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Abtract : This paper shows how the similarities between stisleonceptions and ancient theories can be
used to elaborate innovative pedagogical unifeciises on a unit dealing with four points revealedupposed
to be difficult for students. They concern the feett the white light is composed of several “coémllights”,
that the velocity of light is not infinite, is trame for all coloured lights in vacuum, is not aehwhen light
has travelled through a transparent medium. Inraaeork also on epistemological notions, in parr on the
concept of proof and on the limits of models, thiét has been based on texts presenting conflittiagries. It
proposes different types of activities and an expental staging of the texts, when it was possible.
Questionnaires are currently distributed in ordecdllect teachers’ viewpoints on this unit. Tesd &valuation
of this unit are planned.

Introduction

The new physics’ program of the French secondargas (1999, 2000, 2001) specify how it
is important to show students that science hasswrigi but give little examples. Besides,
several science education researchers (Toussa(Btég 1996) notice the interest of the
history of science in teaching but there are il examples of pedagogical units based on it,
at least in France. Moreover, still few studies digier 8§ Fillon, 1991, Laugier 8 Dumon
2001, de Hosson 2004) explore the questions rdugdte introduction of history of science
in teaching whereas they are numerous:

- What aims do we assign to the use of the histosc@ince?

- How do we include history of science in “normal’ucses?

- Which is the effect of history of science on thedsints’ learning, on their image

of the nature of the science, on their interesttols scientific studies?

It is why we have started a research program waikts at analysing what is happening now
in classes and at designing and testing innovaidagogical units.

We are in the first stage of this research progr@m.the one hand, we have already
elaborated an innovative pedagogical unit on ligtttjich was published in a pedagogical
review in November 2003 (Maurines 8 Mayrargue). léee chosen this topic because we
have both explored it, from the historical side {kague 2001) or from the “cognitive” side

(Maurines 1992, 2001). On the other hand, we hagsgnted this unit in a session training
in-service teachers in April 2005. Questionnaines @urrently distributed in order to collect

teachers’ viewpoints on this unit.

First, we will present you how science educatiseaechers explore students’ difficulties and
what they think about the history of science. Secave will specify what the program says
on the use of history of science and on light. @hwe will show you how the investigations
on the students’ conceptions on light, more geheral waves, and the history of physics



have led us to specify pedagogical contents andhadst Finally, we will give you some
information on the teachers’ viewpoints.

Science education background

During the last forty years, a considerable amairattention has been focussed on children
and students’ ideas in various fields of knowledggpecially in science. Indeed, there is now
a general consensus that learners actively buda #mowledge from “where they are” and
with “what they have”. In this constructivist vieof learning, it is therefore of crucial
importance to know this “spontaneous” or “prior"dwiedge in designing teaching content
and procedures. However it is not, most of the timlicitly enunciated by children and
students, which are to a large extent unaware.dt is why numerous studies have been
undertaken in order to explore students’ ideascnse.

One type of science education studies is contgmytent, in the sense that they explore the
students’ ideas in a specific domain of sciencegkample, mechanics, and optics and so on
(for a review in physics, see Viennot 2001). A peol, which concerns most of the
researchers in this domain, is to avoid giving ryeaecatalogue of such “intuitive” ideas, and
to look for an organisation in these conceptiomslebd, a synthetic description of the
students’ thinking is easier to take into accotiainta list of typical questions and responses,
and is likely to yield some cues for more succddsfaching —learning strategies. One way of
giving meaning and coherence to students’ ansveefgst to focus on the concepts and
principles which students use, then to establigfpalogy of questions-and responses, finally
to look for similarities across a variety of phyisituations presenting a common feature.
Thus, some main trends of reasoning can be showacto in a particular domain of physics
and to frequently contradict the science taughtciibbol. Now, we have enough studies in
different fields of physics to tell more about $montaneous knowledge: the same few trends
of reasoning are observed across different domairteats, for example mechanics, and
electricity, and so on. The self-consistency o$ gpontaneous knowledge probably accounts
for the fact that some of its components are exgétgnmesistant to teaching and can even be
found in experts.

There is another type of science education studibih is not content-dependent. They deal
with the students’ image of the nature of scienadchelle 8§ Desautels 1991, Driver et al.
1996). They explore questions such as what is,sfodents, the nature of the scientific
knowledge (that is to say the nature of the thepré the models, of the laws), what is the
nature of “the” scientific method, and so on. Theialies reveal in particular that, for many
students, the observation is not influenced byrieeahat scientists hold, that scientists do
not invent laws but interpret the laws found inumaf that models are nearly similar to the
real entities that serve as the subjects of mauglliThis empiricist view of science is
sometimes mixed with a constructivist view of scenfor many students, scientific laws are
only scientists’ best efforts to explain nature argtep towards truth.

