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Figure 1 A drawing in Le Monde to announce an event celebrating physics in 2005.

2 NEW TOPICS: ATTEMPTS AND QUESTIONS

A glance at the program of a recent meeting confirms the concern briefly
mentioned above: “What physics should we teach?” was the theme of the meeting
of the ICPE (International Commission of Physics Education) in Durban in 2004.
Among the plenary presentations were the following: “Quantum gravity for
undergraduates?” by R. de Mello Koch [5]; “A unit on (...) determinism and chaos
for introductory physics students” by P. Laws [6]; “Illustrating quantum
entanglement in an elementary context” by G. Roston ef al. [7]; “Quantum
mechanics for everyone: can it be done with technology?” by D. Zollman [8]. These
four titles share a bipolar structure, associating a (more or less) new and a priori
difficult topic to a target audience that is not specialised in physics.

Such challenges raise non-obvious questions, illustrated below with two of
these themes.

2.1 Square wells

For instance, Zollman (ibid.) suggests using a software program to calculate and
display wave functions in quantum wells: “The (...) program enables students to
match wave functions visually at boundaries. They find that if they pick a random energy
for a particle in a square well, the wave function does not fit at both boundaries. (...) They
get the functions matched up on one side, and then try to meet the conditions on the other
side. They can’t do it. (...) Only for certain energies can they meet the boundary conditions
on both sides.”
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This is an example of a way to get round a formalism that is not simply
accessible, and to provide students with a direct access to some results of physics.
A priori, there are undeniable positive outcomes. Students may feel active, as they
enter their values of energy in the software. There is a reason to be excited, when
an unexpected result is displayed on the monitor. They probably reach a feeling of
familiarity with the idea of discrete states after many trials. As the author claims:
“They learn the material” .

Clearly, in such a case, it is crucial, even if not simple, to go further than this
first observation. What concepts and links between concepts did they learn? What
extent of generality do they ascribe to what they have just seen? What is the kind of
reasoning that students are expected to use on the basis of their recent learning?
The answers to such questions, when available, make it possible to evaluate the
part of reasoning in a series of such activities. The point is not to criticise one
particular suggestion but to see, among the diverse elements of a course, where
and when students are really offered an opportunity to think on the basis of a
theory.

2.2 Chaotic behaviour

The second example, by P. Laws, concerns the chaotic behaviour of an apparently
straightforward mechanical device. Figure 2 (a and b) shows the type of pendulum
used and how a sensor connected to a computer provides, in each case, a record of
the angular motion in a (8, f) graph or in the associated phase space. An iterative
spreadsheet modelling clearly - in principle - confirms that there is no hidden
variable, given that all the torques and angular inertia are known.
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Figure 2 A mechanical device to show non-chaotic (a) and chaotic motion (b) (Laws 2005).
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Here, in contrast with the preceding example, the machinery of calculation is
transparent, and students are supposed to realise that “there is determinism”. There
is an explicit intention to have them understand a linkage between various aspects
of the situation: “Students are asked to observe the natural oscillation frequencies of the
apparatus when it is configured in different ways. This helps them understand why the
system motion becomes chaotic when driven at certain frequencies.”

We also have, with this investigation, an idea of the distance between
intentions and actual outcomes of an innovation: “Instructors expected them to be
surprised that the state of a chaotic system is unpredictable when the torques acting on it
are known. Instead, students often commented that Laplacian determinism is not feasible
because of quantum effects.” 1t is of great interest to know not only the potentiality of
a suggestion for teaching a new topic, but also to have precise observations which
indicate the obstacles that are to be expected.

Thus, one more question is raised: Beyond "showing" students that their
predictions fail to describe what happens, how do we take into account students’
common ideas and reactions? How can we engender a feeling of intellectual
satisfaction in students who are depicted by the author as both vexed and excited
(another useful observation)?

2.3 New topics: mission impossible?

These examples are just given here to underline the need for thorough reflection
and a careful selection of goals and strategies in that kind of innovation. Novelty
alone clearly does not make a fruitful topic, or at least we should know as much as
possible what kind of benefits we can expect when teaching it. Most probably, the
more students are provided with simple but efficient tools for reasoning (see for
instance “image processing” in [9]), the deeper their satisfaction will be. This said,
detailed investigations on actual outcomes constitute a precious help to do more
than getting students “excited”. There is much to be done in this domain, because
often innovations are described, justified and adopted without any real evaluation,
and then the obstacles to be expected are not known, or common
misunderstandings are ignored.

Though certainly not impossible, teaching a new topic is a demanding
mission. It can also be decided that, in terms of an education to rigorous reasoning,
the “old”, that is classic, topics are especially appropriate, and can generate a
different kind of pleasure, particularly for beginners in physics.

3 ORDINARY TOPICS AND THE VALUE OF INTERNAL CONSISTENCY

We can decide to aim at illustrating the fact that physics is, to a large extent, an
internally consistent and unifying description of the material world. In that case,
the first thing to do is to consider very seriously any risk of patent inconsistency in
teaching. More positively, we can try and show that several different approaches
are compatible in the frame of a given theory.

