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As physics educators, we must often find the balance between simplicity and accuracy. Particularly in
introductory courses, it can be a struggle to give students the level of understanding for which they’re
ready without misrepresent reality. Of course, it’s in these introductory courses that our students begin
to construct the conceptual framework which they’ll flesh out over a physics curriculum. So a
misrepresentation at this early stage will seed difficulties and stubborn misconceptions that can persist
or even strengthen through subsequent courses, especially since many upper-level texts focus more on
techniques and would not directly challenge mistaken concepts. In the worst cases, our students retain
misunderstandings past graduation, and even pass them on to their own students.

One important case is the common representation of Faraday’s Law as showing that a time-varying
magnetic field causes a curled electric field. This paper demonstrates that this is a widely presented
claim, argues that it is impossible to deduce causality from Faraday’s Law, and demonstrates that the
actual cause of both the curled electric and time-varying magnetic fields is a time-varying current
density. Being one of the fundamental laws of Electricity and Magnetism, its misinterpretation
undermines the foundations for a student’s understanding of the whole subject. Because Electricity and
Magnetism is conceptually and technically challenging, even mystifying for introductory students, it is
particularly important that we avoid seeding and reinforcing this misunderstanding.

In calculus-based introductory and advanced texts, one of the two following equations is usually dubbed
“Faraday’s Law,”*
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Here, @, = J.é .dA and is the magnetic flux, with B being the magnetic field and A the area it

pierces; E is the electric field, and S is the path encircling A and over which E is evaluated. In either
incarnation, Faraday’s Law is often claimed to demonstrate that a time-varying magnetic field or flux
produces a curled electric field (sometimes referred to as the “non-couluombic” field). According to
Halliday, Resnick, and Walker’s introductory text, Equation 1 “says simply that a changing magnetic field
induces an electric field.” It continues with “Induced electric fields are produced not by static charges
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but by a changing magnetic flux.”” Young and Freedman’s text acknowledges that “this may be a little
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jarring; we are accustomed to thinking about electric fields as being caused by electric charges, and now
we are saying that a changing magnetic field somehow acts as a source of electric field.”? Similar
statements are found in many of the texts that share or have shared the introductory physics market
over the years.? A few texts say that the electric field is “associated with”* or “accompanied by,”” rather
than “produced by,” the changing magnetic field; however, without actually indicating what does cause
the electric field, these texts allow students to reach the same conclusion — that the time varying
magnetic field produces the electric field.

Unfortunately, such a conclusion would be supported as students moved on to intermediate and even
advanced texts. Purcell’s intermediate-level text replaces “produces” with “determines,” but the subtle
difference is likely lost on students.® The advanced undergraduate text by Griffith’s does not offer an
interpretation of its own, but it does offer Faraday’s: “Faraday had an ingenious inspiration: A Changing
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magnetic field induces an electric field. It is this ‘induced’ electric field that [...]
feared graduate-level text does the same.® Regardless of whether these statements are correct, they

would reinforce a student’s misunderstanding that was seeded by an introductory text.

Proof that this misunderstanding remains with a significant fraction of physics students beyond
graduation and even graduate studies is the fact that it appears in generations of introductory texts and
journal articles (the authors of which were once students themselves.) For example, a recent American
Journal of Physics article began its abstract with “Electromagnetic radiation exists because changing

magnetic fields induce changing electric fields and vice versa.”®

Lest the intended meaning of “induced”
be unclear, the article goes on to talk of the “magnetic field produced by the induced electric field.” Itis
surprising, given the wealth of literature that addresses difficulties in applying Faraday’s Law,'® that this

author has found none that address this difficulty in understanding it.

While the correlations presented in Faraday’s law and the Ampere-Maxwell law do allow us to deduce
that a changing magnetic field is accompanied by a changing electric field, it is not necessary to claim
that one “induces” or causes the other. In fact, Faraday’s Law cannot be used to establish the oft
claimed causal relationship between the electric and magnetic fields. To establish causality, it is
necessary to establish a time lag between the cause and the effect. In the case of two events at
different locations, the reason is obvious — it takes time for information to travel from one point to
another. Neither representation of Faraday’s Law, Equation 1 or Equation 2, incorporates time lags; in
fact, Equation 2, is explicitly local — it relates the time variation of a magnetic field to the curl of an
electric field at the same point in space. In such a case, the time lag may vanish, but ambiguity replaces
it — it is impossible to use that relationship to establish that the changing magnetic field causes the
curled electric field (or vice versa.) That is why Jefimenko’s text pointedly says that Faraday’s Law
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communicates a “correlation,” = and others refer to it as a “kinematic,””” rather than a dynamic,

relationship.

The reason for the perfect correlation between a curled electric field and a time-varying magnetic field is
that they share a common cause, a time-varying current density. While the proof of this would not be
accessible to introductory students, it should be accessible to instructors. It is simplest if we begin with
the time-dependent generalizations of Coulomb’s Law and the Biot-Savart Law. ™ When Griffiths



presents them in his text, he stresses that they are “the causal solutions to Maxwell’s equations.”*

They give the electric and magnetic fields as
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Here, the electric field ( E ) and magnetic field ( B ) are evaluated at location I and time t. They are

found by integrating the charge density, p, and its time derivative, p, as well as the current density, J ,

and its time derivative, J , at all locations I’ throughout the volume of space, 7'. Since a change in

electric and magnetic fields propagates at speed ¢, it is necessary that the effect on E(F,t) and B(F,t)
of a source at point I’ , which is a distance % = |F — F'| away, be dependent on the charges and

currents at the previous time, t, =t —«/C. It’s important to note that the current densities can be

taken to include both free and bound currents (such as the atomic-scale “currents” that are associated

with magnetization) and changes in polarization over time;" thus these relationships are quite general.'

Plugging the expression for the magnetic field into Equation 2 and taking the time derivative yields
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Thus the cause of the curl in the electric field and time variation of the magnetic field is a time-varying
current density."”

Accordingly, introductory texts should offer this revised insight into Faraday’s Law: “This equation says
simply that a changing magnetic field is accompanied by a curled electric field. (Both are generated by a
time varying current density.)” This statement strikes the appropriate balance between simplicity and
accuracy, and is far less “jarring” to students’ intuition and understanding than is the mistaken
statement that is common found in texts. Strictly speaking, the parenthetical statement has little
bearing on the correct interpretation of Faraday’s law; however, it is necessary to prevent students from
inferring the common incorrect interpretation. This rephrasing should significantly demystify electric
and magnetic fields by relating them back to their physical sources, rather than teaching students (or
just allowing them to assume) that the fields have the unphysical capacity to source each other. We
may hope that, if students of Electricity and Magnetism begin on a firmer foundation, they will have
fewer conceptual and technical difficulties later, and so will their students.
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