Following Bachelard (1934), Halbwachs (1974), PiagfeGarcia (1983), science education
researchers sometimes enjoin to refer to the lyistbscience in order to investigate students’
conceptions (Joshua 8 Dupin 1993, Martinand 1993Jeed, as some similarities with
ancient physical theories have been stressed enhiftory of science is seen as possibly
inspiring some hypotheses on students’ ways oforeag. But this use of history of science
in research has to be questioned. Following Sadtnel Viennot (1985), we think that it is
unreasonable to look at a strict parallel betwdadents’ ideas and ancient theories. Indeed,



the cultural contexts are different and all thadess observed in spontaneous reasoning today
have not necessarily occurred simultaneously at @my definite stage in the historical
development of the theory. On the other hand, wghtihope pieces of information about our
students from the history of science, providinglaok for the long-term resistances it
manifests.

Hypotheses on the students’ difficulties are net dhly benefits, which we can expect from
an analysis of the historical development of therste. This analysis can also bring to the
fore experiments and questions, which seem to baea fundamental problems in the past
and crucial steps in the construction of the theamyd which are forgotten in teaching
nowadays. The pedagogical propositions, to whigy fead us, are based on the hypothesis
that arguments of reasoning employed by the pasteareapplied today, helping students
who face similar problems of comprehension (formepke, see Galili and Hazan, 1999). Still
there, it seems unreasonable to suppose that ssudeaught will transform and evolve
exactly the same way as in the history of sciel¢e.can only hope that presenting students
these forgotten situations, we give them the opmityt to confront the conflicts between the
accepted theory and their own reasoning, and deagrelance to reach a meaningful learning
of the subject matter.

The pedagogical suggestions derived from an hcgtbanalysis are of two types: some are
inspired by historical situations but do not reffeit, others enjoin to introduce pieces of the
history of science in courses. This explicit refee to history in teaching is also often
recommended by researchers in order to show stidentore realistic picture of the ways
science is built up and evolves.

The physics’ programs of the secondary schools irréce

In most recent secondary school programs, the riisib science is often mentioned as a
learning device for both junior and high schoolsisTcourse of action is relatively recent, and
you might think that this new perspective has alye@made headway in the framework for the
fight against boredom felt by science students amdy in France, but also in all western
countries. Furthermore, you might think it was rsseey to go beyond the view that teaching
science is not only to present students methodsesults but also the socio-historico-cultural
aspects. Besides, you might also think that helpitga better understanding of the
epistemological and historical context along with gontroversies can actually contribute to
the acquisition of knowledge.

The people who developed the educational progragensed the benefits of the history of
science into two categories: those for the teaciretdsthose for the students.

More than the learning device that it is, the higtof science seems to be included in
educational programs for middle high scHdal order to pique students’ interest. Assuming
that students will already be interested in episiegy and history of science, and assuming
that students have access to the materials, theyyope to discover the life of a famous
inventor, the evolution of a particular object, aih@ evolution of a technique. They also
propose the use of texts in which their charadiesisare to avoid any unnecessarily
complicated term, to do not hesitate to includeahecdotic aspects ("little history"), and to
establish the link between the inventor or the aliscy and the geographical, historical,
cultural and social context.



These aspects are tackled and developed when thegddressed to older studénts was
established that it is still possible to teachsbences, in particular the physical sciences, by
making no reference to history, and that we areéienth confronted with problems, notably
the lack of students’ motivation. Thus, the progsaofi high school propose to take up a
hypothesis, which is taken for granted: oral prést@ns of past controversies and of the
evolution of ideas must contribute to the nourishimef students’ curiosity. Another
hypothesis is that the use of the history of s@sn@and in particular its oral presentation,
allows for the recontextualisation of concepts whimay contribute to a constructivist
dynamic of knowledge. This should call studentgjgestion themselves, or at least, making
them understand the “mechanism of questiorfing”

In the materials for the I"yrade science program, the role of epistemologytéstory of
science is explained. It is part of a cross-cutaicapproach, which should have the effects of
actually being able to see the “content taughtigfarmed by this program selectidiThis is
true in various fields of study such as mechannckthe travel of waves. A large role is
attributed to the use of documentary texts whitbwaktudents to understand “how science
develops knowledge and [...] questions natdiyéd know the history of the subject, and to go
beyond the simple transfer of data. In a words & matter of knowing “how to proceed in
science”. Finally, the importance of context isttighted in the programs.

