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Introduction
Einstein’s Theory of Relativity is commonly counted, alongside, for example,
quantum mechanics, to be part of the so-called modern physics. This might seem
strange considering that Special Relativity (or SR for short, as we will see writ-
ten many-many times in this work), the first of Einstein’s ”relativities”, was first
published in 1905 and General Relativity (GR) some 10 years later. We (meaning
humanity) have known relativity in one form or another over a 100 years and we
still call it modern. But we do that with most of the physics of the 20th and
21st centuries. Probably because right around the year 1900 was when physics
stopped being complicated and became really complicated. But this complication
and divergence from our everyday intuition is what intrigues us about those parts
of physics so much. Quantum entanglement, time dilation, black holes, those are
concepts that are incredibly complicated and not really understood by most of
us, but we know them. They have come to us in most cases not from the pages of
physics textbooks but science fiction novels, films and TV-shows. Because even
though such concepts are (as far as we know) grounded in the workings of the
universe, there is a shroud of mystery about them that fascinates us. You would
be hard-pressed to find an interesting science fiction novel about the physics of a
pulley (although if you do, please don’t keep it to yourself).

On a personal note, I find modern physics fascinating, and most of all rel-
ativity. It is the reason I started studying physics and even now, as a science
educator and, dare I say it, researcher, I keep this fascination with me at all
times. I am thankful that I could turn this personal interest into a professional
one, and in doing so perhaps help spread that interest around. As we shall see
in this work, the argument for the inclusion of modern physics in our schools is
getting louder. Just because something interesting is also complicated and tech-
nical doesn’t mean that we can’t find a way to explain it at least in basic terms
to others. After all, the ability to explain something is one of the highest forms
of understanding.

As the name of this work suggests, our goal is to identify and develop ways
to increase the understanding of relativity of secondary school students. But
to do that, we must also map the waters we wish to navigate. Consequently,
the thesis consists of two distinct halves. The first two chapters are focused on
research. Specifically, in Chapter 1 we will present an overview of the existing
research regarding teaching of relativity to secondary (and even primary, in some
cases) students and show that the educational research on this topic is quite
contemporary, especially when it comes to teaching GR. Just the amount of
studies available now compared to 2014, when (oh, so long ago) the work on
this thesis began, speaks for itself. Another important aspect is what sources
of information on relativity are available to young students. Are they abundant
and of good quality or non-existent? The second part of Chapter 1 presents what
sources of information on relativity suitable for secondary students we found.

Chapter 2 is devoted to the situation of teaching relativity in Czech secondary
schools. This is a surprisingly complex issue, not just because different types of
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schools exist, but also because a purposeful flexibility of the Czech school system.
The official curricular documents, in which there is very little relativity, as we
will see, state what must be taught but schools can add content according to
their own judgment. We therefore conducted a large questionnaire survey among
physics teachers to find out if relativity is or is not actually found in our schools,
the results of which are described in the second part of the chapter.

The second half, Chapters 3 and 4, deals with the development and testing of
materials and teaching sequences that are the main outcomes of this work. For
reasons described in the first two chapters, a decision was made not to take the
approach of adding to the common physics curriculum, which is already quite
packed, and we much more often hear discussions about its reduction rather
than expansion. Instead, we created materials in the form of a study website for
students interested in relativity, to learn on their own. The reason is that we
found a large gap between strictly popular sources on relativity and sources of
a highly technical university level. Our goal was to try to fill this gap with a
material that is engaging for secondary students and yet rests on firm physical
principles. Furthermore, it was found that significantly more content is available
on SR. This comes as no surprise because of the two theories, GR has always
been regarded as the more abstract and mathematically challenging, and rightly
so. After all, one can go through the basic ideas of SR armed with little more
than the Pythagorean Theorem, but GR is another story. We therefore decided
to focus primarily on learning and understanding GR because that is what we felt
was most missing. Chapter 3 describes first the analysis of a number of relativity
books in order to identify the best possible approach to teaching GR. Then, the
creation, content and evaluation of the website is described.

Finally, Chapter 4 describes the course of developing a workshop for students
devoted to explaining the basic ideas of GR. Our effort was to make learning
GR go beyond the simple exposition of theory, to find ways to make it hands-on
and engaging. The workshop serves as a whole teaching and learning sequence
that could be adopted by any secondary physics teacher wishing to include this
wonderful topic in their classroom.

There are several attachments at the end of the thesis. Attachment A.1 is a
list of schools whose curricular documents were analyzed as part of the research
regarding the current state of teaching relativity in Czech secondary schools in
Chapter 2. Attachment A.2 shows the English version of the questionnaire as
well as the structure of its logic jumps used in the online survey among physics
teachers described also in Chapter 2. Attachment A.3 contains the full list of
free comments on the teaching of relativity submitted by the participants of the
online survey.
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1. Literature review
In the first section of this chapter, we present an overview of the current state of
educational research concerning the teaching of relativity at the secondary level
of education (ISCED 2 and 3). We used two online databases, Scopus and Web
of Science, to find relevant papers using the key words (special relativity OR gen-
eral relativity) AND (secondary school OR secondary education OR high school).
After the initial search, papers unrelated to the searched topics were excluded
based on their abstracts and all the findings were grouped from both databases
for SR and GR separately (accounting for duplicity). Additional sources were
also found using further references in the papers.

The second section deals with information sources on relativity that are read-
ily available to Czech secondary students.

1.1 Educational research regarding teaching
relativity in secondary schools

From the perspective of educational research, relativity falls under the umbrella
of modern physics, typically meaning physics of the 20th century and later (as
used, for example, in De Ambrosis and Levrini 2010, Dimitriadi and Halkia 2012,
Kamphorst et al. 2019 or Balta et al. 2022) and most commonly referring to
relativity (both SR and GR) and quantum physics. Modern physics is also used
as a direct distinction from classical physics. Studies such as (Angell et al. 2004
or Kaur et al. 2020) have shown that inclusion of modern physics topics can
increase students’ interest and motivation towards physics.

Another commonly found term, used often rather synonymously with modern
physics, is Einsteinian physics, coined by the originally Australian Einstein-First
Project (EFP 2022). This project is now an international collaboration aimed at
introducing selected topics of modern physics (such as curved space, warped time,
photons, black holes and quantum entanglement) in primary and lower secondary
schools (see Choudhary et al. 2019, Kaur et al. 2017a, Kaur et al. 2017b and
Kaur et al. 2017c). Similarly to the modern vs. classical physics distinction,
Einsteinian physics is used as a distinction from Newtonian physics (a commonly
used synonym with classical physics). Other results of this project will be men-
tioned later in this section.

In most cases, teaching and learning of SR and GR are treated by researches
separately. This is understandable. Even though GR is a generalization of SR and
therefore SR is strictly speaking it’s subset, the two theories are most often used
in different settings and dealing with different phenomena. Most importantly,
their mathematical and conceptual requirements differ greatly, with SR being
considered the easier of the two (as is evidenced, for example, by attitudes of
Czech gymnasium teachers presented in Chapter 2). In this text, we will also
deal with the research concerning the two theories separately.
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1.1.1 Student difficulties when learning relativity
(Dimitriadi and Halkia 2012) and especially (Alstein et al. 2021) have extensively
mapped available literature on secondary student difficulties in learning SR. The
term learning difficulty here refers to any obstacle caused by misconception, mis-
understanding or lack of understanding of the content of a given topic, not as
an unrelated physical or mental disability generally hindering student learning
process. (Alstein et al. 2021) have sorted reported learning difficulties from 15
different studies (with both secondary and undergraduate students1) into 3 main
categories with altogether 8 subcategories:

1. Frames of reference:

• General
• Inertial and non-inertial
• Events, observes and simultaneity
• Galilean transformation

2. Postulates of SR:

• Principle of Special Relativity
• Light postulate

3. Relativistic effects:

• Relativity of simultaneity
• Time dilation, length contraction, and relativistic velocity addition

It seems that the reported difficulties cover most, if not all, of the basic ideas of
SR kinematics. Research suggests that students’ learning of Special Relativity or
even Galilean relativity can be negatively influenced by their previous knowledge
of classical physics. For example, (Villani and Pacca 1987) showed students who
had gone through the instruction of SR ”considering that the ’true’ speed of light
can be observed only in the rest frame of the light source.” - in other words, using
Galilean addition of velocities on light propagation in contradiction with the
light postulate of SR. On the other hand, insufficient experience with concepts
previously used in classical physics, such as frames of reference (Panse et al.
1994) or inertial vs. non-inertial frames (Ramadas et al. 1996), can also impede
further learning.

(Otero et al. 2015) have designed and implemented a didactic sequence on
SR for secondary students. They later analyzed student solutions to 8 particular
scenarios. Researchers found that students had difficulties in application even of
the basic postulates of SR due to prevailing misconceptions; namely, the ”mo-
tion is absolute” notion proved to be the main obstacle in successfully applying
the Principle of Relativity. Furthermore, even though the students seemed to
accept the Light Postulate regarding the constancy of light speed in vacuum for

1Although we are dealing with relativity for secondary schools, we consider research results
involving undergraduate students also informative as their learning difficulties are likely present
with secondary students as well.
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inertial observers, due to the speed being very large, some students treated light
propagation as instantaneous. Consequently, authors also criticize traditional SR
textbook for spending too little time with the postulates and their use and quickly
moving to the more ”spectacular” parts of the theory.

An important part of the educational research is working with pre-service
and in-service secondary school teachers. (Selcuk 2011) has conducted written
questionnaires (created based on textbook analysis) as well as interviews with
185 pre-service physics teachers concerning conceptual knowledge of SR. Partial
or complete misunderstanding of some of the concepts was found with a majority
of respondents.

(Ozcan 2017) have focused on the understanding of three selected concepts:
time dilation, length contraction and reference frames of 14 pre-service physics
teachers after they passed the SR part of their undergraduate course. The level
of students’ understanding was determined using semi-structured interviews fol-
lowed by a video analysis of the interviews. Based on the analysis by two different
researches, student answers were evaluated overall to be in one of three categories:
Complete understanding (6 students), Incomplete understanding (3 students) and
Misunderstanding (5 students). Therefore, similarly to the previously mentioned
study, more than half of pre-service teachers showed at best incomplete under-
standing. A common occurrence (which also appeared in other studies) was the
opinion that time dilation and length contraction are not actual phenomena, but
arise solely due to imperfection of measurements (one student used the term
”optical illusion” when describing time dilation).

The two mentioned studies underline the importance of working with pre-
service teachers to limit the possibility of them carrying on their physical mis-
conception into the teaching practice. Another way of improving the situation is
working with in-service teachers. (De Ambrosis and Levrini 2010) have studied
the process of teachers moving from a more traditional approach to teaching SR
and adopting a proposed novel approach (in the study represented by the text-
book by (Taylor and Wheeler 1992)).

To help with probing students’ learning, (Aslanides and Savage 2013) have
developed a Relativity concept inventory; though despite its name it focuses only
on special relativity. It contains 24 questions that cover the basic concepts of
SR from the two postulates to mass-energy equivalence. Concept inventories
are useful tools for assessing students’ conceptual understanding of a given topic
but developing one is a complex process requiring sufficient prior research. In
contrast to educational research concerning SR in secondary schools, research
dealing with GR in secondary schools is relatively young. Most of the found
papers on GR have been published in the last 16 years, with the largest group
published no sooner than 2014. Therefore, there is not yet much research on
conceptual understanding concerning GR available. As a result, there is presently
(July 2022) no GR concept inventory available.

In terms of existing research on secondary school GR, mostly exploratory and
developmental studies can be found. (Baldy 2007) has shown that some basic as-
pects of GR can be understood by 9th grade students. (Dua et al. 2020) showed,
using an identical pretest/posttest, an improvement in understanding of selected
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GR concepts in 31 upper secondary school students after a three-week program
of activity-based learning. (Kersting 2019) has studied students’ understanding
of ”movement” through spacetime. In the study, students went through prepared
activities in pairs or small groups and recorded their conversations. Subsequent
analysis showed that ”While generic movement in spacetime did not pose signif-
icant challenges to students, the concept of movement along geodesic curves did.
[...] Only few groups were able to connect the geometric description of a geodesic
curve as the straightest path in a curved space to the physical state of being in
free fall or alternatively, to the state of not being affected by external forces.”

Unusual behavior of time can also cause a problematic conceptual barrier for
students - both in SR as time dilation (Hughes and Kersting 2021) and in GR
as gravitational time dilation (sometimes called time curvature or time warp).
Papers by (Stannard 2018) and (Kersting et al. 2019) present a geometrical vi-
sualization to help mitigate such difficulties.

There are also studies that focused their attention on even younger students,
introducing them to Einsteinian physics before they encountered classical topics
such as Newtonian gravity, according to the philosophy of the already mentioned
Einstein-First project. (Pitts et al. 2014) have conducted teaching programmes
for Australian year 6 students (10-11 year-olds) and have found using pre/post
questionnaires statistically significant improvement in students’ knowledge of Ein-
steinian physics. A follow-up and more detailed study by (Kaur et al. 2020) has
achieved similar results and showed a slight improvement in students’ attitudes
towards physics being an interesting subject. Furthermore, the students retained
gained knowledge even after three years after the teaching programme. A similar
kind of exploratory study like the one done by (Pitts et al. 2014) was conducted
with Italian year 9 students by (Ruggiero et al. 2021) also showing improvement
of the students’ conceptual knowledge on the topic. All of these results seem to
be in accordance with (Walwema et al. 2016) who have shown that the knowledge
of classical mechanics is not a necessary prerequisite for learning modern physics.
However, we should add that the result was obtained by comparing test answers
of a limited sample of students, so further study is necessary.

1.1.2 Recent development of relativity teaching
in secondary schools

Several countries have in recent years added topics from modern physics into
their secondary school curriculum. In terms of relativity, the Netherlands added
SR into their secondary curriculum as a selective topic in 2014 (Kamphorst et
al. 2021), which led to the introduction of a new way of teaching SR using the
so-called event diagrams (Kamphorst 2021). In 2006 Norway included GR (and
other topics of modern physics) into their curriculum for upper secondary physics
(Kersting et al. 2018). A direct consequence was the creation of the ReleQuant
project2 (University of Oslo 2020) aimed at creating teaching materials and se-

2As part of the relativity presentation of the project, in Module 3: Curved space-
time, in section named ”Dynamic interplay”, there is a short animation created by
the author of this thesis (https://www.viten.no/filarkiv/general-relativity/#/id/
5a5b662e61f5dd7a0a6ef72b).

8

https://www.viten.no/filarkiv/general-relativity/#/id/5a5b662e61f5dd7a0a6ef72b
https://www.viten.no/filarkiv/general-relativity/#/id/5a5b662e61f5dd7a0a6ef72b


quences to help upper secondary physics teachers with the new topics (Kersting
et al. 2018). Scotland added basics of GR into their Advanced Higher Physics
course for final year secondary school students (Farmer 2021). Although the Aus-
tralian curriculum so far does not contain GR, the already mentioned Einstein-
First project has been bearing fruits in the recent years in terms of research
and development (referenced above) as well as inspiring similar studies around
the world (for example the already mentioned studies by (Dua et al. 2020) and
(Ruggiero et al. 2021)). Thanks to the ever-growing cooperation between educa-
tional researchers, more information about the inclusion of GR in the secondary
curriculum of various countries can be found on the website (Teaching Relativity
2020). The current state of teaching relativity in Czech upper secondary schools
is discussed in Chapter 2.

The most significant product of this international collaboration is the publica-
tion Teaching Einstenian Physics in Schools: An Essential Guide for Teachers in
Training and Practice (Kersting and Blair 2021), containing contributions from
teachers and educational researchers from around the world. The author of this
thesis has had the great pleasure of being able to contribute to this book by
describing a relativistic workshop for secondary school students in Chapter 24:
Introducing general relativity without special relativity. A more detailed descrip-
tion of this workshop will be given in Chapter 4 of this thesis.

Due to the very abstract nature of relativity, a great emphasis is put on the
use of models and visualizations. A special attention is given to the rubber sheet
model, which enables real life demonstrations of some principles related to grav-
ity (Kersting and Steier 2018, Postiglione and De Angelis 2021). Common tools
are computer visualizations (Kraus 2007, Ryston 2019b) as well as real hands-
on models (Zahn and Kraus 2014 and Zahn and Kraus 2019, also Ryston 2022a
and many others). According to (Ainsworth 2006), using multiple representa-
tions when learning complex ideas can be beneficial, making all these types of
representation equally important.

Lastly, due to recent scientific discoveries, more advanced topics of GR have
also been gathering popularity among students. Consequently, science educators
and educational researchers use this popularity in introducing secondary students
to modern physics. The most notable examples are gravitational lensing (Falbo-
Kenkel and Lohre 1996, Huwe and Field 2015), gravitational waves (Boyle 2019a
and Boyle 2019b, Hendry et al. 2014 or Choudhary et al. 2018) and cosmology
(Lotze 1995).

The conclusion of this section is that educational research into teaching rela-
tivity in secondary schools is a relatively young field (with GR-oriented research
being younger still) and, judging by the frequency of published studies, very con-
temporary. More research is available on SR but numbers of studies concerning
teaching of GR in secondary schools have been growing in recent years and this
trend is likely to continue because there are several ongoing educational research
and development projects, often with international collaboration. Furthermore,
even though there are studies focusing on exposition of relativistic topics to stu-
dents in lower secondary schools (mainly the mentioned Einstein-First project),
most of the research and development takes place in the upper secondary classes
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(as we saw with examples from the Netherlands, Norway and Scotland). We have
therefore decided also to focus in this work on upper secondary students. Firstly,
because they (at least theoretically) possess wider physical knowledge that can be
relied upon when discussing relativity, and secondly because there exists already
some tradition of teaching relativity in Czech upper secondary education, unlike
in lower secondary or primary education (a more detailed discussion will be given
in Chapter 2).

1.2 Sources available to Czech secondary
students interested in relativity

Let us now look at sources of information about relativity that are available for
secondary school students. We will discuss the current state of teaching relativity
in Czech upper secondary schools in detail in Chapter 2 but for now we will assume
the role of a student interested in relativity, who wants to learn more on their
own. There are basically two main groups of sources, the internet and published
books.

We also have to make some assumptions about language. We will, of course,
primarily focus on Czech sources, as that would likely be the first choice of (espe-
cially younger) Czech students; however, English is also a likely option. For the
vast majority of students it is their second language, being taught since primary
school and quite often already since nursery school. Of course, it really depends
on the student’s level and self-efficacy in English, which can be due to exposure
to English while watching TV, playing computer games or using the internet ac-
tually quite high, especially for upper secondary students. We will not take into
account sources in any other language, because the fraction of Czech students
capable of using them is likely to be marginal.

The following summary is by no means exhaustive, that is, especially in the
case of internet sources, practically impossible. Our goal is a reasonable mapping
of the existing possibilities.

1.2.1 Book sources
We have searched for books available in Czech using some of the largest bookshop
chains in the country (Luxor, Megaknihy, Knihy Dobrovský and Knihy ABZ.cz)
as well as the Prague Municipal Library. We are not going to include university
textbooks such as (Horský 1972 or Dvořák 1984) in the current discussion because
they rely on higher mathematics and are not a likely source for secondary school
students.

Books available in Czech

In terms of special relativity, there exists a brief SR textbook for upper secondary
schools (Bartuška 2010) and we will discuss it more in detail in relation to the
extent of teaching relativity in upper secondary schools in Chapter 2. The text-
book covers only basic topics without much detail and is therefore more suitable
(and probably intended) as a supplement and revision for physics lessons. Be-
sides that, all the other found books were popular in nature, such as (Einstein
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2000, Cox and Forshaw 2013 or Ferrán 2020), often with a strong biographical
component utilizing Einstein’s popularity3 (Abanese and Parisi 2010, Manly and
Parisi 2015 or Vaas 2019). Sadly, there are a number of books on SR that are
generally out of stock (Bartuška 1991, Einstein 2016, Žeńı̌sek 2015 - the last
book is strictly speaking a university level treatment of SR, but could possibly
be used, based on the limited excerpts we found, by some of the more advanced
upper secondary students). The fact that some of these books were published
relatively recently and can’t be obtained anymore tells us that even though there
is some demand for books about SR, it is often sufficient only to warrant a lim-
ited number of copies and no additional printing. Such is probably the fate of all
topical scientific literature.

Search for GR oriented books was far less fruitful. (Ferreira 2015) summarizes
the hundred-year-old history of GR, whereas both (Begelman and Rees 2013) and
(Zee 2019) discuss the phenomenon of gravitation, so significant parts of the books
are devoted to GR. Furthermore, a large number of strictly popular physics books
on modern physics, the universe as a whole or more specific topics such as black
holes, are not focused solely on relativity but some discussion of it is necessarily
present. (Greene 2001, Hawking 2015, Tyson 2020 ) are just a few examples.

