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Learning physics in upper-level university courses introduces various challenges related to
increasingly complex concepts and the increasingly integral role of mathematics. However,
the research at this educational level remains relatively limited, particularly in topics such as
statistical mechanics. This licentiate thesis aims to contribute to our understanding of student
reasoning in upper-level physics courses, taking statistical mechanics as a starting point for
the exploration. The thesis presents empirical findings from three papers and discusses them
in relation to three broad themes: conceptual reasoning, intuition, and mathematics. The first
two papers present grounded analyses of video data collected from problem-solving sessions
with student groups working through tasks on the topic of statistical mechanics. The first paper
presents ten emerged categories of recurring student challenges, suggesting that students had
vague ideas about key concepts and struggled to apply their ideas in appropriate ways. The
second paper—informed by the first—contributes with a focused exploration of students’ use
of intuition in upper-level physics and chemistry contexts. Paper II demonstrates how
students’ responses to their intuitions can lead to either productive or unproductive outcomes
regardless of the intuition’s appropriateness. The third paper, a phenomenographic study,
contributes with insight into the variation of university teachers’ views on the role of
mathematics within their science, technology, or engineering discipline, in terms of five
categories of increasingly integral and decreasingly instrumental roles. In the synthesis of this
thesis, I present a model based on the Resources framework to provide a holistic analysis of all
my findings. The model employs the process of framing, which involves active and passive
activations of conceptual, metacognitive, and epistemological resources. I contrast two distinct
frames based on my findings, a limited “stat mech approach” frame and an extended “cross-
domain reasoning” frame, and propose the following implications for education. To help
upper-level physics students build a more coherent and functional knowledge structure,
teachers should: guide students to connect concepts within and between domains of physics;
promote students’ ability to extend their frame; and consider how their views about
intuition and mathematics in physics may be reflected in their teaching.
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Statements and notes for the reader

The use of language

In many parts of the thesis, I will use the singular pronoun "I" to express that
the work within this thesis reflects my own perspectives and ideas. When I
mention the work of the three papers, I will use the collective pronoun "we"
to refer to myself and my co-authors—at times I refer to "my research" for
convenience, but readers should keep in mind that the papers are the result of
collaborative efforts. Note that my contributions to each paper is acknowl-
edged in the preceding List of papers.

The use of GenAl

Generative artificial intelligence (GenAl) has not been used in the conceptual-
ization of this thesis, nor in any part of the writing process.

The use of previous work

Section 2.5.1 contains reused text passages from one of the papers comprising
this thesis (Paper 1), with some minor modifications and restructuring.

Suggested reading for teachers

Teachers who are interested in the topic of statistical mechanics—or similar
upper-level courses—and want to focus briefly on the practical recommenda-
tions of this thesis, I suggest reading Section 7.2 (Implications for teaching).

Teachers who want some more details and context, I suggest reading the fol-
lowing: Chapter 1 (Introduction); Section 2.5 (Upper-level university physics
in PER, in Literature review); Section 3.2 (Resources framework, in Theoret-
ical framework); and Chapter 7 (Synthesis and implications). For more back-
ground related to the topic of statistical mechanics, and details of my findings
in this context in particular, I refer to Paper L.



Glossary

Conceptual resources — knowledge elements for understanding certain con-
cepts, in line with the Resources framework (e.g., Hammer et al., 2005).

Epistemology -— assumptions regarding how we can know about the nature
of reality.

Epistemological resources — knowledge elements for understanding the nature
of knowledge and knowledge-building, in line with the Resources framework
(e.g., Hammer et al., 2005).

Epistemic agency — the ability or will to shift between frames in a situation.

Epistemic game — a coherent activity that uses particular kinds of knowledge
and processes associated with that knowledge to create knowledge or solve a
problem (Tuminaro & Redish, 2007).

Frame — a person’s interpretation of "What is going on here?", meaning a
set of expectations about a certain situation which affects what they notice and
how they act. A situation can be framed with respect to various aspects, such
as social, affective, and epistemological (Hammer et al., 2005).

Framing — the activation of a locally coherent set of resources—including con-
ceptual, epistemological, and metacognitive resources—and the use of those
resources to make interpretations (Hammer et al., 2005).

Intuition — due to the elusive and complex nature of this term, I refer the reader
to Sections 3.2.2 and 7.1 for a description of my perspectives on intuition.

Metacognitive resources — knowledge elements for building and manipulat-
ing knowledge, in line with the Resources framework (e.g., Hammer et al.,
2005).

Productive — a resource or behavior is productive when it leads to a progres-
sion in a student’s or a group’s thinking, a kind of situated productiveness
(Goodhew et al., 2018; Harrer, 2013). This can also encompass task success,
i.e., arriving at an appropriate answer with respect to the discipline.



(Cognitive) resource — tools and ways of knowing (Redish, 2014), in a cogni-
tive sense, or knowledge elements of different grain sizes—activated by pat-
terns of associations (Redish, 2003).