Through this analysis, you can see a considerableuat of progression in the programs
inasmuch as epistemology and history of sciencastigt all an unimportant field. With such

a process, teachers have 3 main concerns, whidhe®evolutionary character of knowledge,
the close link between sciences and technology,thedelationship between science and
technology and their socio-cultural context.

This brings me to talk about the particular questboptics in the program from an historical
point of view. The study of optics is very ingraine teaching at the secondary level in
various ways. For grade 7 and 8, it is a mattearswering the following questions, which
echo our ancestors’ question : " how can one sded 'grade 10 and 12, one will seek to
answer questions concerning nature of the lighthdslight homogeneous, heterogeneous? In
echo, one find again "what is Light? "of Desca#dgd its successors

Topics of the innovative pedagogical unit

The pedagogical review asked us to elaborate afonthe last period of high school. As in
grade 12, which is the class of baccalauréat, sgadre in a hurry, we chose to realise a unit
for the grade 10 (aged 15-16). The unit relatesaantopics of the program of this level: the
velocity of light and the coloured lights.

As it is important in a constructivist view of |leamg to work with students on trends of
reasoning particularly resistant to teaching, weose to focus the unit on four points
revealed by science education researchers asutliffts students or that can be difficult with
two hypotheses.

The first hypothesis is that the mechanistic resgpput forward for the propagation of a
signal on a rope (Maurines 1992) and a sound sigvialrines 1993, in Viennot 2001) can
also be encountered for light. This means that wmpase that students consider the signal,



whatever it is, as a material object, which movesoeding to the laws of dynamics. More
precisely, this means that students do not congliemropagation velocity as a constant,
characteristic of the propagation medium. For théma,signal velocity depends on the initial
conditions like a ball when it is thrown upwardsdyand, and can decrease with time like a
solid submitted to friction.

Let give an example of such reasoning.

When students are asked whether a given pointrgb@ can move earlier, a majority of them
(Wo, 60%, N=42; W, 75%, N=16) answer that there is a way of movimg lhand, which
holds one end of the rope, so that the signal lsavere quickly. Most of the corresponding
justifications mention the force used by the handreate the signal and say “the stronger the
force, the greater the propagation velocitytie bump will move faster if the shake is sharp”,
“the speed depends on the force given by the hafitlthe intensity of the force which is
propagated is stronger, so the signal will spreaatenquickly too”.

Here is another example.

When students are asked whether the velocity ainapbwhich disappears before reaching the
other end of the rope is constant, most of theesttsd(\W), 68%, N=56; W, 55%,, N=42)
mention a decrease of the velocity. Here also trstifications that mention force are
numerous. They again point out that the force umeithe hand at the start seems stored in the
bump. Moreover, this force seems materialised ensiignal amplitude. When this amplitude
decreases, this “force” and consequently the prajpag velocity decrease simultaneously:
“the height decreases as the action of the hargkting weaker”, “if the bump disappears, it
is because the force which caused it disappearsvals. During that time, the speed
decreases”.

The same kinds of questions have been elaboratatidgropagation of sound and the same
kinds of answers have been obtained. What studealitsforce” is in fact something that has
been given to the signal by the source at the, famething moving on and staying in the
signal. It is a mixture of force, energy, speedhe Tause and the effect are confused so that
the reasoning used by students is based on a singln. As this trend of reasoning is close
to the one put forward by Viennot (1977) and Sk(ti®78) in the mechanics of the solid, the
notion, on which this reasoning is based, has le=dled a supply. The following table
stresses on the similarities between the answersngby students in the case of the
propagation of a bump on a rope, of a sound sigma@lof a ball thrown upwards by a hand.