By no means do we want to diminish the importance of popular books on
physics. They play a great and essential role in provoking the interest in physics in
general population, especially in younger students that might even decide to study
physics because of them (a prime example of which is the author of this thesis).
However, we would argue that the very popular nature of those books that makes
them approachable to a general audience is a hindrance in proper understanding
of the topic. Authors purposefully omit technical details in order not to discourage
most readers, but those technical details, we believe, are a scaffolding on which
our understanding of science is built. The following quote is attributed to Stephen
Hawking: ”Someone told me that each equation I included in the book would halve
the sales.” (Wikiquote.org 2022). This illustrates the reason why popular physics
books, with notable exceptions, stay away from mathematics. Understandable,
but in our opinion unfortunate. The consequence is that students interested in
relativity have to choose basically from two groups of book sources. On one hand,
popular physics books that, interesting as they might be, generally lack concrete
and technical examples, and on the other hand university level textbooks that
are very hard if not unintelligible for a reader without advanced mathematical
knowledge. We feel the lack of middle ground (i.e. of sources that use more
elementary mathematics, concrete examples and approachable technical details
to promote deeper understanding) is evident. As we will see, the situation is
similar but not as ”dire” as in the case of book sources available in English.

Books available in English

Understandably, there exist far more books on relativity in English. We have al-
ready discussed popular books on physics that only partially relate to relativity,
so we will omit this very large group from further discussion and include only

3We do not include purely biographical works as we are, for the purposes of this research,
interested in the physical theory, not the life of its creator.
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those specifically dealing with relativity. For our search, we used the website
Amazon.com and selected books based on their description and reader reviews.
The first and largest group of books was bought in 2015 and a few singular books
were discovered and added in the following years. The main problem with the
selection process was the ambiguity with which the authors use the word relativ-
ity. Some use it just in the meaning of special relativity, such as An Illustrated
Guide to Relativity (Takeuchi 2010), most authors discussing relativity include
both SR and GR, but the space devoted to GR varies significantly, from a single
chapter to half a book. Descriptions and reviews posted online are not always
helpful because they often share in this ambiguity and the specific content of
the book is not always presented. Therefore, we ended up with a varied mix of
books, both in structure and approach. We have purposely included books with
seemingly elementary approach, possibly suitable to secondary students, as well
as some well-reviewed university level textbooks. Our goal was not only to find
book sources suitable for secondary students but also to map possible approaches
of relativity exposition that would guide us in creating study materials described
in Chapters 3 and 4.

We split the selected books into two groups according to their mathematical
demands on the reader. Books in the first group (presented below with commen-
tary) use at most upper secondary mathematics such as simple expressions and
equations, Pythagorean theorem, elementary functions, and so on. The second
group (presented at the beginning of Chapter 3) uses advanced mathematics, by
which we mean university level mathematics, such as differential and integral
calculus and ”above”. Even though Czech students might encounter basics of cal-
culus in the last year or two of upper secondary studies, this exposition is often
limited in scope and usually to a mathematics seminar4 (if present at all), we
therefore don’t consider these topics typical parts of upper secondary mathemat-
ics. We will point out two notable exceptions in the first group that technically
speaking use differential calculus but try to avoid the mathematical complexity
by employing conceptual understanding such as ”close-enough points”. This ap-
proach will be crucial in the prepared study text described in Chapter 3.

Books without advanced mathematics:

• Relativity Visualized (Epstein 1985)

– Practically no mathematics, heavy emphasis on geometrical ideas and
visualization, although quite abstract in places. 8 chapters on SR, 4
chapters on GR.

• General Relativity from A to B (Geroch 1981)

– Very elementary mathematics but quite abstract reasoning using
spacetime diagrams. Includes Galilean relativity followed by GR.

4The issue of elective seminars is discussed in detail in Chapter 2.
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• It’s About Time: Understanding Einstein’s Relativity (Mermin 2005)

– Elementary mathematics and simple reasoning. Covers mostly SR
kinematics, spacetime interval and energy-mass equation. 12 chapters
on SR, 1 short chapter on GR.

• General Relativity Without Calculus (Natário 2011)

– Heavy use of equations using elementary functions. Starts with quick
SR overview but focuses on GR. Contains Non-Euclidean geometry
with a metric introduced as a distance between two ”close enough”
points (using the symbol ∆ for essentially a differential) without fur-
ther clarification. Discusses differential equations (again using the ∆
symbol for differential) and shows results without solving them. Prob-
ably for a more advanced upper secondary student.

• How to Teach Relativity to Your Dog (Orzel 2012)

– Very few mathematical formulas, very approachable and yet detailed
and technical. Starts with basic ideas about the description of motion
and Galilean relativity. 7 chapters on SR, 3 on GR.

• Gravity from the Ground up (Schutz 2003)

– Long and thorough discussion of gravity starting with the Newtonian
view, then a quick review of basics of SR and non-Euclidean geometry
to be used for the exposition of GR. Offers two levels of difficulty,
the main body of text and more complex (especially mathematically)
parts in highlighted boxes. Most used equations involve elementary
functions. Avoids differential calculus by using the ∆ symbol as both
finite difference and a differential (again uses the term ”nearby” points
without much clarification).

• The Wonderful World of Relativity (Steane 2011)

– Purely SR oriented, uses very elementary mathematics (mostly the
Pythagorean theorem and a square root).

• An Illustrated Guide to Relativity (Takeuchi 2010)

– Purely SR oriented, the book is split into two main parts. Kinematics
with no equations and dynamics with equations. SR kinematics is
prefaced by basic ideas about motion, reference frames and Galilean
relativity.

• Spacetime Physics: Introduction to Special Relativity (Taylor and Wheeler
1992)

– Mostly devoted to SR with one final brief chapter on GR, a great
emphasis in put on conceptual understanding with a limited use of
elementary mathematics (mostly in problems at the ends of chapters).
Interestingly, the concept of free-falling local inertial frames is intro-
duced already during the exposition of SR.

13



• How Einstein Created Relativity out of Physics and Astronomy (Topper
2013)

– Strongly biographical in nature, outlines the creation of relativity
starting with Galileo, but mostly showing and discussing particular
moments and breakthroughs from Einstein’s career. Very accessible
due to not using complicated mathematics. Focuses more or less
equally on basics of SR and GR, followed by a whole part on cos-
mology and the ”quest for finding a unified field theory”.

• Simply Einstein: Relativity Demystified (Wolfson 2003)

– Very limited use of simple mathematical formulas. Mostly focuses on
SR (12 chapters) with a limited discussion of basics of GR (3 chapters).

1.2.2 Internet sources
The internet is nowadays arguably the most likely immediate source of informa-
tion, especially for young people. On one hand, students are presented with a
plethora of various sources of information, literally sitting in the palm of their
hand(-held devices). However, the reliability of these sources varies significantly,
ranging from reviewed and curated websites backed by official institutions such as
universities, to erroneous or worse, intentionally misleading personal websites. As
with all online activity, careful selection of our sources of information is required.
We have conducted our search the same way as a student interested in relativity
might most probably do it, simply by typing terms relativity, special relativity
and general relativity (in both Czech and English) into the Google search engine.
What we found corresponds very well with the findings of the previous section
about book sources. Websites and other internet sources dealing with SR are
more commonly found than for GR. We will now present our findings in more
detail.

In the case of Czech websites, a significant number of SR related sites are
limited to a rudimentary summary of basic SR kinematics and a little of dynam-
ics (usually relativistic mass, momentum, energy and their relationships). We
suspect this is related to SR still being taught in some upper secondary schools
(which is discussed in detail in Chapter 2) and these summaries are basic revi-
sions of this topic to help students prepare for a test or an exam. They rarely
contain any in-depth conceptual knowledge, their content is for the most part
identical (Fyzika 007 2022 is one example). One website that stands out among
these basic revisionary summaries is (Králová 2007) which goes into more detail
and includes a basic discussion of some GR topics as well. Even students not
familiar with the Czech Physics Olympics (Fyzikálńı olympiáda in Czech) and
their study texts for competitors might encounter their two texts devoted to SR
when searching for possible sources (Fyzikálńı olympiáda 2022). The advantage is
that these study texts are specifically meant for upper secondary students (albeit
with above-average skills in mathematics and physics). The two texts differ in
approach. One is more akin to the existing upper secondary treatment of SR (as
in Bartuška 2010) and the other is closer to a university level course.
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The best Czech source on SR we could find is technically an online study text
Základy teorie relativity (Basics of the Theory of Relativity, Novotný et al. 2006),
including videos and animations5, and covering not just the mentioned common
selection of topics but also more advanced parts of SR such as dynamics, four-
vectors, and others. The text includes derivations of formulas (often moved to
appendices for a better flow of the main text) and used mathematics ranges
from elementary to simple uses of calculus. It could be therefore said that the
text is suitable for upper secondary students for the most part or those more
mathematically inclined completely. The main goal of the text is the exposition
of SR, so GR is really only briefly discussed in relation to SR. Interestingly,
spacetime diagrams are, aside from a brief mention, not really part of the text.
The only possible disadvantage of the material is its technological solution of
including videos and animations. The whole material is put together as a PDF
(which on one hand offers the user an easily obtainable offline version) with
links to the videos and animations stored as separate files, creating the need to
download the videos or view them outside of the material. Moreover, having to
download an .exe file for every animation typically raises a red flag in the mind of
a cautious internet user (not to mention their anti-virus protection). Of course,
this technical solution made sense 15 years ago, when the study text was put
together, but today it can be off-putting for users, especially those using mobile
devices, that are used to videos and other interactive content being embedded
directly into webpages.

As we mentioned at the beginning of this subsection, Czech websites dealing
with GR are much rarer. Besides the already mentioned (Králová 2007), we found
two mostly conceptual texts (Dvořák 2019 and Kulhánek et al. 2018 - with the
latter including but not relying on some university level mathematics) that could
be, in our opinion, understandable for a secondary school student, even though
they seem to be primarily meant for undergraduate readers. Students can also
encounter basically an online version of the book (Ullmann 1986); however, its
scope and used mathematics is most likely not suitable for secondary students.

English sources again offer a wider range of options, but the general theme
stays the same. More secondary level sources on SR were found than for GR. For
example, basics of SR kinematics are part of Khan Academy, a well known web-
site hosting educational videos for home-study, but no GR can be found there.
Similarly, website World Science U that offers for free video courses on many
scientific topics led by renown scientists, offers two courses (one conceptual, the
other mathematically oriented) suitable for upper secondary students on SR, but
not GR. Both websites can be easily found by their name. These are just two
typical examples of how SR is favored among available sources of information,
most likely due to GR being perceived as more difficult. As a notable excep-
tion, a website run by the (Max Planck Institute for Gravitational Physics 2005),
Einstein Online, offers an elementary treatment of both SR and GR, which is
quite approachable even for younger students (provided they read English) with
simple and clear illustrations and animations. However, both sections are quite

5In our opinion, moving and interactive elements such as videos, animations and applets
are truly the biggest advantage of most digital sources over classical paper or static electronic
documents. We will discuss this issue further in Chapter 3.
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brief, lacking even simple mathematics and technical details, reminding our argu-
ments about popular scientific books. Furthermore, we have already mentioned
the Norwegian ReleQuant Project which resulted, among other things, in the cre-
ation of a website with learning modules dedicated to GR (Viten.no 2019). The
contents of the website are structured according to the requirements of the Nor-
wegian curriculum on GR and the treatment is purely conceptual. Even though
this approach is most likely more suitable for general audience, we express doubt
whether it cultivates a thorough understanding of the topic.

A big plus of the digital environment are visualizations, which have a special
place in relativity as it often predicts very unusual results even about the very
appearance of objects. A brief summary of websites with interactive elements
visualizing some phenomena predicted by SR can be found in (Soukup 2015).
Some simple visualization of GR related phenomena, such as falling to a black
hole or the formation of an Einstein ring can be found at (Kraus and Zahn 2022).
A more advanced animation of the fall into a black hole based on real calculations
can be also found, for example, at (Roussel 2022).

In our summary of internet sources, we should not omit Wikipedia (both Czech
and English variant), which is a free community-driven repository of knowledge.
Being encyclopedic in nature, it is not meant as a study material for promoting
conceptual understanding; however, it is a good first source of supplementary
factual information, for example about both historical and contemporary exper-
imental testing of relativity.

Last but not least, educational videos on platforms such as Youtube.com6

are a very popular source of information. There are a number of channels with
millions of subscribers that specialize in popularization of science or more specif-
ically (and relevant to our topic) physics. Examples include Veritasium, Minute
Physics, Physics Girl, Steve Mould and many more. Their videos, watched by lit-
erally millions of people all over the world, cover wide variety of topics, relativity
included. Nevertheless, Youtube videos have the same issues that we identified
with popular science books. Their goal is to attract the widest audience possi-
ble; therefore, the videos are relatively short and rarely include technical details.
Furthermore, the factual correctness of the videos is not straightforwardly guar-
anteed by any institution or publishing process and there are seemingly scientific
videos online whose claims are simply false. As with any other internet sources,
the viewers need to be cautious themselves and think critically about the content
that is presented. Overall, popular videos cannot substitute formal education
but on the other hand they can generate interest in a given topic. We found two
channels that specialize in relativity, both SR and GR, as well as other topics
from modern physics, and include more technical and concrete details than other
popular videos. These channels are called PBS Spacetime (Spacetime 2022) and
ScienceClic English (EN 2022). Moreover, thanks to popularizing efforts of vari-
ous universities, one can find full videos of some university lectures on Youtube.
For example, anyone, secondary school students included, can watch SR and GR
lectures from the Stanford University by Professor Susskind (Stanford 2022), a
famous theoretical physicist. These lectures are, of course, not meant primarily

6There are other similar websites for hosting videos; however, Youtube is still the largest
and most popular one.
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for secondary students, but the very fact that they are freely available online
offers not just interested students but also members of general public a great
opportunity for learning relativity.

In conclusion, we have seen on a number of examples repeated throughout
various types of sources that treatment of SR is more commonly found in both
Czech and English. Also, in both languages we found SR sources that can be
considered both suitable for (at the very least upper) secondary students and of
good educational quality. On the other hand, the offer of educationally sound,
detailed and reasonably technical sources on GR is very limited, especially in
Czech. Students have to mostly pick between purely popular or university level
sources.
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2. Current state of teaching
relativity at upper secondary
schools in the Czech Republic
In order to find ways to improve Czech students’ understanding of the theory of
relativity, it is first necessary to know if and to what extent relativity is taught at
schools. In the case of the Czech Republic, we need to first look at the Framework
Education Programmes (further referred to as FEPs), which are the national
curricular documents issued by the Czech Ministry of Education, Youth and
Sports (further as MEYS) containing all the mandatory content and expected
outcomes of teaching and learning. However, these outcomes are described quite
broadly to provide schools with a degree of freedom when creating their own
more detailed curriculum called School Education Programme (SEP) based on
and adding to the mandatory content of FEPs.

As mentioned before, the decision was made to focus throughout this entire
work on upper secondary schools (ISCED 3). For the purpose of this research, we
can split all Czech upper secondary schools into two groups: specialized and gen-
eral schools. Specialized schools, as the name suggests, offer their students specific
specialization in a given field to help them prepare for a job in that field. On
the other hand, general secondary schools, in the Czech Republic and other Cen-
tral European or German speaking countries called gymnasium1, provide general
education and students are typically expected to continue into tertiary educa-
tion. We will discuss these two groups separately as their respective curricular
documents differ greatly when it comes to physics.

Later in this chapter, we present both the creation process and the findings
of an online survey used to determine the current state of teaching relativity at
gymnasiums.

2.1 Analysis of curricular documents:
Specialized upper secondary schools

All the curricular documents can be found online (MEYS 2020b). There exists a
large range of study programs students can choose from. However, physics can be
specifically found only in those programs that end with the matura leaving exam
(referred to as maturita in Czech) (MEYS 2020a); therefore, we will now focus
only on this group. In it there are 108 study programs covering a wide variety of
lines of work such as metallurgy, woodcarving and many more. Because of such a
high degree of variability between all the programs along with their very different
requirements, all FEPs in this group (with one exception of the Medical Lyceum
program whose physics curriculum is specifically tied to applications in medicine)
contain physics content and expected outcomes in three variants denoted A,B and
C.

1Some gymnasiums offer also lower secondary education; however, in this work we use the
word gymnasium to refer only to the upper secondary branch.
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The breadth and detail of these variants is largest for variant A and gradually
decrease. To quote directly from the cited FEPs:

”Variant A is meant for programs with high, variant B for intermediate and
variant C for lower demands on physics education.” ”School chooses a variant of
physical and chemical education at minimum of the level stated [in this document]
(a higher level can therefore be selected).” [translated from the Czech original]

In terms of relativity, only variant A contains the following brief mention of
Special Relativity (translated from the original):

6 Special theory of relativity

- principles of special theory of relativity - [student] understands the con-
sequences following from the spe-
cial theory of relativity for under-
standing space and time;

- basics of relativistic dynamics - [student] knows the connection
between the energy and mass of
objects moving with great speed;

Table 2.1: Excerpt mentioning SR content in the FEPs for specialized upper
secondary school. The right column contains desired outcomes of teaching.

General relativity is not mentioned. As stated above, the minimal variant
is set individually for every program. Out of the 107 programs that have these
three variants defined, both A and B are set 29 times, C is set 47 times and for
two programs the variant is not specified. That means that in only less than a
third of these programs schools are obligated to introduce students to basics of
SR.

Another important parameter we should take into consideration is the time
allocated to teaching physics. In the FEPs, physics, chemistry and biology are
grouped together under the umbrella of Science Education and then a minimum
number of weekly lessons throughout the whole (usually four-year) study is set
for every program individually. As an illustration, let us consider as an example
that this given minimal number of lessons is equal to 6 for a particular program.
Assuming an even spread of time among the three subjects (which might not be
the case), we get two weekly lessons of physics during the whole study. That
means for example that students might have one physics lesson per week in the
first two years or perhaps two lessons per week in just one year. It is necessary
to add that schools are also given 26 more weekly lessons to be allocated freely
to various subjects according to their particular needs (that is why all the lesson
amounts are specified as minimums); however, it is not likely that a majority of
schools would significantly bolster the numbers of physics lessons as physics is
often not directly related to that particular field of study (with the exception of
for example a Technical Lyceum).
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Table 2.2 summarizes the numbers of programs with a given set minimal
overall number of weekly physics lessons. Programs are shown in three groups
according to their set minimal variant of physics content and outcomes. The two
outliers with 20 lessons are Technical Lyceum (variant A) and Science Lyceum
(variant B). The only program with more weekly lessons is the already mentioned
Medical Lyceum whose FEP doesn’t follow the A-C variant system.

# of lessons Variant
A B C

4 0 8 43
5 3 0 0
6 23 7 3
7 1 3 0
8 0 6 0
9 0 1 0
10 1 1 0
11 0 1 0
12 0 1 0
13 0 0 1
20 1 1 0

average # of lessons 6.6 7.1 4.4

Table 2.2: Numbers of specialized upper secondary school study programs with
a given minimal amount of weekly lessons for Science Education throughout the
whole program split into three groups according to the set minimal variant of
physics content A,B and C. The most common amounts of lessons for each cate-
gory are in bold.

We can see from the table that the minimal amount of allocated weekly lessons
for Science Education is already quite low and physics constitutes only a fraction
of those numbers. Programs with variant A average at 6.6 weekly lessons (median
6). For variant B we get surprisingly a slightly larger average of 7.1 lessons (with
median still at 6). Understandably, lowest average of 4.3 belongs to programs
with minimal variant C (median 4) most likely because this group consists of
programs deemed the least related to physics.

2.2 Analysis of curricular documents:
Gymnasiums

Unfortunately, previous findings cannot be straightforwardly compared to those
for gymnasiums. The Framework Education Programme for gymnasiums (Balada
2007) defines so-called Educational Areas that group certain subjects together.
Physics, together with chemistry, biology, geography and geology, is part of the
Man and Nature area. Another area named Man and Society contains history and
basics of civics and social sciences. The FEP specifies the minimal time allotment
for these two areas together in all four years of upper secondary study to be 36
weekly lessons. Moreover, physics (as well as all the other mentioned subjects)
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must be included in the first two years of upper secondary education. Their inclu-
sion in the other two years is left optional. As before with the specialized schools,
gymnasiums are given 26 extra weekly lessons to be allotted according to their
needs. All this gives schools a certain flexibility and autonomy; however, a direct
comparison of time spent teaching physics between gymnasiums and specialized
schools is practically impossible.