An ordinary topic will serve to illustrate this view, as a kind of an “exercise in
style”.
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3.1 The classic hypothesis for a hot air balloon

It is very common to describe the functioning of a hot air balloon, as the basis for
possible exercises, as due to the heating of the air inside the envelope, given that
the air pressure is the same inside and outside. The aim of such exercises is to
rehearse Archimedes’ principle. But the hypothesis concerning the air pressure,
unless accompanied by further discussion, is very problematic [10]: if there were
the same pressure inside and outside near each small part of the envelope, it
follows that no net force would be exerted by all of the gas. Inevitably then, there
could be no up-thrust. On this account, the balloon must simply fall to the ground
due to its weight.

In fact, the pressure in the warm, less dense air in the balloon decreases less
rapidly with height than does the pressure in the colder, denser air outside. So the
pressure inside at the top of the balloon is larger than the pressure outside, and the
balloon can stay up, or rise. Thus, Figure 3 recapitulates the main elements of an
explanation integrating a global approach - that of Archimedes’ principle - and the
local consideration of the forces acting on a small part of the envelope. The fact that
the air is inhomogeneous (inside as well as outside) could be ignored in the first
approach, but it is essential to get a mechanistic explanation of the up-thrust. This
is not only a matter of being accurate; the existence of a gradient of pressure
constitutes the core of the explanation.

It is all the more surprising that 76 beginning teachers ([10], and now more
than 100: on going experiment) did not detect the least problem with this
hypothesis: a typical case of a teaching ritual, reinforced by the fact that four lines
of calculation are enough to find the internal temperature needed for a given load,
thanks to Archimedes’ principle.
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Figure 3 Some elements needed to understand how a hot air balloon stays in the air; F:
weight of the system (basket+load+balloon)
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In previous investigations ([10], [11], [12]), we observed that students in the first
and third years at university very much appreciated a guided analysis of this
situation (about 30mn), be it in groups or in interviews. A first presentation of the
typical modelling of the situation was conducted, to check for any possible critical
reactions (none were observed). Then, they were guided toward the awareness that
something was wrong with the idea of a uniform pressure, toward the
consideration of the two different linear dependencies of pressure with altitude,
and the unifying explanation outlined in Figure 3. Accessible although demanding,
according to the students, this explanation was nonetheless unanimously declared
to generate a feeling of satisfaction. “Thank you, you have made me think!”: This
beautiful comment sums up many other reactions, even if they are expressed in a
less exalting style (e.g.: “Have you got anything else like that?”).

If we admit that this intellectual pathway was a fruitful experience for many
students, we can decide to continue along the same lines.

3.2 A single particle in a box

The four lines of calculation mentioned above (Fig. 4) bring to bear the weight of
the air inside the envelope (as well as the weight of the air of the same volume with
external temperature); but what does it mean to speak of such a mass of gas as if it
were “acting” on the envelope? After all, if we were to act naive, we might ask
ourselves how the molecules hitting this envelope “know” the weight of the others,
and how they act, through collisions, to pass on this element of information to the
envelope.

Thinking theoretically leads to reducing the problem: let us put one molecule
in a box, as outlined in Figure 4: The considered molecule moves vertically in an
empty and motionless box (this box is attached to a massive support), with elastic
collisions on the horizontal walls. Question: Is the mean force (in time) exerted by
the molecule on the box equal to its weight? Figure 4 provides a way to show that
such is the case.

Of course, this has to be so, as a classic Newtonian balance of forces exerted
on the system (hot air balloon + air inside) would show. But this global argument
does not sweep away some doubts, as shown by the results of an investigation
among in-service (beginning) trainee teachers. 19 of them were presented with four
claims in succession (Table 1), and were asked in each case to choose between the
answers “true”, “false”, and “I don’t know”.

The results summed up in Table 1 show how destabilising the first two
sentences proposed were. The last two sentences, indeed, are just very commonly
accepted statements, as checked through questions directly posed to other groups
(12 students in third year at university, 23 trainee teachers: quasi-unanimous
acceptance). But when the first questions have been posed previously, the two
following ones appear less obvious, although the first two statements should be
considered as true as soon as the last two claims have been accepted.
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Ap=-2m(V+AV)u
(V+AV) u‘

Ua

V(-u) Ap=2mV u

+ Mean force exerted on the particle by the box during a cycle (2 At where At is
the duration of free fall)
F mean force box-on-particle = Ap/ZAt
# Change in linear momentum of the particle during a « cycle » (up and down) due
to (two collisions with) the box

AD particle, cycle= ~2MAV U

+ Free fall Av=-gAtu

(X X4 I:> T mean force box-on-particle = Mg U

(third law) T mean force particle-on-box = -Mg u

Figure 4 A way to show that the mean force in time exerted by a particle moving vertically
in an empty and motionless box exerts a force equal to its weight on this boxb).

Here, the non-obviousness provides new reasons to be interested in the situations
analysed. Two comments by an experienced teacher interviewed on this theme
clearly show the change that occurred after an explanation similar to the one above
(Fig. 4).