Abbreviations

CER — Chemistry Education Research

DBER — Discipline-Based Education Research

DPTs — Dual-Process Theories

EU — European Union

ICMJE — International Committee of Medical Journal Editors

KMTG - Kinetic Molecular Theory of Gases

PER — Physics Education Research

STEM - Science, Technology, Engineering, and Mathematics

U-STEP — Upper-level Statistical and Thermodynamics Evaluation for Physics



1. Introduction

Thermal physics—including both thermodynamics and statistical mechanics—
aims to find ways to describe the physical properties of large, macroscopic
systems, i.e., collections of a very large number of particles. Complete micro-
scopic descriptions of such systems, even classical ones, are practically im-
possible and not preferable (Schroeder, 2021). Historically, the first approach
to this daunting task came with the development of classical thermodynamics
in the first half of the 19th century, with its central laws of thermodynamics
empirically grounded in experiments on macroscopic systems. The second
approach, statistical mechanics, aimed to derive the macroscopic laws and all
macroscopic properties of a system from its microscopic properties (Mandl,
1987). Thermodynamics and statistical mechanics cover a wide range of phe-
nomena and have applications across fields such as biology, chemistry, en-
gineering, solid-state physics, and astrophysics (Schroeder, 2021). The two
subjects share many terms and concepts, such as temperature, energy, en-
tropy, and equilibrium—which are also crossdisciplinary concepts. Statistical
mechanics, however, increases the mathematical complexity, generalizes con-
cepts, and provides an underlying explanation of thermodynamics. Some key
concepts of statistical mechanics include macrostates and microstates, distin-
guishable and indistinguishable particles, the Boltzmann distribution, and the
partition function!.

Learning thermal physics as a university physics student mirrors the his-
torical development mentioned above. That is, physics students encounter
thermodynamics at introductory levels and are typically introduced to statisti-
cal mechanics content as they advance to upper-level thermal physics courses.
The existing research on student learning in thermal physics has mainly con-
sidered thermodynamics content at introductory levels (e.g., B. W. Dreyfus
et al., 2015). Studies focusing on lower-level courses have historically dom-
inated the field of Physics Education Research (PER). While the upper-level
topics have gained more attention over the last two decades, this research re-
mains relatively limited (Loverude & Ambrose, 2015)—particularly on topics
other than quantum mechanics, such as thermal physics. In general, extend-
ing this area of PER is important as the upper-level physics courses introduce

IReaders should note that the underlying physics theory of statistical mechanics is part of the
theoretical framework which has shaped my work, as this is the main context of my studies. For
a brief introduction to the physics background most relevant to my studies, I refer the reader
to Paper I. For more comprehensive sources, I suggest e.g., Kittel and Kroemer (1980), Mandl
(1987), Reif (1965), and Schroeder (2021).
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various new challenges for students and teachers. The challenges are often
related to increasingly abstract physics concepts and increased demand for
mathematical competency. The population of upper-level students is also par-
ticularly promising to explore in general—i.e., apart from the topic-specific
aspects—since they are at an intermediate stage of becoming physicists (Bing
& Redish, 2012). Studies considering students at this stage can also provide
valuable insight into various general aspects of learning, for example, from
a cognitive or sociocultural perspective. Such research can contribute to our
understanding of how students continue to build on their knowledge through-
out their physics education, and how they become members of the physics
community (Loverude & Ambrose, 2015).

1.1 Overarching aim and themes of the thesis

The overarching aim of my research is to contribute with insight into various
challenges faced by students—and ways in which they develop—in upper-
level physics courses. To this end, I have considered the context of statistical
mechanics as a starting point—since it is remains a limited topic within upper-
level PER studies, its content has interesting connections to lower-level ther-
modynamics, and its relevance covers a variety of applications across differ-
ent disciplines. From my initial, broad exploration of challenges in problem-
solving groups of students, three overarching themes emerged as particularly
relevant and encompass all my work so far: conceptual reasoning, intuition,
and mathematics. For this reason, the licentiate thesis is structured around
these broad themes.

In the thesis, I present and discuss findings from three studies: (Paper I)
an exploration of student challenges with reasoning in statistical mechanics;
(Paper II) a case study of how chemistry and physics students respond to their
intuition; and (Paper III) a study of university teachers’ conceptions of the role
of mathematics in their STEM discipline.

1.2 Structure of the thesis

The thesis consists of eight chapters and is structured according to the follow-
ing outline.

Chapter 1 — Introduction
This current chapter introduces the topic of this thesis, including a brief
description of its relevance, overarching aim, and structure.

Chapter 2 — Literature review
In this chapter, I provide the following: a brief introduction to the field of
PER, including its research trends; a review of the relevant literature with
respect to the overarching themes of this thesis (conceptual reasoning,
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intuition, and mathematics) and studies on upper-level physics content;
and a description of how my work is situated within PER, including
which research areas I aim to contribute to.

Chapter 3 — Theoretical framework
Here, I outline the theoretical underpinnings of my research projects
and the thesis. That is, which perspectives and assumptions I adopt from
various theories and models that shape the lens through which I think
about and approach my research.

Chapter 4 — Research questions
In this brief chapter, I describe the connections between my overarching
research aim, the specific research questions from Paper I-I1I, and the
guiding questions which shaped the synthesis of the thesis.

Chapter 5 — Methodology
This chapter summarizes the methodologies employed in my work to
answer the research questions, including both the more theoretical as-
pects (research approaches and data analyses) and the practical aspects
of my research methods (data collection). Additionally, I account for my
efforts to establish trustworthiness and address ethical considerations in
my studies.

Chapter 6 — Findings and discussion
In this chapter, I summarize the analyses, findings, discussions, and lim-
itations of the three papers comprising this thesis.

Chapter 7 — Synthesis and implications
This chapter considers connections between all three papers to provide
a synthesis of the findings as a whole, based on an additional, reflective
analysis. I also discuss implications for teaching based on my studies
and the synthesis.