Visible signals Sound signals Object
(Maurines, 1992) (Maurines, 1993) (Viennot, 1977)




If the children_can give the
same forcethe bumps will
have the same speed

if the bump disappears, it is
because the force which

she hears Peter first becaug
the sound is higher and is
thrown more quickly

the sound is reducing more
and more and so goes slow

e a certain movement, force,
speed has been given

the force given by the mas
erdiminishing more and more

caused idisappears as well.
During that time, the speed
decreases

In the case of light, we do not know any study &smd on the particular subject of the light
velocity. Nevertheless, some signs can be foura riesearch made by Lefevre in France in
1988, which led us to suppose that students ussahme reasoning. Thus, one third of the
students in their first year of scientific studasuniversity (N=176) agree with the following
affirmation: “the ocean deeps are dark because sunlight goesutir the surface, slows
down and stops at a certain depti¥oreover, the same reasoning in term of obstamles
encountered in the case of light and sound. Thus @iestion asking students to class the
velocities of sound in four different medium (vaowuair, liquid, solid), students give such
answers :‘the sound velocity depends on the propagation omeadilt is braked down by the
collisions with the more or less numerous molecutdésthe medium: water , air,
vacuum’(Maurines 1993). This kind of answer is close t® ¢tme obtained by Lefévrét is
slower when there are more obstacles. In vacuum going quicker. In the air, a little
slower. In liquids, still more slower.'We could also probably explain some answers oldaine
by Perales et al. (1989) in assuming a link betwlenntensity and the velocity of light: for
11% of the 44 trainee teachers he questioned imSadens increases the velocity of light
that passes through it.

The mechanistic reasoning presented here led asdose to work on factors, on which the
light velocity does not depenVe focused on two points: the fact that the véjoaf light is

the same for all coloured lights in vacuum andfte that it is not changed when light has
travelled through a transparent medium. It hasembticed that the program does not ask
teachers to work these points. It only says to giuelents the numerical value of the velocity

of light.

The unit examines two other points, which are i phogram and which we suppose to be
difficult for students: the fact that light hasiaite velocity and the fact that white light may
be considered as composed of several “colouredslighindeed, we have not found many
informations on the difficulties encountered byd&nts on these particular subjects. Most of
the studies on the students’ conceptions on cdiocus on the colour of opaque coloured
objects and not on the production of colours frorhitev light (Chauvet 1994). The
investigations on the students’ conceptions onowisand shadows do not focus on the
guestion on the value of the light velocity. Howewwome results (Guesne 1985, Kaminsky
1989) let us suppose that light seems no concdiyethildren (under 12) as “travelling” and
having a finite speed. Indeed, light is not consdeto exist independently in space: light is
associated only with a source or with a bright spod its effect is instantaneous. Some
studies (Hadaddah 1984, Prat 1989 ) let us suppase¢he white light may be considered as
homogeneous and that the subtractive synthessladiis raises difficulties (Saxena, 1991)



By choosing these two points, we assume that stsdean have the same difficulties
nowadays as scientists had to overcome formerlys $cond hypothesis on the students’
difficulties is inspired by the similarities betwestudents’ conceptions and ancient theories
noticed by several science education researctdffarent fields (Viennot 1977, Saltiel 1978,
Mc Closkey 1983, Clément 1983, Benseghir, 1989 ntam § lzquierdo, 1995, Galili §
Hazan, 1999). It and is reinforced by our own asialyn the particular subject of waves
(Maurines 2001, Maurines 8 Mayrargue 2001).

Objectives of the pedagogical unit

The first objective targeted in this series washow students that scientists’ ideas were in
constant evolution throughout history. We thinktttf®e concept of the speed of light is a
good example : it is in this way that this evolaticc important, between Galileo, who
formulated notions of light’s finite aspect, Romeho demonstrated the former’s theory and
Fresnel who elaborated the very meaning of thistpe by rejecting Newton’s presiding
theory, this former ended up with a paradigm shiftirder to account for all light phenomena.

In the explanation of this series on light, we hbeen more discriminate than the people who
came up with educational programs dealing withagptMore than a “true” / “false” dynamic,
we have tried to demonstrate what the stakes aoeigh various work proposals : the very
notion of proof. It is thus that proof can be ofwag natures: philosophical, experimental
and theoretical. [In the case of Galileo, we coadtt ourselves the question of the role of
rhetoric as a technique of persuasion.] In ordezawect “students’ false perceptior’s'we
have attempted to focus not only on old-fashionedcepts, but also on the importance of
discussion by using diverse strategies such asiqneggy and argumentation.

A second objective consists of examining the pa#silof discussion on the use of analogy,

frequent in physics, to explain the concept of tligefraction, in this case a mechanist
analogy, and to demonstrate its limits. These edinttions had been taken into account and
partially resolved by René DescartesDioptrique®. We have concentrated on a thesis by
Alexis Clairaut which, long after René Descarteghlighted that in practice such an analogy
would lead to significant contradictions.