Nevertheless, assuming an even distribution of lessons among the subjects of
the two mentioned Educational Areas for gymnasiums and in the Natural Science
Education group for specialized upper secondary schools, the minimal number of
physics lessons in the former easily surpasses those of the latter. This conclusion
is in accordance with the authors personal experience of teaching physics at gym-
nasiums. To further support this claim, 40 gymnasiums were randomly2 selected
and their SEPs were searched for the actual number of physics lessons in the four
years of upper secondary education. The names of these gymnasiums and the
respective amounts of physics lessons can be found in Attachment A.1. Figure
2.1 offers a summary of the data:

Figure 2.1: Frequencies of amounts of weekly physics lessons throughout the four
years of upper secondary stated in the SEPs of 40 randomly selected gymnasiums.

With the average amount of 8.1 physics lessons (median 8), we can conclude
that gymnasium students most likely do spend more time learning physics than
in most specialized upper secondary schools. Gymnasiums are also generally
considered more academically oriented than specialized schools, and thus we ex-
pect at least some gymnasium students more likely to be willing to engage in
more advanced topics of physics such as GR. Most importantly, it is a common
practice at gymnasiums that students in the last two years of upper secondary
study choose a few specialized seminars according to their interests and future
education plans. The seminars have several purposes: to deepen and broaden

2The selection was made using the Google search engine. After searching the term ”School
Education Programme” (in Czech ”Školńı vzdělávaćı program”), the first 40 hits were used.
The selection is therefore not actually random due to the inner workings of the search engine;
however, it is random from the point of view of the researcher.
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the topics covered in normal lessons, to cover new topics that are not covered
in normal lessons due to a lack of time or relative difficulty, and finally to help
students revise for their maturita exam in that particular subject. The dichotomy
of gymnasium physics education because of seminars can be again illustrated by
the author’s personal teaching experience at a Prague gymnasium, where, for
example, SR was taught exclusively at the physics seminar.

Depending on the particular gymnasium, an elective physics seminar can be
a supplement to normal physics lessons, or it can be the only physics subject
available to students in the last year or two. As we will see later in this chap-
ter in the results of the survey among gymnasium physics teachers, including
more advanced topics in the seminar (i.e. with only those students who are in-
terested in physics) is quite common. A similar situation can be found in some
other countries. In the previous chapter, we have mentioned that Scottish upper
secondary students can elect the Higher Physics and Advanced Higher Physics
courses which include SR and GR respectively (Farmer 2021 or Kersting and
Blair 2021, chapter 22). Another already mentioned example is Norway where
physics is an elective subject in the last two years of a General Studies upper
secondary program (Vibli.no 2022 and Henriksen et al. 2014). In both of these
cases, the subject of physics (including topics from modern physics) is part of
generally oriented study programs (as opposed to vocational or other specialized
upper secondary programs) aimed at preparing students for universities, which
is comparable in purpose to Czech gymnasiums. On the other hand, the subject
of physics itself is not part of a common core, it is elective, therefore resembling
gymnasium seminars. For all the above mentioned reasons as well as the inspi-
ration from abroad, we decided to focus our efforts of finding ways to increase
the understanding of relativity in gymnasiums rather than in all upper secondary
schools. This applies specifically to the survey described in the next section. All
the developed material and activities mentioned in the further chapters are fully
open to any students interested in relativity regardless of whether they attend a
gymnasium or not.

Looking again at the FEP for gymnasiums (Balada 2007), we find there is no
mention of relativity of any kind (be it special or general). However, the system
of Framework Education Programmes and School Education Programmes as de-
scribed above started to be used in Czech education relatively recently, in 2007.
Prior to that, a more uniform and rigid system of school curriculum was used,
where the mandatory content of teaching was specified in detail. In particular, we
can find SR in curricular documents of four-year gymnasiums (i.e. the upper sec-
ondary gymnasium programs) from the year 1991 (MEYS 1991). This curriculum
is split into three parts: humanities, science and generally oriented gymnasiums.
In all three branches, SR is included in the fourth year for a suggested number
of 6 lessons. Suggested subtopics are (translated from the Czech original): Space
and time in classical mechanics. Creation of special theory of relativity. Relativity
of simultaneity, time dilation, length contraction. Relativistic mass, relationship
between mass and energy of a body. We will see later in the survey section how
this selection of subtopics corresponds to which parts of SR are actually taught
today. There is no direct mention of GR in the old curriculum. We can find the
term black hole mentioned together with final phases of lives of stars in the Astro-
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physics topic; however, the curriculum does not specify whether any connection
to GR should be made. Therefore, we cannot confidently count this mention as
an occurrence of GR, as the topic could be discussed purely from an astronomical
(i.e. observational) perspective.

To summarize, even though Special Relativity is no longer part of a manda-
tory curriculum for gymnasiums, there is an established tradition of teaching the
basics of SR in gymnasiums. There also exists an SR physics textbook for gym-
nasiums (Bartuška 2010). Consequently, SR can still be found at least in some
gymnasiums. This is illustrated, for example, by the author’s personal experience
with teaching physics at a gymnasium in Prague, where SR is still part of the
School Education Programme, so it is not only taught but also one of the topics
for the final maturita exam in physics.

2.3 Questionnaire survey
To find out to what extent the tradition of teaching SR is still followed in Czech
gymnasiums, a questionnaire for physics teachers was prepared. An online form
was chosen for simplicity of distribution among teachers as well as data processing.
Moreover, simply filling out an online questionnaire was assumed to be easier and
less time consuming for teachers, thus increasing the chance of their response.
Because most of the teachers were contacted using their school email address (as
we will discuss below), we were certain that they all have access to a computer
with internet connection at least at their school, so none of the addressees were
limited in their ability to fill out the questionnaire.

2.3.1 Design principles
The way we form questions and structure them, whether they are easy to under-
stand or prone to being misunderstood can have a great impact on the accuracy
of answers (Stone 2003 or Couper et al. 2001) as well as the return rate. When
designing the questionnaire, we tried to adhere to the following principles:

• When possible, we used closed questions as open questions are more likely to
be left unanswered (Couper et al. 2001). They may also lead to redundant
or irrelevant information as well as take up more of the respondent’s time
(Cohen et al. 2007, page 322).

• The most important questions were positioned in the early and middle parts
of the questionnaire. According to (Galesic and Bosnjak 2009), later items
have a higher possibility of being skipped and also produce a lower quality
of data as less time is usually spent on them. (Stone 2003) emphasizes a
descending order of question difficulty; however, we consider all the ques-
tions of our survey to be quite straightforward. This belief is supported by
the fact that among the responses, no question stood up as noticeably less
answered or with significant signs of confusion on the part of the respon-
dents.
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• Questionnaire length has been found to negatively affect response rates of
web surveys (Galesic and Bosnjak 2009). Our questionnaire was therefore
designed to take no longer than 10 minutes and the expected length was
stated at the beginning of the questionnaire (as suggested by Crawford et
al. 2001) as well as in the introductory email (Marcus et al. 2007).

• Clear structure and appealing visual design also play an important role
(Couper et al. 2001). To achieve this, we have chosen a commercial online
survey system Typeform.com. The second reason was that the website al-
lows the use of logic jumps in their questionnaires. Using this feature, the
respondent is shown only those questions relevant to them (for example, if
they answered that they do not teach Special Relativity, the system would
skip asking them which topics of SR they teach). This significantly reduces
the individual time necessary for completion as well as saves the respon-
dent the frustration of seeing irrelevant questions (and thus increasing the
probability of them finishing the survey).

2.3.2 Questionnaire content
All the questionnaire items (translated into English from the Czech original) as
well as used logic jumps can be found in Attachment A.2. Questions are sorted
into 6 groups:

• Group 1 consists of only one question regarding the school where the
teacher works. This information was used purely for asserting the geo-
graphical distribution of the responses (discussed below). Respondents were
assured of total anonymity with respect to them and their school because
we wished to avoid them being vary of revealing any potentially sensitive
information about their particular school.

• Group 2 is concerned with teaching Special Relativity in regular physics
lessons, the extent of covered subtopics and the teacher’s personal opinion
whether SR should be taught as part of the gymnasium physics curriculum.

• Group 3 is similar to Group 2 but concerns General Relativity. Even
though teaching of GR is less likely than SR, we did not want to assume
as much. However, the wording of this group of questions is different and
speaks, for example, about ”mentioning GR in connection with another
topic” as opposed to Group 2 that discusses ”teaching SR”.

• Group 4 concerns physics seminars. For the purposes of the survey, we
inquired only about physics seminars that are not purely revision-oriented.
Questions in this group encompassed teaching of both SR and GR in sem-
inars including the teacher’s opinion whether relativity should be part of
physics seminars or not.

• Group 5 deals with the frequency with which teachers refer students to
various external sources of information such as books, videos, websites,
events, etc.
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• Group 6 is the final group and contains miscellaneous questions. The
two last groups of questions are meant to probe whether there is a ten-
dency by students to inquire about topics outside of the curriculum (such
as GR) and what percentage of students might be interested in additional
sources of information. In the final question, we inquire about the length
of the teachers’ practice. We hypothesized that possibly the use of internet
sources might be affected by the teacher’s age; however, (Cohen et al. 2007)
warn against using a question that might irritate the respondent. We have
therefore chosen to ask for the length of teaching practice as it provides
similar information as the age (with the minor exception of teachers who
started to teach later in life) but also allows us to differentiate answer’s of
experienced and novice teachers.

2.3.3 Piloting
The questionnaire design was piloted in two stages. First, it was fulfilled by and
then discussed during a seminar with the supervisor and other doctoral students
at the Department of Physics Education who all also teach physics in lower and
upper secondary schools. This provided valuable insight both from research and
teacher perspective and let to the improvement of the questionnaire especially in
terms of clarity of the questions.

The main piloting was done with physics teachers from the so-called faculty
schools. These are primary and secondary schools that have an agreement of
cooperation with a specific university or faculty. In case of the Faculty of Mathe-
matics and Physics, faculty schools commonly accept in-training physics teachers
for a teaching practice, take part in research among students, etc. They are
also typically schools that have ”good results” in physics teaching (above-average
numbers of students graduating in physics, student successes in physics compe-
titions and so on). Faculty schools were selected for the piloting phase because
their teachers were expected to be more willing to participate in the survey and
therefore more likely to forgive possible imperfections of the design.

130 physics teachers from 21 gymnasiums (10 of which are in Prague) were
asked via email to participate in the survey in January 2017. Their email ad-
dresses were found on school websites (it is common for schools to display online
which subjects are taught by which teachers). In case a school didn’t specify
physics teachers, an email was sent to the deputy headmaster inquiring about
the names of physics teachers. We chose to write to a deputy headmaster instead
of the headmaster, because the latter are typically busier with email commu-
nication outside the school; therefore, it was considered more likely to get an
answer from a deputy. Knowing the names of physics teachers was sufficient be-
cause practically all teacher email addresses follow the name@school-domain.cz
template (this information is also quite commonly stated on the websites).

Of the 130 addressees, 58 have finished the questionnaire, which corresponds
to a response rate of approximately 45 % (comparing that to the return rate
of the main phase of 24 %, our hypothesis regarding higher willingness of the
faculty school teachers to participate seems to be valid). The analysis of the pilot
responses did not reveal any problems with the design. The only addition was
question 3b ”How much time do you devote to GR?” that appeared to those who

25



selected that they ”...talk about GR as a standalone topic.” Interestingly, this
question stood out during the piloting because a surprising number of faculty
teachers responded that they talk about GR as a standalone topic (the phrase
”talk about” was used on purpose because ”teach” might evoke a deeper level
of analysis than it is typically possible in upper secondary education and thus
dissuade teachers from selecting this answer). 62 % of faculty school physics
teachers answered so, compared to 21 % of respondents in the main phase.

Even though we are dealing with faculty physics teachers, whose teaching
might be at least theoretically presumed to be above average due to an expected
above average emphasis placed on physics at their school, such a high portion of
teachers including relativity in their lessons raises suspicions of a sampling bias. It
seems reasonable that teachers who ”have more to say about teaching relativity”
are more likely to fill out a questionnaire about this topic. And vice versa,
teachers who don’t teach relativity at all might be more reluctant to admit so and
therefore choose not to take part in the survey. We anticipated this possibility
and emphasized in the email invitation for the survey (both for piloting and
main phase) that we value the responses from all physics teachers regardless of
whether they teach relativity or not. Furthermore, we tried to form the questions
in a neutral way in order to avoid making teachers who don’t teach relativity
feel ashamed or irritated (coming back to the suggestion of Cohen et al. 2007).
Nevertheless, we have no way of making sure that this actually helped lower the
sampling bias.

Because the piloting and final versions of the questionnaire are almost entirely
similar, the results of the piloting phase were added to the final results as they
constitute a substantial fraction of the overall answers as well as represent some
of the most achieved gymnasiums in terms of physics education in the country.

2.3.4 Representability of the responses
After the piloting phase, the main batch of emails was sent in July 2017. The
email addresses were found the same way as before. Including the faculty schools
in the piloting phase, over 1106 gymnasium physics teachers from 316 gymna-
siums were asked to participate in the survey. The exact number of teachers is
not known because in a few cases of schools that neither publicly displayed the
teacher emails nor the names of physics teachers, and an email was sent to a
deputy headmaster, instead of the names of teachers we received a reply that
the survey invitation had been passed on to the physics teachers. The schools
were found using a commercial website (SeznamŠkol.eu 2022) because no better
list of school sorted by their type and region was found. It was later discovered
that (Department of Informatics and Statistics MEYS 2022) states the number
of gymnasiums for the school year of 2016/2017 that offer the upper secondary
program as 358, so we see that we were able to find and contact only approx-
imately 89 % of gymnasiums. The main complication is that some schools are
both a specialized upper secondary school and a gymnasium (i.e. they offer both
of these programs). Even though some such combined schools were part of the
survey (in which case we tried to contact only those teachers who teach at the
gymnasium part - as stated on the school website), we were obviously not able to
find all the gymnasiums. However, we would argue that the schools we didn’t find
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are more likely to be smaller ones and therefore the missing 11 % of gymnasiums
does not correspond to 11 % (or more) of gymnasium teachers.

We were unable to verify this by comparing the number of addressed teachers
to the total number of gymnasium teachers in Czechia, as this information was
not gathered by the MEYS at the time. In the beginning of 2019, however, the
ministry organized a large survey to find out (among other things) the numbers of
teachers in all forms of education by directly contacting the school headmasters
(Marš́ıková and Jelen 2019). According to the ministry, 99.9 % of schools took
part in the survey. Unfortunately, the survey does not distinguish between types
of upper secondary schools, it only states the overall number of upper secondary
physics teachers in that year to be 2467. Another information that (Department
of Informatics and Statistics MEYS 2022) provides is the total number of upper
secondary schools that end with maturita - 1093 for school year 2016/2017. We
are considering only the schools with maturita here because, as we have mentioned
above, those are the only upper secondary schools with physics education. We
see that gymnasiums constitute roughly 33 % of these upper secondary schools,
yet the gymnasium physics teachers we addressed represent 45 % of the amount
of all upper secondary physics teachers that was found two years later. However,
a direct comparison of these percentages has very little meaning. We have men-
tioned that gymnasiums on average have more physics lessons than specialized
upper secondary schools, therefore they need more physics teachers per school.
Consequently, we have come to the conclusion that even though we most likely
contacted a large majority of gymnasium physics teachers, we have no way of
asserting exactly what percentage of gymnasium physics teachers it actually was.

We have received 296 replies to the survey (including the piloting phase),
making the overall return rate approximately 27 %. The data can be found
as an electronic attachment to this work. Given that less than a third of ad-
dressed teachers took part in the survey, our main concern was how well the data
represents a wider teacher population. We have already discussed the possible
sampling bias. Another issue might be with the spread of responses over the
country. Our aim was to try to map the teaching of relativity in gymnasiums
in the whole country. We could hardly claim to have done so if the majority of
the responses came from a single region (Prague, for example). To analyze the
spread of answers, we decided to group them according to region. Czech Republic
is divided into 14 regions (in Czech kraje) with a certain level of self-governing
power. The names of the regions can be found in Table 2.3 (they are named
usually after the largest city in the region, for example Plzeň, or according to
geographical location, e.g. South Bohemian).

Unfortunately, we were unable to compare the distribution of answers to the
actual numbers of gymnasium physics teachers in each region because, as we al-
ready said, such data wasn’t yet collected by the MEYS at the time (and the 2019
ministry survey, though it does show regional distribution of physics teachers for
upper secondary schools, cannot be used because it doesn’t distinguish between
types of schools). However, we can use the regional distribution of gymnasium
students for the school year 2016/2017, because that data is available (Depart-
ment of Informatics and Statistics MEYS 2022), and, under the assumption that
student and teacher numbers correlate, compare it to the distribution of survey
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answers. We used the Pearson’s χ2 test (Lehman and Romano 2005) to test our
null hypothesis, that the observed distribution of teacher responses (denoted ni,
where i = 1, 2, . . . , 14 are the 14 degrees of freedom of our distribution corre-
sponding to 14 regions) does not differ from the distribution of students. We also
chose the significance level α to be 0.05, which corresponds to the probability
of 5%. We first calculated the theoretical (or expected) frequencies of responses
under the assumption of the null hypothesis (see Table 2.3).

Regions student numbers teacher responses
absolute pi (relative) ni (actual) n·pi (expected)

Prague 24331 18.84 % 57 56
Central Bohemian 12484 9.66 % 23 29
South Bohemian 7778 6.02 % 22 18
Plzeň 6168 4.77 % 14 14
Karlovy Vary 3300 2.55 % 5 8
Úst́ı nad Labem 8150 6.31 % 14 19
Liberec 3984 3.08 % 14 9
Hradec Králové 6683 5.17 % 14 15
Pardubice 5944 4.60 % 18 14
Vysočina 6191 4.79 % 8 14
South Moravian 15460 11.97 % 38 35
Olomouc 8117 6.28 % 19 19
Moravian-Silesian 13395 10.37 % 37 31
Zĺın 7192 5.57 % 13 16

sum 129177 n = 296

Table 2.3: Distribution of students between 14 regions in the school year
2016/2017, the actual amounts of teacher responses based on the school region
and the expected amounts under the null hypothesis that there is no difference
between the distributions of students and responses.

If pi are the relative frequencies of the student distribution and n is the total
amount of responses, the expected response frequencies can be calculated simply
as n·pi. We then calculate the χ2 statistic according to (Lehman and Romano
2005) as

χ2 =
14∑︂

i=1

(ni − n·pi)2

n·pi

.= 13.189. (2.1)

We used the CHIINV function in Microsoft Excel to calculate the critical
value of the χ2 distribution for the chosen significance level of 0.05 and k − 1
degrees of freedom (in our case, 13) to be approximately 22.362. Because the
result of equation 2.1 is lower than the found critical value, we conclude that the
null hypothesis cannot be rejected. Although this is not a direct prove of sta-
tistical similarity, it gives us a certain level of confidence, that the distribution
of responses does not single out any particular region or regions. Therefore,
even though our sample represents only about a quarter of addressed gymnasium
physics teachers, we consider this quarter to be reasonably spread-out across the
country, increasing our confidence in its representability of the overall gymnasium
physics teacher population.
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2.3.5 Survey results
We will now present the results of the survey, starting with questions regarding
teaching of SR in both normal physics lessons and seminars. Figure 2.2 shows the
main result regarding teaching SR during lessons. 113 teachers responded that
they don’t teach SR in regular lessons. However, 56 of them used to teach it and
19 plan to teach in the future. Furthermore, as we will see later, some teachers
don’t teach SR in lessons, but do so in seminars.

Figure 2.3 shows reasons why teachers don’t teach SR in lessons. This was
obviously asked only of those 113 teachers who picked one of the negative answers
to the previous question. Whenever a question was relevant only for part of the
respondents and so not all of them saw it due to logic jumps, we display it by
stating the relevant sample size. In this case, N = 49 for teachers who don’t
teach SR in lessons (including those who plan to start teaching SR) and N = 62
for those who used to teach it (including 6 who used to teach it and plan to do
so again in the future). Two teachers didn’t fill out this answer. As we can see in
the graph, the prevalent answer for not teaching SR in lessons is a lack of time,
especially for those not teaching it anymore. One respondent answered that they
prefer spending time with another topic, namely quantum mechanics. Overall 16
teachers chose to include their own answer (”SR is taught in seminars” 8x, ”have
been teaching only briefly and hadn’t got to teach SR” 4x, ”not enough time or
not in our SEP” 2x, ”teaches only a few lessons per week or no physics at all”
2x).