Chapter 8 — Future directions
In this final chapter, I briefly describe my ongoing research projects and
list some potential directions for future work, including studies that may
or will be included in the final doctoral thesis.
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2. Literature review

This chapter begins with a brief introduction to the field of Physics Education
Research (PER), including some historical aspects and connections to related
fields (Section 2.1). I also provide an overview of the research trends in PER
in Section 2.1.1, and at the end of that section I make some important remarks
about the structure and scope of the following literature review sections. In
short, the first part of the review is more general, with respect to physics top-
ics, and is divided into the three broad themes of this thesis: Conceptual rea-
soning (Section 2.2), Intuition (Section 2.3), and Mathematics (Section 2.4).
The second part of the review focuses on studies within upper-level university
physics courses (Section 2.5), including separate sections on upper-level ther-
mal physics and statistical mechanics in particular (Section 2.5.1). Finally, I
situate my research within the field of PER and account for which areas I aim
to contribute to (Section 2.6).

2.1 Physics Education Research

How do people learn the concepts, practices, and ways of thinking within the
field of physics? What are the suitable learning objectives in physics, and how
can we adjust the instructional approaches to better help students reach those
objectives? These questions form the core aims of PER. Just like the other
fields within Discipline-Based Education Research (DBER), PER addresses
a broad range of questions of learning and teaching specific to its discipline.
As such, PER is influenced by—and contributes to—general research on e.g.,
education, sociology, and cognition, but keeps a firm grounding in discipline
of physics through its priorities, knowledge, worldview, and practices (Schwe-
ingruber et al., 2012). DBER fields are intrinsically interdisciplinary, and its
researchers must face the challenge of bridging various gaps between the nat-
ural sciences and the social sciences: being knowledgeable and part of your
home discipline, while also adopting research aims and methods of a separate
research paradigm.

PER is still a relatively young research field, approaching about 50 years
of age, despite being comparatively more developed than its closely related
DBER fields (such as biology, chemistry, or engineering education research)
(Docktor & Mestre, 2014). Contrasting PER with some of the other DBER
fields, it is noteworthy that the content of introductory physics has remained
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more or less the same the last century, while fields such as the biological sci-
ences, astronomy, and geology has faced considerable changes in the content
of textbooks (Docktor & Mestre, 2014). Despite some differences of various
kinds, there are similarities in both methodological aspects and subject mat-
ter between the DBER fields. The natural sciences, for instance, share some
cross-disciplinary concepts and topics. A relevant example for this thesis are
the topics of thermodynamics and statistical mechanics, which are featured in
several disciplines such as physics, chemistry, and biology. Due to the lim-
ited overlap among the DBER literature in these topics in the past, researchers
have highlighted the importance of advancing interdisciplinary collaborations
(e.g., B. W. Dreyfus et al., 2015). It should also be noted that DBER fields
have much in common with science education—whose researchers typically
reside in departments of education instead of the department of the studied
discipline. Collaborations between researchers from PER and science educa-
tion can be very valuable, such as in the development of theoretical frame-
works (e.g., Hammer et al., 2005) or in studies related to physics content (e.g.,
Domert et al., 2004).

Before I outline PER and its research trends, it should be noted that most of
the published work—and reviews of the field—are unevenly distributed with
respect to educational levels and geographical contexts. The most represented
contexts in the dominant body of literature, of those I have access to, are
studies at undergraduate levels within the United States. This happens to be
the educational level that is most relevant for my thesis, which is why I have
drawn from existing reviews of PER as a basis for this chapter (e.g., Beichner,
2009; Docktor & Mestre, 2014) as well as the three volumes of the recently
published International Handbook of Physics Education Research (Tasar &
Heron, 2023a, 2023b, 2023c¢).

While an historical overview of PER is beyond the scope of this thesis',
will provide a very brief overview of how the field has developed—as context
for the following sections—based on Docktor and Mestre (2014). The origin
of PER as a research field can be traced back to the 1970s and 1980s, when
the primary research focus was to understand and document students’ concep-
tual difficulties at the introductory level, mainly by adopting a misconceptions
perspective’ and employing quantitative methods. Problem solving was also
an early research interest, often involving "expert-novice" comparisons. This
initial groundwork led to the development of research-based assessments and
instructional interventions in the early 1990s. Students’ surprisingly poor per-
formance on such concept inventories focused the research attention to teach-
ing practices, resulting in various research-based instructional strategies with

IReaders interested in a more detailed description of the historical development of PER in the
United States: see, for instance, Meltzer and Otero (2015). For a short overview of European
PER—centered around thermodynamics topics—I suggest Samuelsson (2020).

21 will return to how the approach to studying conceptual reasoning has developed in PER since
then in Section 2.2.
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an emphasis on active student engagement, as opposed to the traditional, pas-
sive modes of teaching. Parallel to technological advancements, PER con-
tinued to expand its focus to different aspects of computer-based instruction.
Over the last two decades, PER has become increasingly interdisciplinary as
its scope has expanded, calling for more incorporation of perspectives and
methods from e.g., cognitive science and linguistics. The current state of
PER—including research interests, theoretical frameworks, and methods—
shows how much we have learned about the complex and multifaceted topic
of teaching and learning physics since the 1970s. In the next section, I provide
a brief overview of the research trends within PER.

