the Earth and their fields, and to show the energy initially stored as gravitational 
potential energy and finally as kinetic energy of the ball.  In this case, there is no "work done by 
gravity" because no energy enters or leaves the system. 
 
Some people argue that work should not be defined as the energy transferred through the 
boundary of a system, but if work is just the result of a mathematical calculation unrelated to any 
concept, then I'm not sure what it is.  I am unaware of any other alternative definitions.  (Just for 
the record, I am not interested in debating the definition of work.) 
 
The classical field theory does have some internal inconsistencies, and is therefore not a perfect 
solution.  The energy stored by object B's presence in its own field is infinity (if B is a point 
particle), and this raises issues which are resolved by a mathematical trick in a quantum field 
model, but those tricks sidesteps, but do not completely resolve, the infinite self-energy issue (so 
far as I understand things).  We don't want to go there with beginning students, so we impose a 
rather arbitrary restriction on the classical field model that a particle is only affected by the fields 
of other objects, which contradicts what we just said about energy.  The model is internally 
inconsistent with itself.  This is one of the reasons that it was necessary to develop more 
sophisticated theories.  As I understand it, part of string theory is an attempt to deal with the self-
energy issues by postulating that elementary particles are not points. 
 