Figure 2.2: Relative numbers of responses to the question whether the respon-
dents teach SR in regular lessons. Respondents were given the option to answer
negatively in a more specific way: ”No, but I used to teach SR before.” (labeled
as Used to), ”No, but I plan to include SR in my teaching.” (Plans to), fully
negative ”No, SR is not part of my teaching, neither do I plan to include it.” (Not
at all), or ”Used to teach it and plan to in the future.” (Used to and plans
to).
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Figure 2.3: Reasons why teachers either don’t teach SR in lessons or don’t teach
it anymore (Used to). More than one answer could have been selected and the
percentages were calculated from the total sum of answers.

As we can see in Figure 2.4, about 60 % of respondents (177 people) either
teach a seminar now or have done so in the past. We purposely included the
”used to teach a seminar” option because for example in some schools physics
teachers take turns teaching the seminar or just simply some scheduling conflicts
may result in a change of the seminar teacher between school years. In other
words, we were interested whether someone teaches a seminar long term, not
necessarily that particular school year. That is why both of these groups were
asked further questions about SR and GR in their seminar and we consider the
answers of those not presently teaching the seminar equally valid. Large majority
of these respondents do teach SR in their seminars (Figure 2.5).
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Figure 2.4: Question concerning teaching physics seminars that are not purely
focused on revision.

Figure 2.5: Majority of teachers who lead a seminar (177 respondents) include
SR there.

We have also combined the answers regarding teaching of SR in lessons and
seminars (Figure 2.6) to have a better understanding of the overlaps of differ-
ent groups in Graphs 2.2 and 2.5. As it turns out, only about a fifth of the
respondents don’t teach SR in any shape or form because 17 % of respondents
(50 teachers) teach SR in seminars and not in regular lessons.
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Figure 2.6: Summary of responses concerning teaching SR in both lessons and
seminars.

Next, we look at which subtopics of SR are taught. First, Figure 2.7 gives
a general summary of the percentage of teachers that include a given subtopic.
In addition, we were also interested in the extent and combinations of taught
subtopics. Figure 2.8 highlights the most common combinations separately for
the three relevant categories from Figure 2.6 - regular lessons only, seminars only
and both. The percentages shown at each subtopic combination are relative to the
number of respondents in that particular group (98 for purely lessons etc.). The
main differences in those combinations are clearly visible, especially regarding
the mentioning of the Michelson-Morley experiment. However, all the combina-
tions show a common ”core” of subtopics - time dilation, length contraction and
relativistic mass/momentum. We could then conclude that these 3 subtopics are
collectively considered essential or the bare minimum of SR by the respondents.
This could be caused by the fact that these are the subtopics covered in the men-
tioned SR textbook for gymnasiums (Bartuška 2010). The book also contains
the description of the Michelson-Morley experiment, which is traditionally used
as a historical introduction to SR; however, looking at Figure 2.7 we see that only
about half of the teachers include it in their teaching.
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Figure 2.7: Subtopics of SR that are taught separately for lessons and seminars.

Figure 2.8: The most common combinations of SR subtopics that are taught.
The shown percentages are relative to the number of responses for the particular
group (lessons, seminars, both). The split cell in the third column from the right
signifies that the particular subtopic is taught in regular lessons but not during
seminars.

Another interesting note is that spacetime diagrams and the idea of four-
vectors are quite rarely used. They do not appear in the most common combi-
nations of subtopics (Figure 2.8) and are mentioned by only a small minority of
teachers (Figure 2.7). This might also be at least partially caused by the absence
of these topics in the mentioned textbook (Bartuška 2010).

10 respondents added another subtopic not mentioned in the list, such as:
mass-energy relationship, relativity of simultaneity, Lorentz transformation, con-
nection between SR and global navigation and addition of velocities.

The most common answer to why teachers don’t include SR in their seminars
is that it is already covered in regular lessons, as can be seen in Figure 2.9. Second
most common answer was that either the teacher or the students prefer to spend
time with a different topic of physics. These answers suggest a certain level of
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teacher autonomy regarding the seminar content that might even translate into
the students being given a choice in the discussed topics. We further inquired
about these topics and got a variety of answers: biophysics, individual solving
of practical problems, mechanics, hydrodynamics, particle physics or according to
the students’ interests. As their own answer, some teachers wrote ”not enough
time”, ”seminar not opened this year”, ”basics of SR in regular lessons”, ”we
don’t have a physics seminar”, ”the seminar is mostly revision or preparation for
university entrance exams”. We can deduce from the individual answers that a
few teachers misunderstood or misread the question. For instance, the option
”SR is taught in normal lessons” was already available. However, this is a case
of only a small number of responses, so the validity of answers to this particular
question is overall not jeopardized.

Figure 2.9: Reasons why teachers don’t include SR in their seminar. Respondents
could select more than one answer, so the shown numbers add up to more than
the original amount of teachers that do not teach SR in seminars.

We were also interested in the teachers’ opinion regarding whether SR be-
longs to upper secondary school. Figure 2.10 shows the percentages of answers
separately for regular lessons and seminars. As possible answers we used a text
version of the four-point Likert scale (Likert 1932) specifically because it lacks
the middle (neutral) options and so the respondent was encouraged to ”choose a
side”. In case of the seminars, we added one extra option ”normal lessons only”
and it was selected by almost 20 % of the respondents. We can see that only
about 10 % think that SR should not be part of regular physics lessons and even
fewer respondents (around 2 % which constitutes 5 people) say the same thing
about seminars. The vast majority of teachers that filled out our survey therefore
think that SR indeed belongs to gymnasium physics.
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Figure 2.10: Teachers’ opinions whether SR should be taught at upper secondary
either in regular lessons or seminars.

Let us proceed to the GR related questions. As mentioned before, although
the nature of questions was similar to the previous case of SR, we formulated some
of the questions differently to better fit the unique situation of GR not being a
typical part of physics curriculum. Nevertheless, due to the mentioned similarity,
we will refrain from detailed description of the questions and refer reader to the
figure captions.

Figure 2.11: Just like with SR, we asked teachers about their opinion whether
GR should be taught as part of gymnasium physics.
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Figure 2.12: Main question regarding ”mentioning” (as opposed to teaching) GR
in lessons and seminars. For seminars, the overall number of respondents is lower
because it applies only to those who teach a seminar.

Figure 2.13: Maximum time devoted to GR in lessons for those teachers who
treat it as a standalone topic (third column in the previous question).
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Figure 2.14: GR subtopics mentioned by teachers who treat it as a standalone
topic for lessons and seminars. No significant similarities in subtopics selection
were found, so the data is visualized only this way. The subtopic mentioned as
”Other” was the equivalence principle.

Figure 2.15: Topics in connection with which GR is mentioned (as opposed to
being a standalone topic). Respondents could have entered multiple answers
(and often did); therefore, the percentage is calculated relative to the number of
answers, not respondents.
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Figure 2.16: Reasons why teachers don’t mention GR in lessons plotted separately
from seminars because the given options were slightly different. First of all, the
option ”I teach only lower secondary physics” is not relevant for seminars because
they are scheduled typically for the last two years of upper secondary gymnasium.
Secondly, as mentioned before, due to the broadening nature of seminars it is
much more likely there for the students to have some choice in the particular
topics that are treated. Therefore, the option of ”Students prefer a different
topic.” was omitted in case of regular lessons.

Figure 2.17: Reasons why teachers don’t mention GR in seminars.
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Lastly, we will present the answers to the group of miscellaneous questions
at the end of the questionnaire. In the question regarding referring students to
extracurricular sources of information (Figure 2.18), respondents could add their
own option. The most notable examples are: competitions such as Astronomi-
cal Olympics or Physics Olympics, excursions, lending physics books to students,
inviting guest lecturers to school or awarding bonus points for attending physics
related events.

Most questions in this group inquire about frequency of occurrence. For
this purpose, we have chosen a four-point scale Never, Rarely, Sometimes, Of-
ten/Fairly regularly. When the scale is first used in question group 5, these points
are described in more detail with Rarely as ”at most a few times per school year”,
Sometimes as ”not more than once a month” and Often/Fairly regularly as ”at
least a few times a month”.

We have not found any significant correlation between the length of a teacher’s
practice and other answers; therefore, we are not showing the data on the practice
length, as it appears not to be relevant to the rest of the discussion.

Figure 2.18: How often teachers refer students to various interesting sources of
information about physics outside of school.

39



Figure 2.19: How often teachers receive questions from students concerning
physics topics outside the curriculum.

Figure 2.20: How teachers react to receiving a physics related question to which
they don’t know the answer. More than one option could have been selected.
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Figure 2.21: Self-reported frequency of using online resources by teachers during
their teaching.

Figure 2.22: Percentages of students interested in physics enough to engage in
extracurricular sources of information, as estimated by teachers.

Lastly, we gave respondents the opportunity to add anything they wished to
say in connection with teaching relativity. About 25 % of the respondents chose
to do so. We present a selection of their answers translated into English (the full
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list of these answers can be found in Attachment A.3):

• Usually it is not possible to discuss everything in depth, because SR is in-
cluded as the last topic of teaching in a very packed year. It is discussed in
depth in the physics seminar.

• Personally, I would prefer to reduce some chapters so that there is more
time left for SR (GR), but at the same time I am often not able to skip
the optional chapters of some areas preceding physics. Therefore, we most
often encounter the issues of relativity through students’ questions.

• Due to the number of lessons devoted to physics in compulsory education and
also the interest in physics, I consider the teaching of SR to be unnecessary.
Seminars also offer more useful topics for further study at universities. I
personally teach in a seminar the use of derivatives and integrals in physics.

• I don’t know how it is in other high schools, but we all teach relativity. Most
students are more interested in this topic and enjoy it more than previous
”classic” topics. They also come to a chapter for the first time where it
is clear that they will only look at the edge and that the real depth of the
problem is much greater.

• In my judgment, the material does not belong to a general gymnasium at all.
It confuses students who have difficulty with high school physics. Students
gain the feeling that physics is not only difficult but even absurd.

• This topic is interesting, unfortunately it is taught in the fourth year of
upper gymnasium, when students have their heads full of maturita and it is
very difficult for teachers to excite them for physics in this period.

• Not enough time.

• I teach SR during labs.

• I did not teach SR in a regular class for the first time this year when one
physics lesson was removed from the schedule. Colleagues haven’t taught SR
in a long time. In the next classes, I plan to include SR again and sacrifice
something else (probably Electrostatics). I consider the introduction to SR
and quantum physics to be essential, because of the difference from the world
that the students know from their experience.

• The topic is quite interesting for students, but unfortunately due to lack of
time considered marginal, so it is not possible to show students the appli-
cation of SR, for example, in terms of astronomy, astrophysics, quantum
physics, and particle physics.

• It depends on the ”space-time” that the teacher has available to teach SR.
The students should leave high school with at least the following three pieces
of information on this topic: that things are ”a little different” than in
everyday life, when they are ”different”, and why they are ”different”. They
can find out how things are at any time and study it later, it is essential to
understand the causes and accept the ”otherness”.
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• It would be nice to have some high school ideas for GR reasonably written
- and, for example, reasonably linked to astronomy.

• I haven’t taught SR yet, but I hope to one day. It is also a challenging topic
for me, so I will have to study it diligently.

• I think the topic is interesting, everyone should at least have an idea about it.
Unfortunately, I don’t understand enough on my own to be able to answer
all the questions.

2.3.6 Survey conclusions
Based on the presented survey answers, we can see that SR is still being taught
at a significant fraction of gymnasiums (Figure 2.6). GR is at least mentioned by
approximately two thirds of the respondents, but it is mostly mentioned briefly
or in connection with some other topic (Figures 2.12 and 2.15). The majority
of teachers agree that SR should be part of gymnasium physics and even part
of regular lessons. Figure 2.10 shows that the preference for inclusion of SR in
the seminar is understandably stronger but not significantly so. Moreover, about
one fifth of the respondents prefer SR to be part of regular lessons only. Again,
a majority of respondents think that GR should be part of gymnasium physics,
but the prevailing opinion is that it belongs to the seminar only.

As the main hindrance in teaching relativity in general, teachers mention the
lack of time the most. A reduction in the number of physics lessons, especially in
the fourth year of upper secondary, has been repeatedly mentioned by teachers in
their open statements at the end of the survey. Teachers also feel less proficient
in GR than in SR (compare Figures 2.3, 2.9, 2.16 and 2.17).

According to the teacher’s answers, working with internet sources and referring
students to outside sources is quite common. There is also, according to teachers,
a small but non-zero percentage of students that are interested in physics enough
to seek information about it outside of school in their own time. Universally
present lack of time in physics education makes introducing new content difficult
and teachers also feel significantly less proficient to teach GR than SR.

As seen in Chapter 1, it is easier for students to find quality extracurricu-
lar sources of information regarding SR compared to GR. Most of the existing
sources on GR are either purely popular in nature or too complicated for most
upper secondary students (university textbooks).

All these findings led us to the decision to

• create an online study text focusing mainly on the introduction of basics of
GR to upper secondary students as extracurricular learning materials for
interested students to try to fill the gap between existing literature (Chapter
3).

• create a suitable standalone teaching-learning sequence to present basic
ideas of GR that teachers can include in their teaching if they choose to
(Chapter 4).
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3. Study website for students
interested in General Relativity
The conclusions of the previous chapters led us to the decision to create a website
dedicated to increasing the understanding of GR of interested students. As our
starting point, we took a short study text that was created in a previous work
(Ryston 2014) based on a limited literature search. We first conducted a more
thorough literature analysis in order to identify common ideas, themes and chains
of thought in generally well-reviewed textbooks (as described below). Based on
our findings, the original text was mostly rewritten, expanded, turned into a
website and supplied with interactive elements. The content of the website as
well as the review process are described in the second section of this chapter.

3.1 Analysis of literature
As it was mentioned in Chapter 1, we selected a number of relativity textbooks for
analysis in order to identify common approaches to the exposition of GR. Group 1
of the books, those that don’t use higher mathematics such as differential calculus
and are therefore suitable for upper secondary students, was already presented in
Section 1.2. Group 2 are books intended for undergraduates or specifically text-
books written for undergraduate courses. The selection process was the same as
with the first group, mostly based on positive reader reviews on Amazon.com. A
few of the undergraduate titles were recommended by a colleague or were found
in internet discussions about relativity textbooks. Two of the books are in Czech
(Dvořák 1984 and Kulhánek 2020), the rest are in English. Figure 3.1 shows a
summary of the analysis. Because our main goal was the exposition of GR, we
did not include two books from Group 1 (Takeuchi 2010 and Steane 2011) that
contain purely SR.

(Hartle 2006) formulated two distinct approaches to the exposition of GR for
undergraduate GR courses. Math-first is a deductive approach where: (1) neces-
sary mathematical tools are first developed, (2) a physical problem is formulated
in general, (3) a solution for a particular situation is found and (4) applied to
make predictions to be compared with experiment. In case of undergraduate
GR courses, this is typically and best illustrated by first developing the neces-
sary mathematical description of curvature, then forming Einstein field equations,
finding the Schwarzschild solution and then applying it in concrete physical situ-
ations such as orbiting of a planet or light deflection. (Hartle 2006) argues that
having to develop the whole necessary mathematical apparatus to derive gen-
eral equations first can discourage mathematically less inclined students from the
physics to come and thus create a sort of a barrier in studying relativity. He
proposes a physics-first approach of (1) stating the simplest physically impor-
tant solution (in case of GR the simplest physically relevant spacetime, i.e. the
Schwarzschild solution), (2) deriving and (3) applying predictions from it, and
finally (4) motivating the Einstein equations and solving them to show where the
originally presented spacetime came from. Even though these two approaches
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apply originally to undergraduate GR courses, they can be generalized to other
physics education. We see the physics-first approach very commonly in secondary
school, where we don’t deal with general problems but rather with special cases.
It makes sense to start the initial discussion of electric field, for example, with
the field of a point charge, not Maxwell equations.

Another clear example of the two approaches from the topic of relativity is in
SR. We can often see first the derivation of the Lorentz transformation from the
basic postulates of the theory and then deriving predictions of physical phenom-
ena (such as time dilation) from the transformation (a math-first approach). On
the other hand, it is possible to focus on physics first using for example results
from real-world experiments or thought experiments, come to time dilation and
other predictions of SR from the first postulates and only then derive the Lorentz
transform to confirm the ”previous” conclusions. Of course, these two approaches
form two opposite ends of a spectrum, it might be possible to combine them, use
math-first in some chapters and physics-first in others. The second column of
Figure 3.1 shows that we tried to identify the prevailing approach in the analyzed
books. It comes as no surprise that all of the books in Group 1 have been iden-
tified to primarily use the physics-first approach (denoted simply as P), as they
emphasize the relevant physics, and mathematics is used (if it is used at all) to
illustrate given points. On the other hand, most of the books in Group 2 follow
the more traditional path of an undergraduate GR course and strongly lean on
the side of the math-first approach. The two notable exceptions are (Taylor and
Wheeler 2000), which is commonly praised for being very approachable and yet
detailed and technical, and (Hartle 2003), which exhibits both approaches in dif-
ferent parts of the book.

We focused on the book contents concerning GR exposition in three main
groups. Topics prior to GR, main GR topics and applications of GR. Almost
all books, even those solely focused on GR included prior topics to prepare their
ground for GR chapters. Of course, some of the books, as described in Section
1.2 focused both on SR and GR more or less equally or rather were more focused
on SR with only a few chapters on GR. Still, in those cases the GR chapters
were directly linked to previous discussions; therefore, we can think of them,
from the perspective of GR, to be preparatory chapters. The three most common
preparatory topics for GR we found were classical or Galilean relativity, special
relativity and non-Euclidean geometry. The first topic is a common starting point
for discussions about SR and its inclusion is usually meant to ”set the stage”, to
make sure that the reader is caught up to the classical worldview with which
the discussed view of modern relativity is later confronted. It also serves to let
readers know that relativity did not start with Einstein and that it’s a much older
concept. To add a personal observation, when the author of this text was teaching,
as mentioned before, SR at a gymnasium, students were always surprised by that
because Galilean relativity is not commonly taught in Czech upper secondary
schools. As we can see in Figure 3.1, classical relativity was not included only
in some of the advanced and more mathematical books of Group 2. In case of
(Taylor and Wheeler 2000), which is essentially a continuation of (Taylor and
Wheeler 1992), it could be argued that classical relativity is part of the first book
as an introduction to SR, and therefore it is not present in the second one, where
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SR is briefly revised in the first chapter for the purposes of the GR discussion.
The inclusion of the other two topics, SR and non-Euclidean geometry is

understandable because at least some of their parts are necessary for the discus-
sion of GR. A notable point is the placement of the chapter on non-Euclidean
geometry. There are two common options. It either precedes GR chapters com-
pletely in a math-first fashion or it forms a geometric ”intermezzo” after some
initial discussion of GR, typically involving the equivalence principle, resembling
the physics-first approach. The only two books that did not include a chapter
specifically devoted to non-Euclidean geometry were (Orzel 2012), which was the
most popularly written book of the whole selection with a brief GR section (still
discussing concepts like spacetime curvature but without spending time with the
concept of curvature alone) and (Topper 2013) which is, as it is described in
Section 1.2, a strongly biographical book focusing on Einstein’s revolutionary
breakthroughs with added physics context.

Moving on to the main topics of GR, we identified three most common themes.
The equivalence principle with the consequential introduction of local inertial
frames, Einstein equations embodying the key principle that mass(-energy) is
the source of spacetime curvature and Schwarzschild spacetime as the simplest
relevant solution of Einstein equations that serves to illustrate how gravitational
phenomena can be derived from a known metric of spacetime. The order of
these topics depends on the particular approach used in the book. One of the
key reasons for including the equivalence principle is a motivation for the iconic
geometrical approach of GR. Interestingly, the four books that do not include the
equivalence principle all present the geometrical nature of GR as given without
any reasoning on why it is the case.

As mentioned, a typical (and indeed archetypal) example of the math-first ap-
proach is first motivating Einstein equations and then deriving the Schwarzschild
solution, while in the physics-first approach we first state the Schwarzschild solu-
tion without derivation, use it to illustrate ”new” physics (a common occurrence is
the discussion of the so-called classical tests of GR) and only then (but not neces-
sarily) do we solve Einstein equations to obtain the already known solution. The
Schwarzschild spacetime, even thought the simplest non-trivial solution of the
Einstein equations, can be used to quantitatively demonstrate a significant num-
ber of gravitational phenomena, for example gravitational time dilation, bending
of light rays in a gravitational field, planet orbits, pericenter shift or black holes,
depending on the level of mathematics that we can involve. Figure 3.1 shows
that only two of the Group 1 books (Natário 2011 and Schutz 2003) specifically
introduce the Schwarzschild spacetime, most likely because in order to do that,
readers need to have at least some understanding of the mathematical description
of curved spacetime. Therefore, it is practically not possible to introduce it with
purely secondary mathematics. In Section 1.2 we have mentioned that these two
books of Group 1 that do include the Schwarzschild solution use expressions from
differential calculus and differential geometry (such as metrics) without actually
proper mathematical treatment of these topics by introducing concepts such as
”distance of two close points” instead of a differential. This approach will also be
key in our study materials described later.
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Finally, all the books except (Lieber 2008) included chapters on further astro-
physical applications of GR beyond our solar system, most notably black holes,
cosmology and gravitational waves. The detail and depth of these chapters var-
ied significantly based on the level of mathematical tools used in a given book.
Inclusion of at least some of these chapters is quite common due to their fascinat-
ing nature and famous contemporary scientific experiments such as the successful
measurement of gravitational waves or the direct observation of black holes.