2.1.1 Research trends in PER

Over the past 50 years since the origin of PER as a research field, the research
interests have broadened and diversified. This development is reflected in the
organization and choices of topical areas in various reviews of the field. Ta-
ble 2.1 collects three categorizations of research trends in PER from different
points in time, as presented in: an introduction to PER (Beichner, 2009), a syn-
thesis of PER at the undergraduate level (Docktor & Mestre, 2014), and the 12
sections of the International Handbook of PER (Tagar & Heron, 2023a, 2023b,
2023c). Note that there are overlaps and connections between the trends from
each categorization, and that some of the topical areas are broader than others.
As such, Table 2.1 should not be seen as a complete comparison between the
three sources. Rather, my point is to illustrate some similarities (e.g., tradi-
tional topical areas that persist) and differences (nuances in the more recent
topical areas). To see even more contrast in how PER has grown over the
years, one can compare with an older snapshot of the field in the resource
letter by McDermott and Redish (1999).

My research involves explorations of three very broad themes (conceptual
reasoning, intuition, and mathematics), with a starting point in the relatively
under-researched topic of upper-level statistical mechanics, in the context of
problem-solving groups of students. The projects comprising this thesis also
extend to interdisciplinary contexts and teachers’ beliefs. I will return to how
my work is situated within PER, with respect to the trends outlined here, in
Section 2.6. It should also be noted that while my research has mainly re-
volved around problem-solving situations, the problem solving itself serves as
the context of my studies, not the primary focus. As such, the following liter-
ature review will not be centered around problem solving3. However, problem
solving is interrelated to the broad themes of this thesis, and will be more or
less explicitly present in the following summaries of the most relevant research
within these core themes: conceptual reasoning (Section 2.2), intuition (Sec-

3For an overview of research on problem solving in introductory physics, see e.g., Maloney
(2011).
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tion 2.3), and mathematics in STEM (Section 2.4). As noted by Sherin (2006):
"[...] conceptual understanding and problem solving need not be separate, ei-
ther in instruction or research.” (p. 554). Due to the broad and diverse nature

Table 2.1. Overview of three different categorizations of research trends in PER. The
rows indicate overlaps between the trends, but note that some areas are broader than
others and that the table does not serve as a complete comparison.

Tagar and Heron (2023a, 2023b, Docktor and Beichner (2009)

2023c¢) Mestre (2014)

Subject matter learning Conceptual Conceptual
understanding understanding

Mathematics in teaching and Problem solving Problem solving

learning physics

Cognitive, epistemic, and affective Cognitive Epistemology
theoretical underpinnings of research  psychology
on physics learning
Attitudes and Attitudes
beliefs about
teaching and

learning
Coordination of learning goals and Curriculum and Evaluation of
teaching practices instruction specific
instructional
interventions
Physics learning environments
Physics textbooks Instructional
materials
Assessment of student learning in Assessment
physics
Educational technologies in physics Technology
teaching
Equity and inclusion in physics Social aspects

education research
Physics teacher education

The history and philosophy of
physics in physics teaching

Physics education research: history,
methodologies, themes
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of my themes, these sections serve as introductions and relevant overviews for
the purpose of this thesis, not as exhaustive reviews. I will first provide a brief,
general description of each area (when necessary starting outside of PER), to
gradually narrow the scope according to the aims and contexts of my research.

2.2 Conceptual reasoning

Before outlining the vast body of literature related to the learning of concepts
in physics, I want to highlight a few points. Firstly, I use the term concep-
tual reasoning as it is less specific in terms of the reasoner’s intention than
e.g., sensemaking or meaning making, to encompass a wide range of events.
Secondly, I view reasoning as a dynamic process involving both ontological
and epistemological aspects. For the following review, it should be noted that
the terms sensemaking and reasoning have often been used interchangeably
(Kapon & Berland, 2023) and have been theoretically fragmented in the liter-
ature, as addressed by Odden and Russ (2019) through their proposed coherent
definition of sensemaking.

Much of the early research within PER and science education was centered
around the study of students’ conceptual difficulties in terms of scientific "mis-
conceptions", as mentioned in Section 2.1. The misconceptions perspective
assumes that students’ "intuitive" knowledge—here meaning the knowledge
formed through years of experience in the world—is inconsistent with scien-
tific knowledge, and that the rigid nature of these conceptions may explain the
observation that they typically outlive teaching (e.g., Viennot, 1979). Early
studies in PER were often focused on identifying common student miscon-
ceptions, not necessarily considering how a student’s current ideas interact
with new, incompatible ideas. To account for this, (Posner et al., 1982) pro-
posed an advancement toward a theory of conceptual change. This was the
origin of various theories of conceptual change, when researchers turned their
attention to what transformations are needed for successful learning of sci-
entific concepts, namely: how does conceptual change occur? Influenced by
Piaget, Posner et al. (1982) proposed a model of conceptual change based on
the idea that students build new knowledge through assimilation or accommo-
dation. If students are faced with new ideas that align with their current ideas:
they assimilate the knowledge, but when faced with a contradiction: they need
to accommodate for the new knowledge, which requires a radical change in
terms of replacement of old ideas with new. In PER, this led to studies aiming
to identify student misconceptions (or preconceptions) and various instruc-
tional strategies to resolve them, such as the Elicit-Confront-Resolve strategy
(e.g., McDermott, 2001). Overlapping with the common expert-novice studies
on knowledge organization, "ontological" recategorization was suggested as
necessary for students to learn concepts. This account for conceptual change
claimed that students initially classify a concept within a broad category very
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different from the category an expert would classify the concept, calling for
an "ontological shift" (Amin et al., 2023). In a problem solving context, Chi
et al. (1981) reported that experts initially abstract major physics principles
to approach and solve a problem, while novices base their interpretations and
approaches on the problem’s surface features.