A third concern that we had, was to show that aehdd this case Newton’s corpuscular
model, has its limits, notably when the conclusiomkich result from it, contradict
observation and experiment. Highlighting a modgfistations can provoke a phase of crisis
which, by way of consequence, can lead to the eanersyof new models. The example that
we propose in this series concerns substitutiothenNewtonian theory of light, using the
wavelength theory put forth by Augustin Fresnelhis analytical observation of a solar
eclipse.

Choice of texts
We have to choose texts dealing with the velodityghit and the origin of coloured lights.

1. Speed of Light



Texts discussing light and its possible travel amemerous. This sheer abundance
demonstrates that this question was central artdnthdiiple answers were possible. One of
the common concerns of these texts is the questiproof.

If you want to thrash out problems dealing with #peed of light, as educational programs
encourage, you must first ask yourself the quedfidight travels. Beyond this question, if
you admit that light travels, then you can pickaigext by Galileo, written in the form of a
dialogue, which poses the problem of the speedgbf.lit doesn’t resolve problems dealing
with speed, but the formula, as Einstein and Idfplinted out, is oftentimes “more important
[...] than coming up with a solution based on math#rabor experimental prowess”. This
text, which calls for both rhetoric and thought esmentation, focuses on an “imaginary”
experiment as well as on a particularly developed bf argument whose significance could
be interesting to stuflyWritten by Galileo to discuss the finite aspetti® speed of light,
the dialogue is easily utilizable or even playetioiclass, allowing for a qualitative approach
to the question. It seemed to us that the dialogudd be motivating and convincing to
students thanks to the text’s dialogue format.

From another point of view, the more philosophicat also more sense-oriented Descartes
was led to assert that the speed of light was itefirHis demonstration, which we cannot

reproduce here given the limitations of our fa@ht is interesting since it focuses on an
analogy.

Romer adopted a different strategy. He gave expmariah proof of the finite aspect of the
speed of light by focusing on fields of scienceeotthan optics, like astronomy. We have
made reference to an article written by Rémer #pgteared ie Journal des ScavanBven

if it contains some delicate reasoning, it is asia starting point dealing the notion of proof
since it focuses in a few simple calculations, \detifrom astronomical observations, which
help demonstrate the finite characteristic of light

With Augustin Fresnel, it is a matter of showingttla certain way of thinking can lead to

discussion about the validity of a model. Argumaegita theoretical nature are often useful for
invalidating one model and at the same time vahdatnother. Here we are referring to a text
written by Fresnel at the beginning of thé"X@®ntury in which he discusses Newton’s theory
of light with the intention of proving it false.

Thus, we have purposely chosen diverse argumeatatethods by way of texts originating
from very different historical periods of modernestce.

2. The Origin of Color

Is white light homogeneous or heterogeneous? Eh#td question that you are led to ask
yourself when you wonder about the origin of colbio models, developed respectively by
De Dominis and Newton , seemed well adapted tbgt@de students.

De Dominis took up the ancient Aristotelian thedhg theory of modification; in this theory
which focused on sense-oriented experimentatiortevight was supposed to be pure and
homogeneous. Color was born from an alteratiomisflight by dimming or darkening it.
Thus, joining De Doninis’s perspective that thexssts three colors, red would be produced
by making white more opaque. The thicker part effthsm produces green and then purple.
The other colors were derived from the latter.



On the contrary, Newton postulated that white liglais composed of several colors. These
colors were revealed by separation thanks to anpi@ne of the novelties of his labors was
that Newton did not discover the theory of lightotigh this experiment. This experiment was
set up by Newton only to check theories he had atheunature of light.

Activities proposed to students

Once the aims of the unit and the texts chosenhaceto decide how to present them to
students.

Different types of activities have been proposed.

Some are standard and can be encountered in thepror the textbooks:
- read a text and answer questions (Galilee);
- solve an exercise inspired by a text judged tobcdit for students in order to
follow the reasoning used by scientists formerlgigier).

Others are more original and propose an experirhstaging of the texts. Our first aim was
not to reproduce the experiment presented in tktebigt to insert the experiments they relate
to into problem-solving situations. In this kind eituations, students have to resolve a
problem resulting of a conflict caused by their oeonceptions. The origin of the conflict
may be a contradiction between an experiment acohaeption or a contradiction between
different conceptions. Teachers have to guide stisdeithout giving them the solution and
have to recognise the right solution they propasé¢ha solution accepted by the scientists
today. As we do not have enough information on lstwdents reason on the refraction and
dispersion of light, we could not propose suchvitats. Also, we decided to insert historical
texts into problem-solving situations in order toidg students to construct the new
knowledge. So instead of proposing an implicit as¢éhe history of science, we propose an
explicit use.