3.2 Study website
In this section, we present the created study website, its structure and elements
that were chosen as a result of the previously described book analysis as well as
its review process. The website (Ryston 2022b) is primarily intended for Czech
upper secondary students, so it is presently in Czech, but we plan to create also
an English version in the future to make it accessible to a wider readership. It
can also be downloaded as an offline PDF version, which is identical to the con-
tent on the website apart from interactive elements. Instead of applets or videos,
there are links to those elements, and instead of animations, still figures are used.
When converted to a PDF form, the text currently consists of 182 pages, contains
71 originally made drawings and 6 custom made applets (that will be described
more in detail below).

The only education-oriented study on the development of web learning re-
sources we found was (Hadjerrouit 2010), although it does not focus on text-heavy
materials, which our website necessarily is. (Hadjerrouit 2010) emphasizes inter-
activity, the use of multimedia and differentiation of content as the main factors
that influence a successful use of web-based study materials and we will address
all these elements of our website below; however, the text-heavy nature of our
website required further consideration. We took inspiration from websites with
popular science articles, such as sciencenews.org or phys.org. A common way to
keep the reader interested in reading (or rather not discourage them) is using short
paragraphs to keep the illusion of flow, giving the reader frequent breaks. This is
important especially when using mobile devices which have narrower screens and
compact the text sideways, making it look even longer. However, this is certainly
easier for a news article, but in case of physics study text it might not always be
the best choice. One way we tried to balance this issue is that besides chapters
and sections, the text is visually divided into smaller portions, usually encompass-
ing one particular idea within the chapter, using frames with diagonally oriented
linear colour gradients that are meant to guide the reader gradually from one
frame to another (see Figure 3.2). Our aim is to break the long progression of
text that can be tedious for the reader especially on a screen, but still emphasize
the connection between all the portions, similarly to individual pages in a book.
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Figure 3.2: A sideways comparison of two adjacent ”screens” (with the overlap
of the paragraph denoted ”Poznámka 2.1” meaning ”Sidenote 2.1” framed using
a thick dark-green border) showing the text divided not just using numbered
sections but also coloured frames, each containing just a few paragraphs related
to a single idea.

The text itself is made up of 4 main parts: The Basics, Classical Relativ-
ity, Special Relativity and General Relativity, with the last part being by far the
largest. More specifically, not counting appendices, the four parts have in their
PDF forms 13, 10, 30 and 101 pages. The parts are distinguished using a number
and different colour schemes. Each part is then divided into chapters, numbered
for example 2.1 or 4.3 and so on, and chapters can be divided still into unnum-
bered sections separated by their headings. Although the main aim of the text
is a discussion about GR, just like most authors of the books analyzed in the
previous section, we thought it necessary to include the three preceding chapters
to make sure every reader was up to speed on all the concepts and topics on the
knowledge of which the GR chapter builds and relies. Concepts like frames of
reference or coordinate transformations, not to mention the whole SR, are not
part of the FEP for gymnasiums (Balada 2007) and therefore we cannot rely on
students being even familiar with them.

Consequently, the requirements on prior knowledge in physics as well as math-
ematics are quite small. Physics-wise, the reader could benefit from having al-
ready gone through basic mechanics such as linear motion with constant speed or
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constant acceleration, free-fall, Newton’s Laws of Motion, etc. because it is used
throughout the text for illustrations and simple examples. It is not, however, the
knowledge of definitions and equations in mechanics that is required. Those are
all given in the text. It is the familiarity with basic mechanics that might be
helpful and contribute to an easier reading. No other physics knowledge is re-
quired nor assumed. We therefore consider the text to be suitable for any student
who went through upper secondary mechanics (typically the first year of upper
secondary gymnasium).

In terms of mathematics, we have already mentioned our intent of creating
a study material that is approachable to upper secondary students, yet more
technical with concrete formulas than popular physics books. Therefore, equa-
tions are used often to quantitatively illustrate the discussed theory. The text
expects the reader to have basic mathematical knowledge and skills such as the
Pythagorean Theorem, simple equation manipulation and enumeration, trigono-
metric functions, powers, square roots and the scientific notation for numbers.
All the other mathematics is gradually built up in the text. Examples of that
include coordinates, coordinate transformations and most notably basics of dif-
ferential geometry. The text contains many derivations of formulas or general
proofs; however, these tend to be more mathematically involved and we did not
want to impair the readability of the text, so the website version contains roll-
outs that reveal for example the given derivation if the reader chooses to see it.
An example is shown in Figure 3.3. This creates basically two layers of reading
difficulty from a mathematical perspective, the main body of the text for the less
(but still somewhat) mathematically inclined and the additional mathematical
content for the more so. We were inspired by a similar use of roll-outs in the Col-
lection of Solved Problems in Physics (Department of Physics Education 2016).
We think using these roll-outs makes their content more immediately accessible
rather than putting it in an appendix somewhere else (although this solution had
to be used for the offline version).

The first three main parts each end with a recapitulation of the main points of
the part and some sample exercises for the reader to try. The fourth and largest
part has recapitulation and exercises after every chapter. Furthermore, each of
the first three parts is located on its own webpage. The fourth part is split over
several pages to reduce the loading time, which otherwise would be due to the
number of used illustrations, applets and equations quite significant.
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(a)

(b)

Figure 3.3: Example of a roll-out for the derivation of the Lorentz transformation
in the SR chapter. Figure (a) shows the section closed and figure (b) its beginning
after being clicked on.
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3.2.1 Detailed description of the website content
Part One: The Basics

The main purpose of this part is drawing some basic points about the nature of
time and distance measurement, the use of reference frames and Cartesian coordi-
nate systems in three dimensions. A very elementary coordinate transformation
between two shifted but stationary frames of reference is gradually constructed
to help readers get used to such a concept. The setup of two friends surveying
a garden in two different ways was taken and slightly adapted from (Taylor and
Wheeler 1992). The most important result of this chapter is that even though
two points can be labeled with different coordinates, the physical reality of their
distance is coordinate-independent or invariant. Also, a Pythagorean Theorem
in three dimensions is introduced.

Part Two: Classical Relativity
The second part adds motion to the mix. We derive the Galilean transforma-

tion for two inertial frames moving with respect to each other and consequently
the classical rule of velocity addition (in one dimension). The notion of invariance
of the Newton’s Law of Motion and therefore the whole of mechanics under the
Galilean transformation is discussed.

Another topic that will be important later are inertial and non-inertial frames
of reference and the related notion of fictitious forces. It is worth spending some
time with these topics here because, similar to other already mentioned concepts
useful for the discussion of GR, it is not at all likely that the students encountered
such notions before. The issue is not part of the gymnasium FEP (Balada 2007)
and even though it can be still found in the most commonly used gymnasium
textbook for mechanics (Svoboda et al. 2020), its inclusion in physics lessons is
not guaranteed.

Part Three: Special Relativity
Because our primary goal is the GR chapter, we did not want to spend too

much time and effort with SR, only the required minimum necessary for the
GR discussion. We have therefore chosen a quite common math-first approach
of deriving the Lorentz transformation from the two postulates of SR and then
”discovering” the well-known consequences of the transformation: time dilation,
length contraction, relativistic velocity addition and so on. Other known SR re-
sults such as the energy-mass equation were not included to keep the part short;
however, to give validity to our theoretical claims, real life experiments verifying
the existence of such relativistic phenomena are discussed.

The most important concept of this part is spacetime. We show, similarly to
the first part, that even though two inertial observers might not agree about the
position and time of a given pair of events, they do agree on the spacetime interval
between. A connection is drawn between the three-dimensional distance in space,
whose invariance under simple coordinate transformations we saw in the first part,
and the invariance of a spacetime interval under the Lorentz transformation. The
interplay between time and space and the practicality of defining spacetime is
emphasized.

A chapter on superluminal motion is included for two reasons. To talk more
about causal structure of spacetime, which also comes into play in GR. To in-
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clude a topic that is perhaps more popular in nature then the previous technical
chapters, in order to give the reader a chance to ”rest” before entering the GR
discussion. And at the same time to answer a question about the possibility
or rather impossibility of actual superluminal motion that arises quite naturally
from the SR chapter. Indeed, in our experience, it very often comes from students
during teaching SR in gymnasium.

Part Four: General Relativity
With the GR part being the longest, we will describe individual chapters.

Chapter 4.1 deals with basic qualitative discussion, starting from the Newton’s
Law of Gravitation and its incompatibility with SR. Non-inertial frames from
Chapter 2 are then supplemented with the notion of fictitious forces. The weak
equivalence principle is discussed and used to present the idea of local inertial
frames. As we saw in the book analysis, the equivalence principle (or rather
equivalence principles, as there are multiple versions) is present in most of the
literature. Therefore, rather than invent some novel approach, we chose to follow
this quite traditional one but tried to spend sufficient time on all the necessary
logical steps and theoretical constructions, because we felt that in case of some of
the analyzed books, not enough time was devoted to these crucial ideas. Moving
ahead, a parallel is drawn between a gravitational force and fictitious forces due
to both being directly proportional to the mass of a body on which they are
acting. We finish this chapter with a historical side note, likening our ”current”
situation to the Einstein’s, who allegedly needed to apply the approach of differ-
ential geometry in order to progress with his theory.

Chapter 4.2 deals almost entirely with geometry. Recall that in the book
analysis we found two approaches to the introduction of geometry in GR. We
adopted the ”geometrical intermezzo” option, because we consider it to be more
in line with the physics-first approach. This way, chapter 4.1 provides some
initial physical considerations as well as a little motivation as to why we are
now spending time talking about geometry. This chapter is basically divided
into three thematic parts. The first part deals with the idea of curvature and
non-Euclidean geometry qualitatively. We will not go into detail now because
the content of this part is almost identical to the workshop on non-Euclidean
geometry described in detail in Chapter 4. Suffice it to say, the goal of this part
is to make reader aware of non-Euclidean geometry using curved surfaces and
show that the Euclidean geometry we are taught at schools is a special case and
many of its claims, such as that the sum of internal angles of a triangle is equal to
180◦, do not hold true for example on a sphere. A sphere is a main example used
in this chapter because students are quite familiar with the shape; however, other
shapes, such as a hyperbolic paraboloid are used as well. Finally, we arrive at
the important concept of a geodesic using a practical definition as the straightest
possible connection between two points on a curved surface rather than a rigorous
mathematical definition.

The geometric exposition is then paused for a moment to draw further con-
nection and parallels between geometry and gravitation. We thought it necessary
after a long passage focused on non-Euclidean geometry to remind the reader
of our endeavor to come up with a relativistic description of gravity and per-
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haps rekindle their motivation before the upcoming quantitative part. We show
that, at least qualitatively, the behaviour of objects in a gravitational field can
be likened to the motion on curved surfaces, sowing the seeds of the geometrical
approach to gravity of GR. Moving on to the quantitative part, we revisit surface
curvature but start involving mathematics. Our aim here is the concept of a met-
ric and here also lies the greatest challenge. If we want to let the students have a
look ”under the hood” of GR, to really give them the opportunity to see even a
glimpse of the inner workings of the theory, we need to do some calculations. Us-
ing the full mathematical apparatus of GR with calculus and differential geometry
is, of course, out of the question for upper secondary students. We have therefore
implemented a similar approach to (Schutz 2003 and Natário 2011) who bypass
the mathematically rigorous use of differentials by introducing the concept of
”close points” as a mathematical model where the distance formula between two
points on, for example, a sphere can be significantly simplified when we neglect
terms of higher order. We use the term ”sufficiently close points” to emphasize
the limit-like nature of this approach, again using a practical and operational def-
inition rather than mathematical rigor. Two points are sufficiently close to each
other, if the error we make by treating the curved distances as straight lines is
below the precision of our measurement. We also adopt the differential notation,
where instead of, for example, a finite distance ∆x we use dx for sufficiently close
points. This way, the used mathematical expressions look the same as in rigorous
textbooks. We thus obtain the metric for a sphere and from this point onwards
the concept of a metric is at the centre of our attention. We use two-dimensional
Cartesian coordinates and polar coordinates to show that two different metrics
can describe the same surface (further supporting the notion that coordinates
do not correspond to physical reality but merely help us work with it) and we
show that non-diagonal (or rather mixed terms, because we do not work with
matrix notation) in the metric arise when the coordinates are not orthogonal.
All of our claims are supported with mathematical derivations hidden in the roll-
outs. Many of the derivations here and further require calculus or other more
sophisticated mathematical tools. In such a case, the roll-out always states what
mathematics is required to understand it. The reader is also reminded that this
extra mathematical content is strictly optional and one should not be discouraged
if they do not yet posses the mathematical tools to understand it. On the other
hand, readers who happen to already be familiar with for example simple deriva-
tives (which might be the case of some fourth-year upper secondary students, for
example) could benefit from this additional mathematical insight. We think this
differentiation of content makes the text more flexible for the reader.

Finally, we try to lead the reader through the conceptually difficult but neces-
sary generalization of the discussed description of surface curvature to the curva-
ture of space (three dimensions) and even spacetime (four dimensions). We stress
that trying to imagine such things as curved space is extremely difficult and one
should not risk discouragement doing it. Rather we let the workhorse of mathe-
matics carry this burden for us. We just simply have to allow our equations to
count to more than two (coordinates). We also remind the reader, that in Part 3
we have already encountered the metric of flat spacetime, the spacetime interval.
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The final chapter 4.3 is devoted to Schwarzschild spacetime. In adherence to
the physics-first approach, the Einstein equations are just very briefly discussed
and the Schwarzschild solution is presented without derivation. Furthermore,
due to the spherical symmetry of the situation and the consequential planar mo-
tion of any body moving solely under the influence of gravity, we focus only on
the equatorial plane of the spacetime, reducing the situation from four to three
dimensions (one temporal, two spatial) and thus also reducing its abstractness
without any loss of information. Such an approach can be found for example in
(Taylor and Wheeler 2000). A lot of time and effort is spent on understanding the
meaning of used Schwarzschild coordinates (t, r, φ). To visualize and understand
more closely the spatial curvature hidden in the metric, we introduce the embed-
ding diagram of the Schwarzschild spacetime, which results in the shape called
the Flamm’s paraboloid. Students might be familiar with the shape (or some-
thing similar) from many existing depictions related to GR, spacetime curvature,
etc. (Ryston 2019a). We consider it important to include it in our text, because
students might also come across a demonstration of throwing marbles on a de-
formed elastic sheet, which is directly related to the problematic of the embedding
diagram and yet there are various conceptual problems with the demonstration
that the student should be aware of. We use the paraboloid (either as a real
3D-printed surface or as a part of an applet - see below in the next subsection) to
demonstrate how curved space curves the trajectories of objects but we also show
how the description of spatial curvature is not itself sufficient because it does not,
for example, explain simple free fall and cannot produce closed orbits. This line
of reasoning is also used in the relativistic workshop described in Chapter 4. To
improve our description, we need to add the time component, leading us first to
the gravitational time dilation. We use a real life experiment, the Hafele-Keating
experiment, to prove the existence of gravitational time dilation and then use
our knowledge of the Schwarzschild metric to obtain formulas that allow us to
calculate time dilation for a satellite in the Galileo navigational satellite system.
The calculation is a direct example of how relativistic corrections need to be used
in the global navigation systems for them to be accurate.

The rest of the chapter is focused on astrophysical applications of the
Schwarzschild metric. We go through the so-called ”classical” experiments of GR
- the perihelion shift of Mercury, bending of light (and the consequential phe-
nomenon of gravitational lenses), already mentioned gravitational time dilation
(or red shift) and the Shapiro effect. We state the formulas for the perihelion shift
and bending of light without derivation from the Schwarzschild metric, because
we consider solving differential equations to be above even the advanced level of
mathematics we have aimed for. Instead, we use again animations (perihelion
shift) and direct numerical solutions (light bending) to support the reader’s un-
derstanding. We also supplement the theory with historical experiments, such as
the famous Eddington experiment of 1919, with plenty of links to further reading
for the interested reader, to help ground the theory in reality.

The second to last chapter is devoted to black holes, which is arguably the
most mysterious and fascinating result of GR that is commonly known. We saw
in the book analysis that almost all the books included a chapter on black holes,
and we felt, similarly to the chapter on superluminal speeds, that we should
address this issue, especially because it almost immediately arises when an even
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slightly mathematically trained eye looks at the Schwarzschild metric and the
apparent singular behaviour of the r coordinate and also because of the recent
well-received photographs of black holes by the Event Horizon Telescope project.

The final brief chapter comments on the relationship between the Newtonian
picture of gravity and the relativistic one. Also, it is meant to ”repair” the rep-
utation of the Newtonian gravity, because we have just basically spend over a
hundred pages trying to persuade the reader that the relativistic approach is bet-
ter (in the sense that it agrees with experiment in more general situations). The
reader might then object why do we spend time learning about the classical ap-
proach in schools, if we know it to be the inferior one. We therefore felt the need
to comment on the issue and stress the practicality of using Newtonian gravity
where it suffices.

We could have of course included further chapters - cosmology, gravitational
waves, etc. as we have seen them in the analyzed books. However, we decided
that for now the text is lengthy enough. In the future, after the publishing of
the text and if we see that the text is indeed being used, we will probably add
further chapters, not just to the GR part, but also SR or even the previous ones.

3.2.2 Interactive elements
A great advantage of the online version of the text are interactive elements. The
use of an internet browser as an environment enables us to use not just illustra-
tions, but also animations or videos, embed external videos (for example from
Youtube) and include direct links to other sources of information. Most impor-
tant are the applets, i.e. interactive animations that enable to set up or change
the parameters of the given physical situation or a mathematical demonstration.
We have created six applets (described below) to accompany the text using the
programming library Visual Python (Ryston 2019b). All the applets are embed-
ded in the structure of the website itself, so no additional software or add-on
except the already used browser is necessary. Sample screenshots of the applets
(without the interactive elements) are shown in Figure 3.4.

Applets used in order of appearance in the text:

• Lines of Latitude on a Globe shows that lines of latitude are not gen-
erally (except the equator) geodesics. After the user’s click, the program
chooses two random points on a globe with the same latitude and connects
them using the corresponding segment of the line of latitude as well as
the corresponding geodesic (a great circle intersecting both points). The
lengths of both segments are calculated to add a concrete numerical result
to the visual presentation.

• Geodesic Motion on a Sphere contains a few modes of operation show-
casing spherical geometry. It allows users to send small individual balls into
a geodesic movement on a sphere, as well as a pair of balls on initially ap-
proximately parallel trajectories and we see them eventually cross. It also
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allows the user to select two points on the sphere and then calculates the
great circle connecting them (a segment of which is the geodesic between
the two points). The final mode does the same thing but with three points,
effectively creating a triangle on the sphere, so that we can, for example,
observe its internal angles.

• Geodesic Motion on a Cone allows to send particles (small balls) on the
surface of a cone. The initial position and velocity of the particles can be
modified. The applet demonstrates that the curvature of the cone surface
is flat everywhere except the singular point at the top. When two particles
are sent initially parallel but each on one side from the top point, their
trajectories cross. When both are sent on the same side, their trajectories
keep the same distance throughout the motion.

• Geodesic Motion on a Saddle Surface is similar to the previous applet
but the motion takes place on a saddle surface (hyperbolic paraboloid). A
particle can be send along the surface visualizing the geodetic movement.

• Flamm’s Paraboloid lets users send particles on the surface of the
Flamm’s paraboloid. Parameters such as the initial position and curva-
ture of the paraboloid can be modified. The motion can be observed in
3D but the scene can also be rotated to give the view from above, which
enforces the desired perspective of watching a planar motion. A planar pro-
jection of the particle and its trajectory can also be switched on to further
help this perception.

• Kepler’s Problem is a simple movement of a particle in a central gravi-
tational field calculated using the classical law of gravitation.