Since the introduction of the traditional conceptual change models in the
1980s, various alternative models have been proposed as a response based on
the emerging insights and developments of PER*. The position that instruc-
tion should "replace" or "delete" students’ prior conceptions was criticized
(e.g., Linder, 1993). Moreover, the idea that students’ conceptions are inher-
ently stable across contexts was particularly questioned (e.g., Hammer, 1996).
Fragmented perspectives on students’ conceptions was introduced in the form
of flexible and context-dependent models of conceptual change (e.g., DiSessa,
1993; Hammer, 2000), with the ability to explain why students’ reasoning can
appear to be inconsistent with scientific views in one situation and consistent
in another. In these knowledge-in-pieces perspectives, reasoning difficulties
are not assumed to stem from stable preconceptions, rather, the context is ac-
knowledged to impact which knowledge elements the student draws from. A
certain kind of building blocks of knowledge was proposed by DiSessa (1993),
called phenomenological primitives or "p-prims" for short. These p-prims are
fundamental, intuitive ideas or thought patterns based on experiences from
early in life, from which more systematic knowledge may be constructed. Im-
portantly, education should strive toward helping students activate p-prims in
appropriate situations, thus supporting the activation of other cognitive ele-
ments for the context specified by the p-prims. Learning does not involve
restructuring knowledge systems. Instead, learning involves the reorganiza-
tion of knowledge and the ability to activate knowledge elements in a produc-
tive® way for a given context. Considering the interplay between mathematics
and physics specifically, Sherin (2001) proposed that students learn to connect
conceptual content and equation through knowledge elements called symbolic
forms, a similar construct to p-prims. Each symbolic form includes two parts:
(1) the idea that is to be expressed in the equation, and (2) a pattern for how
that idea is expressed in symbols. I briefly return to this model in Section
24.2.

Another flexible and context-dependent model based on a knowledge-in-
pieces perspective is the Resources framework (e.g., Hammer, 2000; Redish,
2014). In line with a general trend in the development of conceptual change—
that of an increased attention to the roles of multiple types of knowledge el-
ements and their interactions (Amin et al., 2023)—the Resources framework

4An account for the extensive development of conceptual change models over the last five
decades is beyond the scope of this thesis. For a recent overview of the area, see (e.g., Amin
et al., 2023).

SProductive in the sense of arriving at an appropriate answer with respect to the discipline, or
as being useful in one’s disciplinary progress.
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encompasses not only aspects related to conceptual resources and their orga-
nization, but how the framing® of a situation impacts reasoning and learning
processes. In short, the concept of framing provides a broad lens of influences
related to epistemological, metacognitive, affective, and social aspects. The
flexibility and breadth of this framework makes it a useful lens to investigate
complex processes—such student reasoning and problem solving in groups—
with the ability to approach it both holistically and in fragments of relevant
scope and type. Section 3.2 provides more details about the Resources frame-
work, which has been influential in my work and for this thesis in particular.

One example of how students’ conceptual change can be supported is via
analogical reasoning. Brown and Clement (1989) posited that "students have
both useful and detrimental intuitive conceptions" (p. 239) with respect to the
scientific theory being taught, and that analogical reasoning can increase the
range of application of the useful, intuitive ideas. The aim is to establish an
analogical connection between situations that students initially do not view as
analogous, through a "bridge", in order for the students to extend their valid
intuitions from the anchor situation (called "anchoring intuitions") to the ini-
tially troublesome target situation (Brown & Clement, 1989; Clement, 1993;
Clement et al., 1989). The "bridging analogy" is deemed necessary to incor-
porate the appropriate intuitive ideas—which could be considered in terms of
p-prims—and the bridge situation should resemble both the anchor and tar-
get situations. A similar example is conceptual metaphors, which contributes
with an embodied cognition perspective on the mapping between abstract and
more concrete conceptual domains (e.g., Lakoff & Johnson, 1980). Concep-
tual metaphors are implicit mappings in the language of science, that move
between abstract scientific concepts and the more concrete image schemata
emerging from sensorimotor experiences. For example, the conceptual meta-
phor force is an agent, or a caloric metaphor for heat: heat flows from location
A to location B (e.g., Brookes & Etkina, 2009, 2015).

Another strategy related to transfer and the use of analogies, specifically
in problem-solving contexts, is that of isomorphic problems (i.e., those that
require same physics principle to solve them, but vary in surface structure).
Based on influences from cognitive theory about transfer, and studies about
experts’ knowledge structures (e.g., Chi et al., 1981), researchers suggested
that the ability to transfer relevant knowledge from one context to another
improves with expertise because of the expert’s hierarchical knowledge or-
ganization. Such organizations can facilitate categorization and recognition
based on deep features of the context, rather than surface features. In in-
troductory mechanics, Singh (2008) used isomorphic problems to investigate
potential factors that may help or hinder the transfer of problem-solving skills
from one problem to the other. Her conclusions illustrate how findings can be

The term framing is borrowed from anthropology (Goffman, 1974) to describe students’ inter-
pretation what a situation is about.
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interpreted differently when adopting a misconceptions versus a knowledge-
in-pieces perspective:

Misconceptions associated with friction in some problems were so robust that
pairing them with isomorphic problems not involving friction did not help stu-
dents discern their underlying similarities. Alternatively, from the knowledge-
in-pieces perspective, the activation of the knowledge resource related to fric-
tion was so strongly and automatically triggered by the context, which is out-
side the conscious control of the student, that students did not look for analogies
with paired problems or other aids that may be present. (Singh, 2008, p. 1)

For the purpose of this thesis, it is relevant to consider some research on stu-
dent reasoning in the topic of thermal physics. Studies within this area mainly
concern thermodynamics content at introductory levels, and have been influ-
enced by early work within PER (e.g., Rozier & Viennot, 1991). For an inter-
disciplinary overview of the topical area, see the extensive review by B. W.
Dreyfus et al. (2015) on teaching thermal physics in introductory physics,
chemistry, and biology. A more recent outline can be found in Loverude
(2023). Many of the studies have focused on central concepts such as temper-
ature, heat, ideal gases, heat engines, and the second law of thermodynamics.
Some examples include studies exploring the impact of language in students’
reasoning about heat (e.g., Brookes & Etkina, 2015), including the perspective
of conceptual metaphors mentioned above. Others have considered reasoning
difficulties with the kinetic-molecular theory—for example highlighting chal-
lenges with macroscopic versus particulate-level explanations (e.g., Robert-
son & Shaffer, 2013, 2016). Entropy is another frequently explored topic and
has long been considered a challenging concept for students. Several studies
have looked at macroscopic perspectives of entropy in introductory courses.
One common finding is a tendency among students to "over-apply" the second
law of thermodynamics, for example, to argue that the entropy must increase
regardless of the context (e.g., Christensen et al., 2009). Another recurring
theme is that students struggle to distinguish the system from its surroundings
(Christensen et al., 2009; Smith, Christensen, et al., 2015), and are confused
regarding which of them the second law should be applied to (Bucy et al.,
2006). Language aspects and metaphors for entropy have also been consid-
ered from a thermodynamics perspective (e.g., Haglund, 2017; Haglund et al.,
2016).

In Section 2.5.1, I elaborate on the related PER literature concerning studies
on upper-level thermal physics and statistical mechanics, which is the most
relevant to my work.

25



2.3 Intuition

Physical intuition is elusive—it is difficult to define, cherished by those who
possess it, and difficult to convey to others. Physical intuition is at the same
time an essential component of expertise in physics. (Singh, 2002, p. 1103)

In light of the elusive nature of intuition, this section will first provide a
brief overview of the general research on intuition. Then, I will narrow down
to research related to intuition within PER, and related fields, specifically. In-
tuition has been studied extensively across various disciplines. Particularly in
philosophy and psychology, where the empirical grounding mainly has come
from studying the speed at which expert chess-players can recognize and select
the best moves (Gobet & Chassy, 2009). Other empirical studies on experts’
decision-making comes from various domains, including healthcare, business,
and firefighting (e.g., Gobet & Chassy, 2008; Patton, 2003). In this general lit-
erature, intuition has often been described as the identifying characteristic of
expertise: intuition as the ability of an expert to rapidly and easily recognize
the key features of a situation (Gobet & Chassy, 2009). From the cognitive
perspective, intuition can be seen as a mechanism to reduce cognitive load
and aid in rapid interpretation of one’s surroundings. This emergent expe-
rience is often referred to as a "gut feeling" in everyday language. Within
cognitive psychology, Newell and Simon (1972) explained how people can
solve problems in this rapid manner—without reasoning analytically—using
the concept of "chunking": pieces of knowledge can be chunked into larger
components. In this sense, intuition can be equated to pattern recognition,
and expertise can be understood as a combination of intuition and a selective
search. On the philosophers’ side, H. L. Dreyfus and Dreyfus (1986) critiqued
this fragmented perspective on intuition due to its lack of contextual consid-
erations with respect to human cognition. They instead argue that intuition is
the immediate manifestation of an expert’s holistic understanding of a given
situation. In their proposed "final stage of expertise", both understanding the
task and deciding what to do is intuitive—the expert is not making decisions,
they are just doing what normally works. To reconcile these two theories of
intuition, Gobet and Chassy (2009) used the template theory of expert mem-
ory to provide a coherent explanation of intuition in expert behavior. In short,
chunks that frequently recur in a certain context can turn into a cognitive struc-
ture (or pattern of association of knowledge elements) called templates, which
allow faster information processing.

Various perspectives have emerged regarding what intuition is and whether
it is a trait exclusive to experts, novices, or both. The previous outline serves
as a few reference points on a diverse spectrum of ideas, but it should be noted
that many other views exist and that intuition is often used in literature without
a definition. From the perspective of H. L. Dreyfus and Dreyfus (1986), intu-
ition is seen as characteristic of experts. This has been challenged by Montero
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and Evans (2011), who argue that the chess experts’ so-called "intuitions" are
completely rational. There are also perspectives that fall somewhere in the
middle, for instance, Gobet and Chassy (2009) and Newell and Simon (1972)
who recognize intuition as a part of expertise but not exclusive to experts. The
two ends of the spectrum suggest different implications for education: novices
develop expert-intuition through experience (H. L. Dreyfus & Dreyfus, 1986);
or novices can be explicitly taught heuristics’ extracted from experts’ rational
"intuitions" (Montero & Evans, 2011). In my work, I have adopted a middle-
ground perspective: all individuals can experience intuition based on their cur-
rent level of expertise. I elaborate on my perspective on intuition in Section
3.2.2, which is inspired by researchers from mathematics education research
(Brady et al., 2022) and the knowledge-in-pieces, or resources, perspective.