In problem-solving situations, texts can be usethmge different moments for three different
purposes: at the beginning in order to create dlichrat the end in order to validate the
solution proposed by students, in the middle ireotd help students to resolve the problem.
In the unit, two methods were proposed:

- in the part dealing with the controversy on theehmgeneous light based on the
texts on De Dominis and Newton, students are atkedad conflicting texts, to
deduce predictions from the models they relateefore an experiment is done, to
propose another experiment in order to validateadribe model.

- in the parts dealing with the factors affecting thetocity of light based on the
texts of Clairault and Fresnel, students are askedredict what happens in a
situation, problematic for scientists formerly aodgotten by teaching today, and
note how scientists explained it.

Teachers’ viewpoints

We have elaborated and distributed questionnairesder to collect teachers’ viewpoints on
the use of the history of science in classes bedackafter the session we organised in April
2005 for in service-teacher. We have still few amisnand we cannot give many indications.



However, some points can be noticed on the questios given before the session and filled
up by nine teachers.

- Three teachers had lessons on the history of sidadng their studies: two of
them rarely speak about history of science in elmdsecause what they know
cannot be applied in classes, one of them oftesepts anecdotes.

- Six teachers who used the history of science iir ttlasses said how it was
difficult for them to do. Two reasons were givetudents are not interested,
students do not understand the language of the text

Conclusion

In brief, the assumption that error plays an esslerdle in the construction of knowledge led
us to choose points, which are not explicitly ie frogram and which are shown or supposed
to be difficult for students by science educatiesearchers. The idea that teaching is not only
to transmit concepts and methods but also an irofatiee science led us to choose to work on
the students’ epistemological conceptions and antpsuggested by the most recent program
of high school. These are the fact that modelsveydiave to be tested experimentally, have
limits. The research on innovative pedagogicalsuartd problem-solving situations led us to
use historical texts in different ways. Some hangpired exercises or experiments and are not
introduced to students. Others are introduced wdestts and proposed different types of
activities: a classical one, which consists in negqdhe text and answering questions, a more
original one, which consists in using texts to mpogdiction in front of an experiment or in
validating results obtained by students.

Let conclude this presentation by telling thathiis thew dynamic of using history of science in téag comes
the necessity to train physics teachers. Thisdag tdone not only in the domain of epistemology listory of
sciences but also in the domain of pedagogical otsthindeed, the teachers’ viewpoints reveal thatriot
enough to be informed in history of science. Onal gbthe training program should be to transfone very
positivist and empirical standpoint of a branclscitnce considered rigorous, objective, incontéstaid
intransigent. Another goal should be to lead teattha positive view of error, the role error pldgcomes
essential because from it, we are provided witmatbr of knowledge®, and examples taken from HSc are
plentiful. As Jean-Marc Lévy-Leblond remarkReal scientific work consists in large part of tagamination
of hypotheses which turned out to be false...teadbfitige sciences can contribute to the developwierritical
thinking skills, as it is supposed to do, only dives credence to the critique of science imetf sets relevant
goals for its advancemeht®. Another should be to show teachers how to ektbgroblem-solving situations,
in particular those based on the history of science

Notes
! Educational materials for th& @rade program http://www.cndp.fr/archivage/valitB33/54533-7949-

8801.pdf, p. 18.
% Taken from the physics and chemistry program fadg 10 http://www.cndp.fr/archivage/valid/1742323-

5053-4870.pdf p.9
® Documentary materials for 2jrade science, p. 5 http://www.cndp.fr/archivagsé/38815/-38815-5719-

5536.pdf

*ibid., p. 59

® Educational materials for grade 8, p. 18. httpswendp.fr/archivage/valid/54533/54533-7949-8801..pd
® Descartes, Dioptrique. 171

" Einstein and Infeld, p. 89.

8 Spranzi-Zuber

° To be taught at the junior high level, physics ahdmistry, Nov. 2003, p. 28
http://www.cndp.fr/archivage/valid/54533/54533-798802. pdf

191 ¢vy-Leblond J-M., « Eloge des théories faussés kesprit de sel, Seuil, 1996, coll. « Point &uie ».
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