3.2.3 Review of the website
The website content was reviewed and commented on by RNDr. Otakar Sv́ıtek,
Ph.D. from the Institute of Theoretical Physics, Faculty of Mathematics and
Physics, Charles University as a representative of experts on GR, by Mgr. Mar-
tin Malachov as a representative of gymnasium physics teachers, and also by doc.
RNDr. Leoš Dvořák, CSc., who is a supervisor of this thesis and an author of
one of the books analyzed in section 3.1 (Dvořák 1984). Their comments were
most helpful from both technical and educational points and were worked into
the text. We thank all three gentlemen for their time and effort. Any possibly
prevailing imperfections in the text are to be blamed solely on the author of this
work.

Dr. Sv́ıtek and Mr. Malachov were also asked to summarize their opin-
ion on the created website. Dr. Sv́ıtek wrote: ”The prepared online study tool
will provide highly valuable resource to users with high-school level background
in mathematics and physics who are looking for introduction into basic general
relativistic concepts and fundamental solutions of Einstein equations. The goal
is accomplished by first reviewing those parts of classical physics that are later
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(a) Lines of Latitude on a Globe (b) Geodesic Motion on a Sphere

(c) Geodesic Motion on a Cone (d) Geodesic Motion on a Saddle Sur-
face

(e) Flamm’s Paraboloid (f) Kepler’s Problem

Figure 3.4: Illustrative images from the used applets.
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important in building relativistic grasp of the world, like Galilean transforma-
tion. Necessarily, this is followed by an extensive exposition of special relativity
focusing on effects of Lorentz transformations and, most importantly, on a de-
tailed explanation of the geometry of Minkowski spacetime. The curved geometry
is introduced using the surface of a sphere as a simple example, the equivalence
principle is explained and an understanding of metric structure is gradually and
intuitively built. Finally, Schwarzschild solution of a black hole is analyzed and
the main effects of general relativity laid out.

The writing style is very engaging and the text is enriched by plentiful illustra-
tions. Mathematical and physical concepts are carefully motivated and analyzed
in detail. Mathematically more involved topics are cleverly hidden for those not
wishing to delve into them. The web format allowed the inclusion of numerous
external links to resources extending the coverage of a given topic and also makes
the work ”live” since it provides easy opportunity for future modifications and
additions. The webpage is technically very well prepared.

Thus this extensive study tool will surely help any interested reader to better
understand one of the most important development of the 20th century physics
and might prove extremely useful for high-school teachers.”

Mr. Malachov wrote: ”The webpage materials encompassing basic ideas of
general relativity form a novel approach thanks to particular didactical transfor-
mation of the topic. Materials are multimedial and well-structured so they can be
used for motivation and learning a basic overview (high school student, keen am-
ateur) as well as for a deeper understanding of the topic. I highly appreciate that
the materials are suitable for the beginner as well as for the university student
thanks to the voluntary calculus exercises etc. too. The materials balance very well
on the edge between mathematical formalism, physical (experimental) approach
and do so in a comprehensible manner without loss of physical/mathematical fo-
cus. Some parts of the materials (namely about non-Euclidean geometry) fill the
gap between the secondary and tertiary education. This valuable feature serves as
a good motivation, propaedeutic and as a support for university students who find
standard formal literature too difficult. Another positive aspect of the materials
is the language which is very friendly, readable with specific sense of humour.
To conclude, the materials are professionally elaborated yet easy to understand.
The novel approach is successfully developed. I find the materials very attractive,
detailed yet simple and I highly recommend them to all teachers, students and
laic fans of general relativity. I would recommend to propagate the materials over
schools and consider using various web channels and social media to spread them.
Personally, I will be looking forward for next extension of the materials, e.g. with
gravitational waves etc.”

We also looked for volunteers among upper secondary students to read through
the website. A group of students attending a physics seminar at the Gymnasium
Nad Štolou, where the author of this thesis taught physics at the time, showed
interest in reading through the website in 2019. They were asked to comment on
anything that they find difficult to understand, confusing or if they miss some
piece of information in the text, if the illustrations are clear, basically to report
any instance of having difficulty with reading the text or using the website. Their
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comments were mostly minor, they pointed out a few technical issues with the
website, picked up on misspellings but overall had very few comments regarding
the content of the website. We theorize that when they encountered some minor
obstacle in understanding, they looked for the ”fault” within themselves and not
the text itself, but this theory comes solely from personal observation of students.
We do think that any major problem with understanding would be reported by
the students if they encountered it. Unfortunately, the COVID-19 pandemic and
the consequential lockdown has caused a problem in getting further feedback
from the students. Quite understandably, because they had to spend so much
time during lockdown in front of their screens and most likely had more work
due to online teaching, all of them stopped reading the text and in the essen-
tially two years of school lockdown, they finished school and left for universities,
where they were likely very busy with their new studies, so our contact will all of
them stopped. Furthermore, we were unable to find volunteers this school year of
2021/2022 even among the visitors of our relativity workshop, which is described
in Chapter 4. Consequently, we received no student feedback for chapters 4.2 and
4.3, i.e. the longest and most important ones. Nevertheless, due to the revisions
by the two experts and the teacher mentioned above, we feel confident about the
content of those chapters. The website contains an email address for the readers
to send any suggestion regarding the improvement of the content of the technical
solution of the website.

The finished website will be presented at a physics teacher conference at the
end of August 2022 to spread the awareness of its existence among physics teach-
ers. We also plan send an information email to the participants of our online
survey described in Chapter 2 at the start of the following school year. Online
tools such as Google Analytics will be used to monitor the amount of visitors to
the website, to gauge whether it is actually being used.
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4. General Relativity Workshop
for Secondary Students
In addition to the study website described in the previous chapter that is meant
as an extra-curricular source of information for students interested in GR, we
have also prepared a teaching learning sequence, which we call a ”GR workshop”.
Teacher answers to our survey in Chapter 2 showed that a non-trivial fraction of
teachers consider GR to be an interesting topic that could and should be included
in upper secondary education at least as a part of a physics seminar. On the other
hand, there are obvious obstacles to this inclusion, as we saw in Figures 2.16 and
2.17. From the standpoint of this thesis, there is not much we can do with the
most frequently mentioned lack of time other than reflect it in the design process
(see below). Regarding the other obstacles, the ”traditional” viewpoint that GR
is too complicated for secondary schools is actually challenged by the very design
of this workshop as well as most of the research studies mentioned in Chapter
1. The last two main reasons were doubts whether the teachers’ own knowledge
of GR is sufficient enough to teach even the basics of this topic and insufficient
teaching materials. The study website could help mitigate these reasons, as it
can be used also by teachers (or anyone with basic upper secondary knowledge
of mathematics and physics) interested in improving their knowledge of GR and
it can also be an inspiration on how to approach teaching the topic. However,
it is commonly known (and our own experience with teaching secondary physics
confirms this) that teachers are quite busy with their everyday duties, so we can
hardly expect most teachers to study GR on their own and at the same time work
on how to incorporate it in their teaching. We therefore decided to facilitate the
possible inclusion of GR in secondary physics by developing and testing activities
and learning sequences that can be readily used in the classroom.

Even before starting the design process itself, we have set a few guiding prin-
ciples that we wanted the workshop to adhere to:

Depth over breadth: As we mentioned, an obvious conclusion from the
teacher survey in Chapter 2 was that one of the largest obstacles to introducing
topics that are not part of the FEP is a lack of time. Individual open answers
from teachers confirmed that the numbers of physics lessons have been decreas-
ing at schools and teachers have to carefully consider which topics to include
and to what extent. Therefore, our proposed learning sequence can hardly be,
for example, 10 lessons long. We need to be economic with time and focus only
on the most important aspects of GR. After going through the literature search
described in Chapter 1, we considered the most distilled down basic message of
GR to be that Gravity is spacetime curvature. We chose this sentence as the main
theme of our workshop and its understanding to be our primary goal.
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Hands-on and practical, but guided: GR is by its nature a very abstract
and mathematically convoluted theory but just like with the study website, we
wanted to find ways to make it engaging and understandable for students. We
consider the best way to achieve that is, as in all of physics education, to use
practical hands-on activities where possible, to have students, for example, cal-
culate something, generally speaking to let them be part of the process. That is
where the word workshop comes from. On the other hand, there is the already
mentioned issue of time. We considered handing out worksheets and let students
be more in charge of the activities; however, most of what we wished to discuss
with students in this workshop, for example non-Euclidean geometry, turned out
to be usually completely new to them which significantly increases the time they
need to orient themselves in the activities without direct guidance (unlike for
example when learning about the physics of motion, where students can lean on
some prior experience). As we shall see, the final proposed version of the work-
shop is a series of guided activities with some lecturing parts in between to keep
students apprised on what is going on, why we are doing what we are doing as
well as some interesting facts to enliven the workshop.

Flexibility: It follows from the previously said that the situation of every
physics teacher regarding teaching of relativity at their school can be different.
Some might organize the workshop as a one-time afternoon event (which is a
model that worked best for us), some might have the option to spend a few
physics lessons on GR following the topic of SR, or even without it just because
students expressed interest in GR. We felt the need to reflect this possible in-
tricacy by making the workshop design flexible. Instead of a rigid structure,
it is comprised of a series of activities and smaller discussions held together by
the overarching scheme. Not all of the proposed activities have to be included
(although some are essential and should not be omitted). Most notably, in the
largest section on curvature and non-Euclidean geometry, there are purposefully
various activities showing essentially the same ideas. If possible, we try to include
all of them, because multiple representation of the same situation are beneficial
to learning, especially in groups (Ainsworth 2006), but if there are tighter time
constrains, some of the activities can be left out or suggested to students to be
tried at home. A similar argument can be said for the part about gravitational
time dilation, where the discussion about the Hafele-Keating experiment can be
cut short if necessary. The following calculation regarding satellite navigation can
also be approached in different ways. Either students look for necessary values
themselves or we supply them, students can do all of the necessary calculations or
just the main one, etc. To give concrete examples, we have done the workshop in
a narrowed-down version for other physics teachers in 90 minutes (which admit-
tedly limits especially the hands-on component) and we also once spent 3.5 hours
(small breaks included) with it. In our opinion, the ideal time lies somewhere
between at 3-4 standard 45-minute lessons time.

No prior knowledge of SR required: We did not originally have this
guideline in mind, but it was added soon after the first trial and it became equally
important in the workshop design as the previous ones. GR is commonly taught
after SR. As we have seen in the book analysis in Chapter 3, practically all the
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books include at least some basic review of SR that is necessary for the later GR
discussion and we have done the same in the previously described study website.
After all, the concept of spacetime, that appears in our Gravity is spacetime cur-
vature theme, is naturally build-up in SR. However, such a prerequisite severely
limits the possible audience of the workshop. As we discussed in Chapter 2, if
SR is taught in upper secondary physics, it is usually taught in the last year or
in a physics seminar. Moreover, with the recent cutback in the number of regular
physics lessons at the gymnasium where the author of this work taught at the
time and the consequential moving of some topics from the regular lessons to
the physics seminar, we were hard-pressed to find the necessary extra time to
implement the workshop. We therefore decided to make the workshop a one-time
afternoon event offered for those students interested in GR and in this form the
workshop has been implemented ever since (although as we have mentioned, it can
be easily reproduced as a short series of traditional lessons). Then the problem of
previous SR knowledge arose. We knew we did not want to spend additional time
of the workshop on basics of SR. On the other hand, relying on prior knowledge of
SR from the audience would mean that the workshop would be suitable only for
the fourth-year students, severely limiting the number of possible attendees. We
therefore decided to challenge the notion that GR cannot be discussed without
prior knowledge of SR and open the seminar to all upper secondary students1. As
we will see in the description of the workshop structure, we try to motivate the
necessity of the notion of spacetime for relativistic description of gravity in a dif-
ferent way. Lastly, we should note that this does not mean SR references cannot
be part of the workshop. If the students have gone through basic introduction of
SR beforehand, they would surely benefit from tying these two theories together.
In our proposed version of the workshop, SR is just not required, and it is up
to the teacher to amend the structure according to the particular situation that
applies to them and their students.

When developing the workshop, we chose the design research approach
(Bakker 2018) where an educational design is tested and improved using mul-
tiple cycles. The first try took place in June 2016 and since then the seminar has
taken place every year (with the exception of the 2019/2020 and 2020/2021 school
years due to the Covid-19 lockdown) altogether 6 times at four different gymna-
siums, usually with students attending the physics seminar (typically third- and
fourth-year students of upper secondary, so between 17 and 19 years old) joined
by other volunteers of mixed age. Each group consisted of approximately 15 to 20
participants. A shortened version was also tried altogether 3 times with physics
teachers at two different physics teacher conferences. Once with a large group of

1Actually, over the years we had also a few lower secondary students in attendance (an 8-
year gymnasium covers both lower and upper secondary education). They seemed to do well
during the workshop and their feedback, that we gather at the end of the workshop, was mostly
positive. Yet, they admitted that some of the discussed concepts, such as gravitational time
dilation, was too abstract for them. We can hardly blame them for that, when some of these
concepts can be too abstract even for some adults. We still present the workshop as suggested
for upper secondary students, but all interested students are welcome. Nevertheless, their
attendance and mostly positive reception of the workshop seems to indicate some agreement
with the already mentioned studies on the possibility of teaching Einsteinian physics to younger
students (Kaur et al. 2020).
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about 30 teachers at the ”Elix́ır do škol” 2019 conference, the other two times
with smaller groups of 6-8 participants at the ”Heureka Workshops” 2019 confer-
ence. Initially, the design would be improved after every instance based on the
overall course of the workshop, participant reactions and most importantly their
feedback, that was taken after each workshop. We will discuss the feedback in
detail at the end of this chapter because it relates to the content of the workshop.
The last two instances, however, were practically identical due to positive feed-
back from participants, which resulted in our confidence in the current workshop
design.

The workshop design has been already published as a series of four Czech
articles in a semi-popular Czechoslovakian Magazine for Physics (Ryston 2020a,
Ryston 2020b, Ryston 2020c and Ryston 2020d) and in a shortened English ver-
sion as a chapter in an already mentioned international publication Teaching
Einsteinian Physics in Schools: An Essential Guide for Teachers in Training and
Practice (Ryston 2021). It will also be featured as part of the study website
described in Chapter 3, so that all the resources are at one place. As we have
already mentioned, the website (and consequently the offered workshop design)
will be presented at a physics teacher conference in August 2022.

4.1 Workshop design
At the start of each workshop, we present our goal to be understanding the
sentence Gravity is spacetime curvature. That basically means that we need to
understand the last two words, spacetime and curvature, and also what they mean
together. As we mentioned, spacetime is a concept already developed in SR and if
students are familiar with it, we can use that familiarity and remind them about
some relevant basics of the theory, especially the concept of spacetime (however,
that is not the approach that we take here). The basic scheme of the workshop is
depicted in Figure 4.1. Even with some prior notion of spacetime, we can hardly
imagine such a thing as curved spacetime. We therefore need to start with some-
thing simpler. Taking away the temporal dimension doesn’t help much, because
our brains are not equipped to visualize curved space. Simplifying once more,
we arrive at surface curvature. That is something we can actually work with.
We then start with the first and largest section of the workshop - non-Euclidean
geometry.
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Figure 4.1: Diagram of the overall scheme of the workshop. We start at the top
and continue clockwise through less complicated concepts eventually coming full
circle back to spacetime curvature.

4.1.1 Non-Euclidean geometry
In this part of the workshop, we use hands-on activities to introduce students to
the concepts of surface curvature and especially geodesic. Because non-Euclidean
geometry is almost universally something completely new to the students, we
start with something familiar, a few well-known geometrical theorems valid in
the Euclidean space (this approach as well as some other parts of the workshop
are also used on the study website), namely:

• The shortest connection of two points is a line segment.

• The sum of all internal angles of a triangle is equal to 180◦.

• Two parallel lines never meet nor change their respective distance.

• The relationship between the circumference c of a circle and its radius r is
c = 2πr.

We then proceed to test these theorems on a surface of a sphere. Students
are given balloons (as a cheap, easily transportable and replaceable alternative
to balls or other round objects) and markers. They are then asked to make
two points on the balloon and find their shortest connection. To help them, we
supply also long thin pieces of paper, which can be used as a guide for drawing
the shortest connection. It is easily seen that on a sphere the shortest connection
between two points is a part of a circle. Students are then asked to try out the rest
of the theorems. They create triangles (connecting three points using the shortest
paths) and can easily verify that the sum of internal angles is always larger than
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(a) (b)

Figure 4.2: Simple activities using spherical geometry with strips of paper repre-
senting geodesics.

180◦. We make an observation, in both activities we have been using then thin
paper strips as a sort of ”next best thing” to a line on a flat surface. The reason
is that the paper strips are originally straight but due to their flexibility, they
can be laid on a curved surface but they still go as straight as possible, yielding
only to the curvature of the surface. They represent a geodesic, a generalized
idea of a straight line for curved surfaces. In other words, a geodesic is what
our trajectory on a curved surface would look like if we went forward without
turning right or left (we opt for such a practical definition instead of a technical
one). Geodesics play an important role in GR, so we will encounter them a lot.
To further improve our understanding of geodesics, we can ask the students if
a line of constant latitude on a globe is a geodesic. To help students with this
question, we always bring a large inflatable globe. They can readily verify using
paper strips that lines of latitude are in fact not geodesics. We can also use the
applet introduced in Section 3.2.2 to supplement this practical activity with an
alternative representation.

Moving on, we cannot create parallel lines on a sphere but we can choose
two curved equivalents - geodesics - that initially start parallel from two differ-
ent but not too distant points. For example, two meridians on a globe starting
on the equator are great examples of two geodesics (verifiable using the paper
strips) that go initially in the same direction, for example northward, and keep
approaching each other until they cross at the North Pole. The forth theorem
gives also a different result to what we are used to. Choosing a centrepoint and
a given length, we can draw a circle made of points on a sphere using the strips
of paper and directly measure its circumference and radius. We find that 2πr
is actually larger than the measured circumference. Examples of these activities
with spherical geometry are shown in Figure 4.2.

All these results suggest that the geometry of a sphere is somehow different
from the geometry in a plane that we are used to. For completion, we present
another type of surface, a hyperbolic paraboloid also known as a saddle surface
(Figure 4.3), called for its similarity to a horse saddle. It is very unlikely that
a teacher would have access to a real saddle nor that most students have direct
experience with it; therefore, we must find another way to create the surface. A
very practical option is 3D-printing. If we have the option, we can print multiple
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versions for the students to work with. Alternatively, a close enough version can
be made using cardboard cut-outs (Figure 4.3(c-d)). Templates for the cut-outs
as well as all the used 3D-models for printing are available at (Ryston 2022b).
With enough saddle surfaces for students to work at least in groups,they can again
try the geometrical theorems above. This time it is a bit more complicated, espe-
cially creating a circle, but it is possible to verify that all four situations give again
different results. The shortest path between two points is not part of a circle but
either a parabola or a hyperbola. The sum of internal angles in a triangle is less
than 180◦. Initially parallel geodesics diverge and the circumference of any circle
is larger than 2π times the corresponding radius. In some sense, this geometry is
somehow opposite to the spherical one. A sphere is an example of a positive cur-
vature or positively curved surface, whereas the saddle shape is a typical example
of negative curvature or negatively curved surface. The nomenclature comes from
differential geometry and is related to the concept of Gaussian curvature, but we
don’t spend time discussing it because it is a complicated mathematical quantity
that we do not need to know. We can, however, at least mention that curvature
can be calculated for every point of the surface, it can therefore change through-
out the surface (it is well-known that a sphere has constant curvature, on the
other hand the curvature of the saddle shape is obviously not the same every-
where) and can be a positive or a negative number (with flat surface having zero
curvature). If time permits, we can try other surfaces with positive curvature, for
example an ellipsoid or a paraboloid - both exhibit the same kind of geometric
properties as the sphere. A rotational hyperboloid (most known as the cooling
towers seen in nuclear power plants) is another exemplar of a negatively curved
surface. All of these can be again 3D-printed or approximated using cardboard
cut-outs (Figure 4.3 (e-f)). There are also surfaces that have both types of cur-
vature in different places. Two easiest examples are a torus or a banana (which
essentially resembles a distorted section of a torus). Note: Both the geometry of
a sphere and of a saddle shape can be further showcased using the corresponding
applets from the study website (see Section 3.2.2 of this work).