2.3.1 Intuition in PER

In PER, the study of intuition has been approached from various angles. In
a recent study, Corsiglia et al. (2023) presented four major research strands:
intuition as barriers to understanding or problem solving; intuition as an in-
structional goal; the ontology of intuition, aiming to define and understand
intuition; and the epistemology of intuition, where the main focus has been to
explore experts’ views on intuition. Within the closely related field of chem-
istry education research (CER), the study of intuition has predominantly cen-
tered on students’ use of heuristics (e.g., Graulich, 2014; Talanquer, 2014).
Early work on problem solving in PER, which often consisted of expert-
novice comparisons, contributed to the empirical support for the general theo-
ries described in the previous section. For example, the PER study by Larkin
et al. (1980) served as an example in Gobet and Chassy (2009) of how ex-
perts can solve routine problems in a matter of seconds. However, as Maloney
(2011) highlighted more recently: if we want to compare expert and novice
problem solving, the experts should attempt to solve tasks that would actu-
ally be considered a problem for them—not the same tasks as given to the
students. This was considered in a study by Singh (2002), who found that
even when experts’ "physical intuition failed them", they still had more non-
physics resources available than the students. These resources were described
in terms of more general heuristics (e.g., making simplifying assumptions)
and specific heuristics (such as thinking in terms of conservation relations).
Despite some of these connections between intuition and problem solving,
the research on intuitive understanding of physics concepts has mostly been
separate from research on problem solving (which has often focused on ex-
perts) (Kuo, 2023; Sherin, 2006). Many studies on intuition in physics were
concerned with students’ prior knowledge, or "everyday intuition", thus over-

"Heuristics can be considered as simple rules ("rules of thumb") that allow problem solver to
progress without fully engaging in analytical problem-solving strategies (Kahneman, 2011).
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lapping with the broad body of research into student "misconceptions". For
example, the Elicit-Confront-Resolve (e.g., Shaffer & McDermott, 1992) and
Predict-Observe-Explain (White & Gunstone, 1992) approaches to instruc-
tional activities included strategies aiming to help students overcome incorrect
ideas which could stem from their intuitions.

Other studies within PER have adapted models from cognitive psychology,
dual-process theories (DPTs) (e.g., Kahneman, 2011; Kahneman & Tversky,
1984), to understand certain patterns in students’ and experts’ reasoning in
physics. Key features of DPTs include the modeling of human cognition in
terms of two processes: system 1 (a fast, automatic, and subconscious pro-
cess) and system 2 (a slow, effortful, and deliberate process). The first is often
referred to as the "intuitive" process, and the second as the "analytic" pro-
cess. Intuition can, in these terms, be defined as the outcome of the first pro-
cess: a quick and unconscious model or impression arising from associations
based on past experiences (Kryjevskaia et al., 2021). In some studies adopting
DPTs, system 1 has developed a negative connotation compared to the more
"sophisticated, formal, and analytical" thinking, because the intuitive process
sometimes lead to incorrect responses. For example, Wood et al. (2016) relate
intuition to misconceptions: "success [in learning physics] involves rejecting
the common, intuitive ideas about the world (often called misconceptions) and
instead carefully applying physical concepts." (p. 1). For this reason, the DPTs
models have received criticism. However, other work utilizing DPTs within
PER (e.g., Gette et al., 2018; Kryjevskaia et al., 2014, 2021), have not aligned
with this negative perspective on intuition. Rather, they have underscored the
value of both the intuitive and analytical process (and the inevitability of the
intuitive process), for students as well as experts. Several researchers, from
both PER and CER, have proposed that students need to develop metacogni-
tive strategies in order for the two processes to interact fruitfully in reasoning
and problem-solving situations (e.g., Graulich, 2014; Kryjevskaia et al., 2021;
McClary & Talanquer, 2010).

As another contrast to the association between intuition and "misconcep-
tions", dynamic perspectives on understanding and problem solving—in terms
of knowledge-in-pieces or resources—encompass intuition as well. As phrased
by Kuo (2023), such frameworks consider both "formal" and "informal" knowlI-
edge resources as relevant to learning and doing physics. For example, Sherin
(2006) built on the work by DiSessa (1993)8 to consider the interplay between
intuition and problem solving. He concluded that intuition and common sense
are part of solving even traditional textbook problems, and importantly, he
suggested that: "Instruction must nurture and refine intuitive physics, not con-
front and replace it, or simply build up a new set of frameworks." (Sherin,
2006, p. 554). Other researchers have considered ways in which students can

8Who considered "p-prims" as fundamental, intuitive ideas or thought patters that build up
knowledge structures (see also Section 2.2).
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link between abstract concepts and their concrete experiences and intuition,
for example via analogies (e.g., Brown, 1993; Clement, 1993) or via certain
conceptual resources in a particular topic (e.g., Sabo et al., 2016).