“It comes down to saying being at the bottom of the box and therefore... transmitting the
weight, uhm, via the bottom of the box or moving all around the box and acting upon it,
pressing forces, ... it comes to the same thing. Why does it come down to the same thing...
uhm...2?2?2?”

(Then, after the explanation was introduced)

- “Oh yes, it’s because usually, when we study a gas, we neglect weight... we do not do it
in a gravitational field (...). We have shown in that box there why the pressure was larger
than there, we have shown it with g (gravity)”.

®) This reasoning is valid no matter what the value of v; it applies equally well to the vertical component
of any non-vertical particular velocity; the collisions between particles keep the linear momentum
constant, so the fact that they can intervene during the period considered does not change the mean
force exerted in time by the molecules on the sides or the bottom of the box.
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Table 1 Responses of 19 trainee teachers concerning four sentences about the relationship
between forces exerted by gases on their environment and their weight.

Is this claim... true | false | I don’t
know

The mean force exerted by the particle on the box (more precisely | 5 10 4
explained: see text) is equal to its weight.

A column of atmosphere at equilibrium: the molecules, via | 5 9 5
collisions, exert the same force on the ground as if all the
molecules of the column above were piled up, motionless, on the
ground.

A slice in a column of atmosphere at equilibrium (dS), between | 8 3 8
the altitudes z and z + dz: the force df exerted on it by the air
around it and its weight dP are such that dP + df = 0, with dP
= —gp(z)dz dS u (u: see Fig. 4)

The weight of a column of atmosphere at equilibrium equals the | 11 | 5 3
force exerted on the ground by this column.

Moreover, 13 students in the third year at university, previously presented in
group with the disturbing questions and the explanation summed up in Figure 4,
were consulted right after the corresponding discussion. Their appreciation was
shown by a positive answer to the questions: Did you derive pleasure from this
discussion? (Yes 12/13 with 9 rated 3 or 4 on a scale 1-4); Do you think it is worth
the corresponding teaching time? (20mn) (Yes 13/13, with 9 rated 3 or 4 on a scale
1-4). As some of them commented:

“It explains simply a fundamental question that is not very easy to explain simply

and intuitively to students.”

- “I'like thinking about things that I never thought about before”.

The discussions presented here, whether about the hot air balloon or about the
action of a gas on its container, concern apparently very trivial matters. What is not
common is the set of questions posed. They organised an intellectual pathway
from a global approach (Archimedes” principle) to a macroscopic local approach
(forces on a small part of the envelope), then to a particulate analysis. Even with
some answers readily available - an easy calculation of the needed internal
temperature via Archimedes’” up-thrust, the undeniable value of a global
Newtonian balance involving the weight of a gas - the topics broached became
more interesting because they happened to raise different and consistently
converging analyses. It is worth noting that passing from one viewpoint to another
was made possible, in two cases, by breaking up a more or less implicit
homogeneousness: a gradient of pressure is needed to explain an up-thrust, and a
slice of gas, be it with only one molecule, is not strictly the same at the lower and at
the higher levels, when placed in a gravity field, even if, when taking it to the limit,
we can forget this aspect in our calculations.
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4 FINAL REMARKS

The preceding “exercise in style” and the few experimental results reported here
aim to put in perspective common statements such as “they (the students) don’t
have any critical sense”, or “they are just interested in the formulae”. The
conciseness and unifying power of physics, when staged for teaching, do not seem
to leave students quite indifferent, far from it, even with an ordinary topic.

In fact, the pessimistic views just recalled do not even fit with recent
orientations in curriculum design. As early as the sixties, there was a great
eagerness to show the value of unifying models, such as the harmonic oscillator.
More recently, exponential decay is a major and transversal theme for syllabuses
designed for the end of secondary education. The idea that a single model has a
great power to account for many different phenomena is seen as a priori appealing
to students, and representative of what physics is. As argued recently ([10), [13]), it
is possible to follow the same line with a formalism as simple as the relationship
between distance, velocity and time, especially for delayed signals.

What is suggested here, however, is different, even if (relative) simplicity
remains a master word. It consists in playing with the different views that physics
offers on a given phenomenon, while respecting consistency. In the same line, it
has been suggested (see, for instance, [14]) to promote physics students’ flexibility
concerning the use of different scales of analysis, including a mesoscopic one [15].

Of course, it will also be essential to introduce the idea that theories have
limits of validity. But such an idea will be fruitful, I suggest, when students have a
preliminary idea of what “theory” and “validity” mean, of the kind of desire that
inspires the search of scientists, and of the value of what they have built.

In terms of students’ motivation, several results presented here suggest that
students do not need exciting topics to experience intellectual satisfaction. “Thank
you, you have made me think”: at a personal level, hearing this comment sweeps
away the usual objections and is likely to boost a teacher’s confidence in that type
of activity. But it is also important to realise that much work is needed to enrich the
repertoire of valuable and documented teaching sessions of this kind. The linkage
between a strong concern for consistency and students’ intellectual satisfaction is
worth exploring much further than has presently been done.
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