Before we move on to another activity to help us get more acquainted with
positive and negative curvature, we ask the students: ”What does it mean when
something is curved?” The most common answer is along the lines of ”something
is curved if it is not flat”, which is an understandable viewpoint coming from our
everyday life. However, by asking this question, we wish to draw their attention
to the difference between intrinsic curvature and extrinsic curvature. A perfect
surface to show the difference is a cylindrical surface (the importance of this
distinction when learning about curvature is argued, for example, in Junius 2008).
”Is it curved?”, we ask the students. Well, from the standpoint of the previous
answer - yes, it is not flat; therefore it is curved. However, we can easily show that
on this surface, geometry behaves very similarly to a flat plane. Draw a triangle
on a flat piece of paper, the sum of its internal angles is guaranteed to be 180◦.
Now bend the paper to form a cylindrical surface. The paper is not damaged or
crumpled in any way, so the internal angles of the triangle surely remain the same
and so does their sum. Draw two parallel lines on the flat paper and bend it again.
Even though the lines are not straight anymore, they keep their ”parallelness”,
their distance never changes (see example in Figure 4.4). The same goes with the
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(a) (b)

(c) (d)

(e) (f)

Figure 4.3: The saddle surface can be 3D-printed (a-b) or approximated using
cardboard cut-outs (c-d). The same goes for other common geometric shapes
(e-f).
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circumference of a circle. The cylindrical surface is curved from the outside point
of view, we see it curved because we perceive it as embedded in 3D space, i.e. it
has extrinsic curvature. However, ”inside” the surface, geometry is still the same
as on a flat piece of paper. It has zero intrinsic curvature. And for our purposes
of exploring basics of GR, we care only about the intrinsic curvature. The reason
being that we wish to eventually investigate the curvature of spacetime but we
cannot look at it from some hypothetical higher dimension just as we look at the
two-dimensional cylindrical surface from a third dimension.

Consequently, we have just stumbled upon a useful practical test to see
whether some surface has non-zero intrinsic curvature. If it can be wrapped
in a piece of paper without the paper tearing or crumbling, it has zero intrinsic
curvature just like the sheet of paper. Students can easily try wrapping a sheet
of paper around their balloons, it is guaranteed that they will not succeed. This
is also the reason why cartographers have such difficulty accurately representing
the surface of our planet on a flat map and have to resort to various kinds of
distortions.

Figure 4.4: Two ”parallel” curves on a cylindrical surface.

We include another activity to showcase the main difference between positive
and negative curvature and how it relates to flat surface. It comes from (Hen-
derson and Taimina 2004). We give students prepared copies of a hexagonal net
and ask them to cut it out along the dashed lines (Figure 4.5 (a), to safe time
we could have the copies cut beforehand). The template as well as all the other
used in this workshop can be found at the workshop section of the study website
(Ryston 2022b). In a flat state, six hexagons fit perfectly to form a ”flower” (im-
age (b) shows the net of four such flowers interconnected). To introduce positive
curvature, we need to remove one of the hexagons from each flower. We could
tape or glue two adjacent hexagons over each other, but we added half cuts that
allow us to easily slot them in one another. Very quickly, the whole net starts
to resemble a sphere, more specifically a football (c). It therefore truly exhibits
positive curvature and to make it happen, we had to ”remove some material”
from a flat surface. We can also try the opposite, adding a seventh hexagon
into the flowers. To do that, we have additional triplets of hexagons, the two on
the sides having again slots for easier insertion. The result resembles the saddle
shape quite nicely (d). The resemblance would be even better if we used smaller
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(a) (b)

(c) (d)

Figure 4.5: Comparison of positive and negative geometry using a net of hexagons.
Image (a) shows the full copy that we give students with added guiding striped
sections for easier slotting of hexagons. The following photos show the flat (b),
positively curved (c) and negatively curved (d) states.

hexagons.

4.1.2 Gravity as curvature
We move on to the next section of the workshop, the geometrical outlook on
gravity. We use a simple activity with a cone found, for example, in (Epstein
1985). We have prepared another copy for students to cut and use, this time
of a cone template (Figure 4.6 (a)). We ask the students to draw a straight
line across the flat cone section going close to the middle point but not through
it. The straight line represents a trajectory of a freely moving body in empty
space (represented by the two-dimensional surface) without the presence of a
gravitational field. We then imagine a gravitating body in the middle of the flat
region (a star for example). According to GR, the space around the gravitating
body is curved.2 Even though GR describes gravity as curvature of spacetime
and therefore sole curvature of space is not strictly speaking physically correct,
we don’t talk about spacetime yet. To help students understand better, we have
split the problem of spacetime curvature into two parts, first curvature of space,

2Ideally, this idea should not come out of nothing. In the study text we try to motivate
it with a discussion following the principle of equivalence. In the workshop, however, we do
not talk about the principle of equivalence because that would probably double its length. We
therefore have to take this information as purely descriptive. In a sense, we are saying: ”That’s
how it is done in GR, let’s understand what it means. Why it is done so is a story for another
time.”
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then ”curvature” of time and then finally we combine them. As we are forming
the cone, we see the straight trajectory curving around the middle similarly to
an object influenced by gravity.

The idea of a curved space is very difficult to imagine for anyone, and it
might give students trouble. We can do two things to help. Firstly, it helps not
to try to imagine what a curved space looks like. Instead, focus on the differences
between flat and curved surfaces we saw earlier and try to extrapolate a similar
relationship between a flat Euclidean space and a curved one. Secondly, we know
that, for example, the motion of planets around the Sun is planar. Therefore,
it is physically relevant to focus indeed on a motion in one plane instead of the
whole space. In any case, it is important to stress out that the trajectory we have
originally drawn is still in the original plane of motion. The forming of the cone,
the drawing of the shape into the third dimension, is purely for the purposes of
visualization. Therefore, we should look at the curved trajectory from the top
of the cone as seen in Figure 4.6 (b). This very simple visualization is in our
experience the most effective in terms of student engagement (judging by their
reactions and comments).

We should confess to the students that our previous comments are a bit mis-
leading and perhaps some of the more perceptive of students might pick up on it.
How can the cone surface be curved when we can actually lay a sheet of paper
directly on it? Or, better yet, when it is made from a sheet of paper where most
of the paper is completely intact? The truth is that, indeed, the cone surface
has zero curvature with one very important exception, the singular point in the
middle. There, the curvature is actually infinite because of the sharp edge. Con-
sequently, if we focused on any region excluding the middle point, geometry is
flat just like on a sheet of paper. We can, for example, send two initially parallel
trajectories using our makeshift geodesics and if both travel to the same side of
the middle, their distance remains the same (Figure 4.6 (c) shows this demonstra-
tion using the supplementary applet for better visibility). Only if each trajectory
travels on one side, do we get the same behaviour of crossing lines as on a surface
with positive curvature. It is the singular point in the middle that causes this
illusion of curvature.

Finally, we can relate this activity to the previous section by transforming
the cone into a seemingly negatively curved surface. Just like with the hexagons,
we ”removed material” to create, in this case an illusion of, positive curvature.
Therefore, we can also try ”adding material” by gluing the second part of the
copy to the cone section. By doing so, we are forcing the paper to bulge in a way
that reminds us of the saddle shape (Figure 4.6 (d)). The only exception is again
the middle point. If time permits, students can verify that the geometry of the
surface is still flat unless we include the middle point.

The previous demonstration is interesting, but some students might be dis-
appointed by its simplicity. Another shape that we introduce is the Flamm’s
paraboloid. At the study website, we show in detail how the shape of the surface
is derived to be an embedding diagram for the equatorial plane of Schwarzschild
spacetime, but here we do not have the time nor mathematical means to do
so. Instead, we introduce it as a surface whose curvature comes directly from
relativistic equations and then the following is very similar to the previous ge-
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(a) (b)

(c) (d)

Figure 4.6: Geometrical activities with a cone. Students are given a simple tem-
plate (a) and show that by introducing ”curvature”, the originally straight line
is curved (b) much like in the presence of gravity. (c) shows the supplementary
applet with two ”parallel” particle trajectories. We can similarly made something
resembling the saddle shape by adding more of the cone surface using the other
part of the template (d).
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ometrical activities. We again 3D-printed sufficient number of the paraboloids
so that students can work with them and use their new knowledge to determine
the sign of the Flamm’s paraboloid curvature as well as observe how the curva-
ture influences trajectories (Figure 4.7). It is again important to remind that we
should look at the curved trajectories from the top because, just like in the cone,
the third dimension is added purely for the purposes of visualization. Again, we
use the corresponding applet mentioned in Section 3.2.2 to visually supplement
this activity.

Figure 4.7: A geodesic represented by a thin piece of paper on the surface of a
Flamm’s paraboloid.

4.1.3 Gravitational time dilation
Now comes an essential moment in our workshop scheme. We have just discussed
how the geodesic motion on curved surfaces (and by extension in curved space)
resembles the trajectories of bodies in a gravitational field. However, this resem-
blance can be disrupted using a specific simple example. What if a body is let go
from rest? Using the Flamm’s paraboloid model, it is like putting a small marble
on it. In reality, the marble would of course fall off but that is because it is acted
upon by real gravity and that is not something we want here. We are trying to
model gravity using the curvature of the surface itself. Neglecting this real grav-
itational influence, the marble stays where it is let go. There is no reason for it
to start moving. This is a problem because our reasoning with spatial curvature
cannot explain the simplest motion under gravity - the free fall.

We can present this conundrum to the students or sometimes, they come
up with this objection themselves. In either case, the answer to it is that our
description of gravity is not complete. Remember that our theme says that gravity
is the curvature of spacetime, not just space itself. Before we get to the curvature
of spacetime, however, we will talk about its second part, the ”curvature” of time.
This is quite a perplexing name, though (and we admit we use it specifically to
peak the students’ interest). How can time be curved? It is therefore better to
explain right away. What we mean by that is that in the presence of gravity time
does not behave the same way everywhere. This effect is called gravitational time
dilation.

Instead of having a lengthy theoretical treatment, we dive right in by present-
ing the Hafele-Keating experiment and its results, which showed time discrepancy
between originally synchronized atomic clocks, where one clock was left at the
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ground and the other, in fact several clocks, were flown in an airplane around
the globe. We will not go into detail here, because the experiment is described
in detail on the study website. We will note, however, that this section and
the following calculation are the only situations where we cannot hide from the
existence of SR. Planes in the experiment fly, that is they move relative to the
ground, and so there is not just the gravitational time dilation where time flows
more quickly in a weaker gravitational field (i.e. in higher altitude) but also the
kinematic time dilation known from SR caused by the relative motion. We freely
admit this to students. Either they have already gone through the basis of SR
and this comes as no surprise to them or they didn’t and we just have to ac-
knowledge the existence of this SR effect. It doesn’t really change the course of
the workshop and, in our experience, some students stated that after hearing this
they are looking forward to learning about SR in their physics seminar.

To make this section more engaging, we propose a calculation regarding this
time dilation effect. We briefly discuss the basic principles of satellite navigation
systems and how precise time measurement is crucial for their correct operation.
That produces a problem because according to the Hafele-Keating experiment,
time should flow differently for the satellites in the orbit than it does for us on
the surface. We verify this with a calculation. To do so, we need a formula to
compare the increments of time for the satellite and for us. For this calculation
we chose a satellite from the Galileo system, because it is European and its
headquarters are in Prague (we thought it might be an interesting discovery for
some students). To simplify the situation, we assume that we are standing on the
equator, rotating with Earth with velocity vE⃗ and the satellite is orbiting on a
circular orbit with velocity vG⃗. We then show and explain the following formula
that can be derived from the Schwarzschild metric, thought we do not explicitly
talk about this metric (or any other, for that matter) during the workshop:

dτE

dτG
=

√︃
1 − rS

rE
− v2

E
c2√︃

1 − rS
rG

− v2
G

c2

, (4.1)

where dτE and dτG are the time increments for us on Earth and the satellite
respectively, rS is the Schwarzschild radius (this parameter equal to 2GM/c2,
where G is the Newton’s gravitational constant, M is the mass of the central
gravitation body - in this case the Earth - and c is the speed of light, is discussed
before this calculation), rE is the radius of Earth and rG is the radius of the
satellite orbit. The derivation of this formula can be found in (Taylor and Wheeler
2000) or our study website, including a discussion on further approximations made
here when we are using a non-rotating spacetime metric for rotating Earth. If it
is the case that our listeners are familiar with basics of SR, they might recognize
the terms v2/c2 in the formula. It in fact nicely visually connects gravitational
and kinematic time dilation showing not only that, from the experimental point
of view, there is only one time dilation caused by two different phenomena, but
also that GR contains SR, it is truly the generalization of its predecessor.

All the parameters in formula 4.1 can be easily found online. In case of the
speeds, we can actually go one step further and recall with students the formula
for the speed of a circular motion from mechanics, which can be used for both
motions to calculate the speed from known periods and radii. Depending on avail-
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able time, this calculation can be done in many different ways in terms of student
participation. Again, the full calculation can be found at the study website. Our
final result is, that due to the discrepancy in time measurement on the surface
and at the satellite, in one day the error in determining the distance between
us and the satellite (which is used to calculate our position) is 12 km. That is
why all the navigation systems have to implement relativistic corrections in their
calculations and without our understanding of time dilation these systems would
not work correctly.

4.1.4 Curvature of spacetime
We can finally combine what we have learned to arrive at our goal. We will take
the example of a stone which is located at rest at some height above ground.
As a thought experiment, we imagine that the gravity is switched off, so that
the stone hangs in the air. We ask the students to draw a graph of the stone’s
height-time dependance. They will most likely have no problem with this task,
as the graph is a simple constant function (Figure 4.8 (a)). We then inform
them that they have just drawn a spacetime diagram, which is typically a graph
used in relativity with one spatial and one temporal dimension. The diagrams
are used to represent spacetime, the unification of time and space, in simplified
situations where only one spatial dimension is relevant to make the graph just two-
dimensional. As we are interested only in the stone’s height, that is our case as
well. Usually, the temporal dimension is in these diagrams oriented vertically and
in our graph it is, as is normal for a dependence on time, horizontal, but that does
not change anything. We introduce the concept of a worldline, a trajectory of an
object through spacetime, which we have already drawn as the line of the graph.
Because we drew the diagram most likely on a piece of paper, it represents a flat
spacetime, without curvature. According to the original theme of the workshop,
to get gravity we need to curve this spacetime. To do so, we will redraw the
diagram on the surface of the balloons that we still have from the beginning (a
similar activity is mentioned, for example, in Farmer 2021). The perpendicular
axes of the diagram can be created using the thin pieces of paper as guidelines.
Finally, we mark the initial point (actually an event) of the stone starting to
free-fall. Now comes the main idea. We have already seen a few instances when
an imagined free object (i.e. influenced by nothing but gravity) was moving on
a curved surface (a 2D situation) or through curved space (a 3D situation) and
its trajectory was a geodesic. But we were missing the time component, actually
the time dimension. Therefore, to truly get the right influence of gravity on the
object, we must go one (this time temporal) dimension even higher and find its
geodesic movement through spacetime. We take the thin piece of paper that
represents the geodesic and use it to find the stone’s trajectory through curved
spacetime represented by the balloon surface. What we get is that due to the
curvature of the balloon, the worldline of the stone approaches the axis on the
diagram that corresponds to the ground (Figure 4.8 (b)). The stone starts moving
downwards - it falls. This activity is, of course, just a simplified model; however,
it visualizes the main idea of GR. The stone is not pulled by a force, it moves
because its worldline is not going purely in the temporal direction. Due to the
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(a) (b)

Figure 4.8: Final geometrical activity. Image (a) shows the spacetime diagram
representing a stone stationary in a flat spacetime. To visualize the effects of
spacetime curvature (gravity), we redraw the diagram on a balloon surface and
find the worldline of the stone as a geodesic in that spacetime. As a result, we
see that the stone starts falling towards the ground.

curvature of spacetime, it curves also into the spatial direction, thus moving the
stone. Gravity is the curvature of spacetime.

That is the final moment of the workshop. As we said at the beginning, our
goal was to try to understand a single sentence and we spend quite some time on
it, trying our best to get the students involved in the process as much as possible.

4.1.5 Student feedback
As we mentioned at the beginning of this section, after every instance of the work-
shop, student feedback was gathered using a simple quick written questionnaire.
We purposely made it very brief in order not to overload the students who have
just gone through an intensive and lengthy cognitive exercise (remember all the
installments of the workshop we did were as a single event). The questionnaire
consisted of two parts. The first part contained three questions with possible
answers as a four-point Likert scale (4 – Definitely not. 3 – Probably not. 2 –
Probably yes. 1 – Definitely yes.). These questions served as a quick tool for
overall assessment of the seminar. The questions together with gained average
answers over all seminars are:

• Do you think that after the seminar you know more about General Rela-
tivity than before? (average answer 1.12)

• Do you think that after the seminar you know more about the basic ideas
of General Relativity than before? (1.30)

• Would you like General Relativity to be taught at upper secondary school
even though there is a lack of time for introducing new topics? (1.63)

We include only the averaged values because we did not observe any signifi-
cant changes in the averages for separate workshops. We need to bear in mind
that these answers came from students who voluntarily attended the workshop;
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therefore, they were most likely interested in the subject more than an average
student. The design of the workshop was mostly influenced by the second part of
the questionnaire with two open questions asking the student to write something
they found positive about the workshop (well-made points, interesting activities
etc.) as well as something negative (something missing, badly explained parts,
boring parts, etc.).

Starting with the positives, students wrote many different aspects of the work-
shop. Namely 3D-printed models, curvature on the globe, visualizing curvature,
making paper models, differences between Euclidean and non-Euclidean geome-
tries, using formulas, applets, and so on. Basically, almost every aspect of the
workshop was found positive by someone. More importantly, different students
praised different representations of the same activities (3D-printed surfaces vs.
paper models vs. applets), adding validity to the already mentioned claim by
(Ainsworth 2006) that using different representations of the same problem is
beneficial in learning. In this case, different people respond positively to dif-
ferent representations because of the variety in their learning styles and overall
preferences.

Concerning the negative comments, we have already mentioned that the
largest change to the design of the workshop came after the first try. Originally,
we included references to SR and somewhat relied on the students previously at
least hearing something about it. While that might be true in some cases, the
most common negative comment was that the particular student did not know
anything about SR yet and he/she was lost when we referenced it. This led to the
important decision to omit the SR reliance completely (with the little exception
during the satellite calculation but we thought that discussing a real, if somewhat
simplified, situation would be more engaging to the students then engineering a
different scenario where the kinematic time dilation is not present). Besides that,
other comments were quite minor and did not lead to any major change in the
design. We do not count here singular negative comments that ran counter to
the positive ones. For example, we had a negative comment from probably a
mathematically oriented student who complained that we spent too much time
with models and not enough time actually calculating. This again shows that
everyone is different and it is impossible to suit everyone’s needs perfectly. Most
students appreciate the models and hands-on activities in their responses, so we
are confident this workshop could be implemented by other teachers to the ben-
efit of their students and their interest in physics.
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Conclusion
We believe the main goals of this work were achieved. Based on research of
available sources on relativity suitable for secondary students and curricular doc-
uments related to teaching physics in secondary schools as well as a survey among
gymnasium physics teachers regarding the current state of teaching relativity at
their schools, we identified two possible ways of developing students’ understand-
ing of relativity. However, due to a found prevalent lack of sources on GR, we
decided to focus primarily on the general theory.

As a result, a study website for students interested in general relativity was
created as well as a GR workshop that can be implemented by physics teachers
either all at once or as a series of 3-4 lessons. The created materials are grounded
in existing literature and informed by the teaching experience of both the author
of this work and other more renown science educators. The design of the mate-
rials was tested and continually improved over the course of several years. The
important step is now spreading the knowledge of their existence among physics
teachers. This will be primarily done via physics teacher conferences, but other
means will be looked for as well.

The extent of the materials is most likely not final. Both the website and the
workshop could be easily enlarged, and there are already plans to include particu-
lar topics. In case of the website, we have already mentioned gravitational waves
or cosmology (both classic GR chapters related to contemporary scientific find-
ings). Translating the website into English will certainly enable its use worldwide.
Our research into the projects aimed at GR education for primary and secondary
schools in other countries detailed in Chapter 1 (including the Norwegian Rele-
Quant project to which we had the pleasure to contribute an animation), show
the majority of them focus on simple conceptual understanding without any of
the more technical details (which is an approach for which we argue in Chapter
3). We therefore think that translating our website into English could be useful
for English-speaking upper secondary students worldwide. And not just students,
physics teachers or indeed anyone with a little experience with upper secondary
mathematics and physics, who is interested in a more detailed treatment of GR
than a typical popular physics book but at the same time reluctant or unable to
use university textbooks might benefit from using this website.

However, we would first like to see if the materials will be indeed used by
teachers and students, for example, by monitoring user access to the website.
Another possible extension of the website would be the inclusion of chapters for
undergraduate students, especially in connection with a recently created electable
seminar General Relativity for Teachers offered to future physics teachers at the
Department of Physics Education and lead by the author of this work.

We have already mentioned a successful project created and maintained by the
Department of Physics Education - the Collection of Solved Problems in Physics -
which is used worldwide by students and teachers. Currently, there are no solved
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problems related to relativity, be it SR or GR. Creating a selection of such solved
problems and linking them with the prepared study website would surely be an
additional benefit to students of relativity.