From an epistemological perspective, studies on experts’ views on intuition
generally focus on knowledge as a whole, not attempting to define intuition
explicitly (Corsiglia et al., 2023). One exception comes from outside of PER,
where Marton et al. (1994) studied Nobel prize-winners’ views on scientific
intuition and found, for example, that scientific intuition is often contrasted to
conscious, logical thinking. In PER, investigations considering student epis-
temologies in quantum physics have received recent attention (e.g., Dini &
Hammer, 2017; Gette et al., 2018), but the focus on students’ views on intu-
ition in PER remain scarce. Recently, Corsiglia et al. (2023) contributed to
this gap in the context of quantum mechanics, reporting six facets of intuition
based on the ways students used the word in interviews and responses to ques-
tions. The classifications of intuition were based on examples of "something
is intuitive when...", for example: you can predict outcomes, or you encounter
it in everyday life. As highlighted by the authors, future studies on intuition in
PER would be valuable:

Overall, student statements about intuition were rich, and they often touched
on other PER topics, such as math-physics connections or student self-efficacy.
We consider intuition a powerful lens for investigations into practitioners’ per-
spectives on learning, knowing, and doing physics. (Corsiglia et al., 2023, p.
14)

Such future work could, for example, examine how students’ use of differ-
ent facets of intuition come into play in problem-solving situations.

2.4 Mathematics

This section concerns a broad and prominent topic within STEM education:
the interplay between science and mathematics.

In Section 2.4.1, I will first outline the relevant literature concerning the role
of mathematics in STEM, focusing on the disciplines relevant to my research:
physics, chemistry, computer science, and geoscience”. In Section 2.4.2, I
will briefly summarize other aspects related to the interplay between physics
and mathematics in PER—from work which has not necessarily focused on
defining the role of mathematics itself, but e.g., modeling how students use
mathematics in physics.

Physics is the primary discipline in my work. Paper IT also involves chemistry, and the STEM
disciplines explicitly included in Paper III (in addition to physics and chemistry) are computer
science and geoscience.
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2.4.1 The role of mathematics in STEM

A considerable body of research examines the relationship between mathe-
matics and science, often in the context of physics in particular. The topic
has been approached in various ways, including historical (e.g., Branchetti et
al., 2019), philosophical (e.g., Quale, 2011), and direct or indirect educational
perspectives (e.g., Karam et al., 2019; Krey, 2019; Kristensen et al., 2024;
Maass et al., 2019; Palmgren & Rasa, 2024; Redish & Kuo, 2015; Tuminaro
& Redish, 2007; Uhden et al., 2012). Although mathematics is known to un-
derpin all other STEM disciplines, Maass et al. (2019) highlighted that the
role of mathematics is understated in the literature of integrated STEM ed-
ucation, and argue for the need to advance it. It is also well-known within
the educational literature that proficiency in mathematics does not necessarily
transfer to contexts in other disciplines, in part due to the integration of rich
physical meaning in mathematical expressions and representations (e.g., Re-
dish & Kuo, 2015; Uhden et al., 2012). Moreover, how teachers view the role
of mathematics in STEM has an impact on their teaching, and consequently
influences student learning (de Ataide & Greca, 2013; Uhden et al., 2012).

Research on the role of mathematics in physics has frequently distinguished
between the structural and technical dimension (e.g., de Ataide & Greca,
2013; Palmgren & Rasa, 2024; Uhden et al., 2012). The technical dimension
1s associated with the instrumental character of mathematics, while the struc-
tural dimension often encompasses many aspects, such as mathematization,
interpretation, reasoning (Pospiech & Karam, 2023). Distinguishing between
mathematics as a tool and mathematics as a (conscious) generalization has
also been highlighted as an important theme within interdisciplinary mathe-
matics education (e.g., Doig et al., 2019; Goos et al., 2023). More specific
roles of mathematics in physics are outlined in Tagar and Heron (2023c). The
philosophical debate regarding the interplay between mathematics and physics
is arguably important for education: why is mathematics so well suited to de-
scribe physical processes? Pospiech and Karam (2023) outline different philo-
sophical positions from the theoretical literature: the world is mathematical;
physics and mathematics have a common history and development; physics
studies the "mathematizable"; mathematics is analytical priori; and mathemat-
ics as embodied cognition. Quale (2011) agrees that foundational beliefs about
mathematics—such as Platonist and Formalist positions—and the relationship
to physics has implications for the teaching of physics.

While less well-researched compared to physics education, similar issues
regarding the technical and structural role of mathematics has gained attention
in the chemistry education literature (e.g., Bain et al., 2019; Ye et al., 2024).
In computer science, for example, Baldwin et al. (2013) considered the role
of mathematics and discussed the gap between its practical and intellectual
roles within the discipline. Similarly, within geosciences, students’ perceived
irrelevance of mathematics within the subject has been discussed. Researchers
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have argued that geoscience education needs more emphasis on quantitative
literacy—which is more than mere calculation, it also includes reasoning with
data and problem solving (e.g., Wenner et al., 2009). A few more examples
within these other STEM disciplines can be found in Paper III.

Teachers’ views about the role of mathematics is important for education,
as mentioned previously. There has been some research exploring the connec-
tion between teachers’ beliefs about teaching and learning and their instruc-
tional practices in general (Popova et al., 2020). Considering mathematics
specifically, there exists some research on school teachers’ views on the role
of mathematics in science, showing that the way those views are communi-
cated can influence pedagogical choices and, therefore, also what and how
students learn (e.g., Pospiech et al., 2019; Redfors et al., 2016). Pospiech et
al. (2019) reported a tendency among the teachers to recognize the importance
of separating the technical and structural roles of mathematics. However, less
empirical work has considered how STEM university teachers view the role of
mathematics in their discipline.

2.4.2 Math