To conclude the conclusion, this thesis might be at its end but the work on
finding better ways to help students learn about relativity never is.
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[Bartuška 2010] Bartuška, K.: Fyzika pro gymnázia: Speciálńı teorie relativ-
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relativity, Charles University, Faculty of Mathematics and Physics, Master’s
Thesis, 2014

[Ryston 2019a] Ryston, M.: Embedding Diagrams - a Hands-on Activity for
Understanding Spatial Curvature. In: Journal of physics. Conference series
1287 (2019), Nr. 1. – ISSN 1742-6588

[Ryston 2019b] Ryston, M.: Interactive animations as a tool in teaching
general relativity to upper secondary school students. In: Journal of Physics:
Conference Series 1286 (2019)
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A. Attachments

A.1 Number of Weekly Physics Lessons of 40
Randomly Selected Gymnasiums

Below is the list of randomly selected gymnasiums and the amounts of weekly
physics lessons throughout the upper secondary study program according to their
School Education Programme. The selection of schools is described in more detail
in subsection 2.2.

Gymnasium Lessons Gymnasium Lessons
Botičská, Praha 8 Jiráskovo, Náchod 8
Česká Třebová 8 Tanvald 10
Slovanské, Olomouc 10 Frýdlant 9
Opatov, Praha 8 Šumperk 9
Jeseńık 7 Mariánské Lázně 7.5
Ṕısek 7 B. Hrabala, Nymburk 6
Frenštát pod Radhoštěm 10 Prachatice 7.5
Hladnov 8 Děč́ın 8
Vysoké Mýto 7 Rokycany 8.5
Voděradská, Praha 6 J. Barranda, Beroun 8
Omská, Praha 7 Česká, České Budějovice 8.5
Postupická, Praha 8 Jihlava 7.5
Olomouc - Hejč́ın 11 Stř́ıbro 8.5
Arcibiskupské, Praha 6 Doctrina, Liberec 8
Křenová, Brno 8 F. Palackého, Val. Mezǐŕıč́ı 9
Polička 8 Jǐŕıho Ortena, Kutná hora 6
Mikulášské, Plzeň 10 Masarykovo, Plzeň 9
Karĺınské, Praha 7 Uničov 8
Svitavy 9 J. Vrchlického, Klatovy 9.5
Kodaňská, Praha 7 Úst́ı nad Orlićı 8.3
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A.2 Questionnaire for Physics Teachers
Logic jumps were used in the questionnaire to assure that only questions rele-
vant to a particular respondent based on their previous answers were displayed.
Following figures demonstrate these logic jumps (images were generated directly
by the questionnaire-providing website Typeform.com). The displayed questions
and response options have been shortened for an easier visualization. The full
list of questions with all possible answers in case of closed questions follows after
the images.

Figure A.1: Logic jumps for group 2 of the survey questions.

Figure A.2: Logic jumps for group 4 of the survey questions.
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Figure A.3: Logic jumps for the first part of group 4 of the survey questions.

Figure A.4: Logic jumps for the second part of group 4 of the survey questions.
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Questionnaire for physics teachers – theory of relativity 

The purpose of this questionnaire is to map the teaching of theory of relativity at generally oriented Czech upper 
secondary schools. Even though you might not teach relativity directly or you have never taught it, your opinion and 
personal experience are valuable to us. By submitting your answer, you are helping to create a better idea about 
relativistic physics teaching in our country. The questionnaire takes about 10 minutes to complete. 

 

1) Please state the name of the school where you teach (for example Gymnasium J. K. Tyla, Hradec Králové). 
The name of the schools will help us map the location of respondents around the area of CR, the data 
assessment is completely anonymous in regards to the teacher and the particular school. In case you teach 
at multiple schools eligible for this questionnaire, please fill it out for each school separately. 
 

2) Special Theory of Relativity (SR)1 
 
2A. Do you teach in regular lessons (i.e. not counting seminars and clubs) at least a part of the SR topic? 

a) Yes, SR is a regular part of my teaching. (GO TO 2B) 
b) No, but I used to teach SR before. (GO TO 2D) 
c) No, but I plan to include SR in my teaching. (GO TO 2C) 
d) No, SR is not part of my teaching, neither do I plan to include it. (GO TO 2C) 
e) Both B and C apply for me. (GO TO 2D) 

 
2B. Which of these topics of SR do you talk about with students? (CONTINUES TO 2F) 

a) Michelson-Morley experiment 
b) time dilation 
c) length contraction 
d) relativistic mass/momentum 
e) chosen “paradoxes” 
f) spacetime diagrams 
g) four-vectors 
h) relativistic dynamics (equations of motion) 
i) other 

 
2C.  For what reason do you not teach SR? (EXCEPT f) CONTINUES to 2F) 

a) Not enough time for topics outside of the FEP. 
b) SR is too complex a topic to be taught in regular lesson in upper secondary school. 
c) Not enough quality study materials. 
d) I don’t feel confident in my knowledge of SR to teach it. 
e) I teach only the lower secondary part of gymnasium.  
f) I teach other topics that are outside the FEP. (GO TO 2E) 
g) Other 

 
 

2D. For what reason do you not teach SR anymore? (EXCEPT e) CONTINUES to 2F) 
a) Not enough time for topics outside of the FEP. 
b) SR is too complex a topic to be taught in regular lesson in upper secondary school. 
c) Not enough quality study materials. 
d) I don’t feel confident in my knowledge of SR to teach it. 
e) I teach other topics that are outside the FEP. (GO TO 2E) 
f) Other 

                                                             
1 We used STR (Special Theory of Relativity) instead of SR and similarly GTR instead of GR in the original Czech version because 
those abbreviations, especially the first one, are more common in Czech. 



2E. Which topics outside of the FEP do you include? (open question) (CONTINUES to 2F) 
 

2F. Do you think that the basics of SR should be taught in regular lessons at gymnasium? 
a) Definitely yes. 
b) Probably yes. 
c) Probably not. 
d) Definitely not. 

 
3) General theory of relativity (GR)  

In this section you will be asked about topics connected with GR, such as curvature, spacetime near bodies, 
gravitational time dilation, black holes, gravitational waves, Big Bang, gravitational red shift, etc. 
 
3A. Do you mention in your regular teaching, at least briefly, GR? 

a) Yes, I talk about GR as a standalone topic. (GO TO 3B) 
b) Yes, I occasionally mention GR in connection with another topic. (GO TO 3C) 
c) No, I don’t mention GR. (GO TO 3E) 

 
3B. How much time do you devote to GR? (CONTINUES to 3D) 

a) 10 minutes at most. 
b) 30 minutes at most. 
c) A whole lesson (45 minutes). 
d) 2 lessons at most. 
e) More than 2 lessons. 

 
3C. In connection with what topic do you mention GR? (open question) (CONTINUES to 3F) 

 
3D. Which of these topics of GR do you talk about with students? (CONTINUES to 3F) 

a) spacetime 
b) surface and spatial curvature 
c) gravitation = curvature of spacetime 
d) gravitational time dilation (e.g. GPS) 
e) astronomical consequences of GR (e.g. black holes, perihelion shift, …) 
f) cosmological consequences of GR (e.g. Big Bang, expansion of universe, …) 
g) gravitational waves 
h) other   

 
3E. For what reason do you not mention GR? You can select more than one. (CONTINUES to 3F) 

a) Not enough time for topics outside of the FEP. 
b) GR is too complex a topic to be taught in regular lesson in upper secondary school. 
c) Not enough quality study materials. 
d) I don’t feel confident in my knowledge of GR to teach it. 
e) I teach only the lower secondary part of gymnasium.  
f) Other 

 
3F. Do you think gymnasium students should be introduced to basic ideas of GR in school? 

a) Yes, it is an interesting part of physics. 
b) Yes, but not in regular lessons (i.e. include it in seminars). 
c) Even basics of GR are too complicated and abstract a topic for secondary school, those interested 

can find information on their own. 
d) Other 

 
 
 



4) Physics seminars 
 

4A. Do you think the basics of SR should be taught as part of a physics seminar? 
a) Definitely yes. 
b) Probably yes. 
c) Probably not. 
d) Definitely not. 
e) No, because it should be part of regular lessons. 

 
4B. Do you think the basics of GR should be taught as part of a physics seminar? 

a) Definitely yes. 
b) Probably yes. 
c) Probably not. 
d) Definitely not. 
e) No, because it should be part of regular lessons. 

 
4C. Do you teach a broadening (i.e. not strictly revision based) physics seminar at upper secondary school? 

a) Yes, I do. 
b) No, but I used to. 
c) No, and I have never taught it before. (GO TO 5A) 

 
4D. Do you teach at least part of SR at the seminar? (If you have answered that you no longer teach a seminar in 

the last question, please assume that the following questions are about your past teaching of the seminar). 
a) Yes, I normally include SR among the seminar topics. 
b) No, but I used to teach SR. (GO TO 4F) 
c) No, but I plan to add SR into my teaching. (GO TO 4F) 
d) No, SR is not part of my teaching and I do not plan to add it. (GO TO 4F) 

 
4E. Which subtopics of SR do you talk about with students? (CONTINUES TO 4H) 

a) Michelson-Morley experiment 
b) time dilation 
c) length contraction 
d) relativistic mass/momentum 
e) chosen “paradoxes” 
f) spacetime diagrams 
g) four-vectors 
h) relativistic dynamics (equations of motion) 
i) other 

 
4F. For what reason do you not teach SR at your seminar? You can select more than one. (EXCEPT f) CONTINUES 

TO 4H) 
a) Students are not interested / more interested in other topics. 
b) SR is too complex a topic to be taught at a upper secondary school seminar. 
c) Not enough quality study materials. 
d) I don’t feel confident in my knowledge of SR to teach it. 
e) I teach SR in regular lessons. 
f) I prefer including other interesting topics. (GO TO 4G) 
g) Other 

 
4G.  What topic (or topics) do you include instead of SR? (open question) 

 
 
 



4H. Do you mention, at least briefly, GR at your seminar? 
a) Yes, I talk about GR as a standalone topic. (GO TO 4J) 
b) Yes, I occasionally mention GR in connection with another topic. (GO TO 4I) 
c) No, I don’t mention GR. (GO TO 4K) 

 
4I. In connection with what topic do you mention GR? (open question) (CONTINUES TO 5A) 

 
4J. Which subtopics of GR do you talk about with students? (CONTINUES TO 5A) 

a) Spacetime 
b) surface and spatial curvature 
c)  gravitation = curvature of spacetime 
d) gravitational dime dilation (e.g. GPS) 
e) astronomical consequences of GR (e.g. black holes, perihelion shift, …) 
f) cosmological consequences of GR (e.g. Big Bang, expansion of universe, …) 
g) gravitational waves 
h) other   

 
4K. For what reason do you not teach GR at your seminar? You can select more than one. (CONTINUES TO 5A) 

a) Students are not interested / more interested in other topics. 
b) GR is too complex a topic to be taught at an upper secondary school seminar. 
c) Not enough quality study materials. 
d) I don’t feel confident in my knowledge of GR to teach it. 
e) Other 

 
5) Below please select how often and in what way do you yourself refer students to interesting physics topics 

outside of regular teaching. 
 

5A. Popular physics books: 
a) Fairly regularly (e.g. a few times per month). 
b) Sometimes (not more than once a month). 
c) Rarely (at most a few times per school year). 
d) Never. 

 
5B. Television and radio shows: 

a) Fairly regularly (e.g. a few times per month). 
b) Sometimes (not more than once a month). 
c) Rarely (at most a few times per school year). 
d) Never. 

 
5C. Internet videos (Youtube, etc.): 

a) Fairly regularly (e.g. a few times per month). 
b) Sometimes (not more than once a month). 
c) Rarely (at most a few times per school year). 
d) Never. 

 
5D. Internet websites: 

a) Fairly regularly (e.g. a few times per month). 
b) Sometimes (not more than once a month). 
c) Rarely (at most a few times per school year). 
d) Never. 

 
 
 



5E. Physics-themed events: 
a) Fairly regularly (e.g. a few times per month). 
b) Sometimes (not more than once a month). 
c) Rarely (at most a few times per school year). 
d) Never. 

 
5F. Or perhaps any other, if something not included comes to your mind: (open question) 

 
6) General questions: 

 
6A. Do you get questions from your students regarding physical topics that don’t belong into your regular teaching 

(e.g. relativity, quantum mechanics, etc.)? 
a) Yes, often. 
b) Yes, sometimes. 
c) Rarely. 
d) Practically never. 

 
6B. If you do get such a question outside of the scope of teaching and you don’t immediately know the answer, 

how do you solve that situation? 
a) I refer the student to appropriate literature. 
b) I refer the student to an internet source of information. 
c) I refer the student to a colleague or a specific expert in the field. 
d) I look for necessary information myself and the go over the topic with the student. 
e) Other 

 
6C.  How often do you use internet sources (e.g. images, videos, applets, websites) directly during your teaching? 

a) Fairly often. 
b) Sometimes. 
c) Rarely. 
d) Never. 

 
6D. According to your experience, how many percent of your students are interested in physics enough to engage 

in it (e.g. look for information, read books, do their own physics projects, etc.) outside school in their free 
time? 

a) 0 % 
b) 1-2 % 
c) 3-5 % 
d) 6-10 % 
e) 11-15 % 
f) 16-20 % 
g) 21-25 % 
h) Over 25 % 

 
6E. Please state the length of your teaching practice rounded to whole years: (open question) 

 
6F. This space is devoted to you. If you want to say anything regarding the current state of teaching relativity at 

Czech upper secondary schools, or if you have a favourite source of information about relativity, we will be 
happy if you let us now. (open question) 
 

6G. Thank you for answering our questions [etc.]…  
 

 



A.3 Statements of Physics Teachers Regarding
the Role of Relativity in Gymnasiums

The following is an expanded list of answers that some respondents gave in the
survey when presented with the opportunity to express their opinion regarding
teaching of relativity. The answers were originally in Czech and later translated
into English.

Answers included in Chapter 2:

• Usually it is not possible to discuss everything in depth, because SR is in-
cluded as the last topic of teaching in a very packed year. It is discussed in
depth in the physics seminar.

• Personally, I would prefer to reduce some chapters so that there is more
time left for SR (GR), but at the same time I am often not able to skip
the optional chapters of some areas preceding physics. Therefore, we most
often encounter the issues of relativity through students’ questions.

• Due to the number of lessons devoted to physics in compulsory education and
also the interest in physics, I consider the teaching of SR to be unnecessary.
Seminars also offer more useful topics for further study at universities. I
personally teach in a seminar the use of derivatives and integrals in physics.

• I don’t know how it is in other high schools, but we all teach relativity. Most
students are more interested in this topic and enjoy it more than previous
”classic” topics. They also come to a chapter for the first time where it
is clear that they will only look at the edge and that the real depth of the
problem is much greater.

• In my judgment, the material does not belong to a general gymnasium at all.
It confuses students who have difficulty with high school physics. Students
gain the feeling that physics is not only difficult but even absurd.

• This topic is interesting, unfortunately it is taught in the fourth year of
upper gymnasium, when students have their heads full of maturita and it is
very difficult for teachers to excite them for physics in this period.

• Not enough time.

• I teach SR during labs.

• I did not teach SR in a regular class for the first time this year when one
physics lesson was removed from the schedule. Colleagues haven’t taught SR
in a long time. In the next classes, I plan to include SR again and sacrifice
something else (probably Electrostatics). I consider the introduction to SR
and quantum physics to be essential, because of the difference from the world
that the students know from their experience.
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• The topic is quite interesting for students, but unfortunately due to lack of
time considered marginal, so it is not possible to show students the appli-
cation of SR, for example, in terms of astronomy, astrophysics, quantum
physics, and particle physics.

• It depends on the ”space-time” that the teacher has available to teach SR.
The students should leave high school with at least the following three pieces
of information on this topic: that things are ”a little different” than in
everyday life, when they are ”different”, and why they are ”different”. They
can find out how things are at any time and study it later, it is essential to
understand the causes and accept the ”otherness”.

• It would be nice to have some high school ideas for GR reasonably written
- and, for example, reasonably linked to astronomy.

• I haven’t taught SR yet, but I hope to one day. It is also a challenging topic
for me, so I will have to study it diligently.

• I think the topic is interesting, everyone should at least have an idea about it.
Unfortunately, I don’t understand enough on my own to be able to answer
all the questions.

Additional answers:

• Abolition of physics in the 4th year of the gymnasium requires a reduction
of the curriculum. For years I had 10-12 lessons of SR in the 4th year. All
fundamental relationships were derived, paradoxes was analyzed... In recent
years, at least in the seminar I supplemented what did not fit into the time
schedule of regular physics lessons.

• Not enough time, small allotment of lessons.

• At a time when the hourly allowance for physics is generally very small, I
consider it reasonable to include those parts that are necessary for under-
standing other topics (atomic physics).

• Due to the quality of the students, it is difficult to include such topics.

• The teaching of SR is only a very marginal problem of all the problems in
the current teaching of physics (lesson allotment, teaching aids, laboratory
equipment, teacher education).

• Today’s students are quite difficult to get interested in something...they find
what they are interested in on the internet and often have so much different
information in their heads that teachers have a problem squeezing something
new into them.

• Due to the low lesson allotment for physics at gymnasiums, in the case of
SR and even more so GR, there is a problem of lack of time. However, due
to my astrophysics background, I always include SR and especially GR in
my teaching.
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• I stated that I teach SR in regular classes, i.e. in physics classes in the
final year. I want to specify that this subject is not compulsory for all stu-
dents here, but is chosen by roughly half of the students (within the science
block). Due to the fact that there are fewer and fewer physics lessons (e.g.
thanks to mandatory state maturita exams or state entrance exams, more
and more days in which regular lessons take place are lost) and due to the
low willingness of students to devote themselves to more difficult topics, we
are still thinking about which part of physics to drop . SR is among the first
that come to mind. We don’t want to leave it out yet, but it’s possible that
we won’t be able to avoid it in the future. Because I think the basics of SR
are beautiful, in the 3rd year, in the last lesson of physics, I read excerpts
from the book Mr. Tomkins in Wonderland to the students (all of them,
i.e. even those for whom it is the very last lesson of physics at secondary
school). With those students who continue with physics in the 4th year, we
discuss the basics of SR in 4 lessons.

• The fundamental problem of lack of interest in physics and natural sci-
ences is that physics is usually not taught at elementary schools by qualified
teachers, and those who lead it then degrade it to the use of PowerPoint.
Disinterest is also due to little knowledge of mathematics. Pupils learn
something, but cannot use the learned in practice. Many can’t even learn
effectively - just memorize by heart without understanding the problem. He
is not practicing. Pressure from the public and parents is seldom in fa-
vor of the natural sciences. Most people interested in universities apply to
humanities (they consider them easier).

• Even SR is no longer taught by us at the gymnasium during the compul-
sory lessons of physics for everyone, but E equals mc2 is known nearly by
everyone...

• The study of physics in our country faces a small interest of students, but
also ”effective” use of funds (if at least 10 students do not register for the
seminar, they are ”unlucky” and have to choose, for example, geography,
history, art education, etc.). A PITY...

• The hourly allowance of physics is so low that it is a problem to discuss what
is in the FEP; in the FEP we do not even have astronomy and astrophysics;
I don’t teach physics in language classes, but ”tell stories about physics”.

• At our school, half of the classes are focused on living languages and some
students show a lack of interest in science. In all classes (but especially in
the language classes) we are bothered by a lack of time.

• From my point of view, special relativity is definitely an interesting topic.
However, I have noticed that SR is one of the marginal topics and is usually
put off until the end of the school year, where there are not enough hours
left. In practice, therefore, the scope of its teaching is determined mainly
by time possibilities.

• I think that the problem of teaching SR will be topical when students first
master the basic mechanics satisfactorily (or at least expand a fraction).
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• A new textbook would be good, because the current booklet on SR is com-
pletely useless (it does not contain a single derivation, but many quotes by
A. Einstein, often completely out of the question). The concept of relativis-
tic mass has also been abandoned by professionals long ago.

• It is a pity that due to the small lesson allotment of physics, it is not possible
to discuss this topic at least partially in class.

• The theory of relativity also interests tired 4th year students, especially those
who have not shown much interest in physics.

• SR is a wonderful part of physics that is different from the others, it talks
about time and space around us, and at the same time the students are
not interested in this part of physics either. So I don’t know what’s more
interesting to teach them...

• SR is one of the high school maturita topics at our school.

• SR definitely does not belong to ordinary teaching, it is difficult to manage
even ”standard” topics. I personally feel that at our school, for example,
optics is neglected. And to include, for example, time dilation at the expense
of explaining the origin of the rainbow is not at all desirable. Therefore, SR
clearly belongs to the seminar.
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