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Mathematics plays many roles in physics and physics education. While these roles have previously been
extensively discussed in the physics education research community, no systematic picture of the
multifaceted considerations has yet been formed. To gain a comprehensive overview of the previous
studies on the topic, we conducted a systematic literature review on 122 journal articles published between
2000 and 2023 that examine the role of mathematics in physics and physics learning. In the reviewed
articles, we employed qualitative content analysis, coded each article for its characteristics, and used
network maps for visualization. We identified eight thematic article categories, highlighting the complex
integration of mathematics in, for example, physical reasoning, problem solving, modeling, and experi-
ments. Additionally, the review examines theoretical frameworks and contexts, revealing an overemphasis
on problem solving in mechanics and a limited exploration of advanced physics topics like quantum
mechanics. A detailed inductive analysis further identified six overarching roles that mathematics plays in
physics and physics education: (i) supporting learning and achievement, (ii) enabling mathematical
manipulations, (iii) guiding reasoning and sensemaking, (iv) facilitating experiments and modeling,
(v) serving as a language, and (vi) providing a structural foundation for physics as a science. Based on the
analysis, we discuss how the roles assigned to mathematics have been conceptualized in the reviewed
articles and provide an overall picture of the types and features of the reviewed corpus. Our findings suggest
opportunities for future research, including deeper explorations of underrepresented physics contexts and
targeted investigations into specific roles of mathematics in teaching and learning.
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I. INTRODUCTION

In physics education research, mathematics is recognized
as serving multiple roles in both physics and physics
learning. It is often regarded as, for example, a tool,
language, or representation, see, e.g. [1,2]. In most cases,
these roles are merely asserted as facts and remain unex-
plored; however, recent years have seen growing interest in
offering a more nuanced description of the roles of
mathematics in physics education.
In physics instruction, mathematics is sometimes asso-

ciated with solving end-of-chapter problems. In this role,
mathematics often serves as a calculation tool that is
algorithmically applied in problem solving, e.g. [3].
Often, it is also assumed that the students have already
learned the mathematical knowledge and skills in their

mathematics class before entering the physics class.
Consequently, many student difficulties in learning physics
have been attributed to a lack of mathematical competen-
cies and difficulty of transferring mathematical knowledge
to the context of physics, cf. [4]. Among others, Karam
et al. [5], however, argue against this stance and instead
suggest that, fundamentally, many difficulties in trans-
ferring knowledge between the disciplines emerge from
students’ failure to recognize the interconnections between
physics and mathematics.
The role of mathematics in physics and physics educa-

tion is indeed far more complex than mathematics merely
serving as prerequisite knowledge and skills for physics
learning and problem solving. Mathematics and physics are
deeply entangled, which stems from the long mutual
history of the two disciplines. For example, Gingras [6]
provides an overview of how the mathematization of
physics has had long-term social, epistemological, and
ontological effects on physics as a discipline in the past,
and Brush [7] even argues that mathematics is often
responsible for instigating scientific revolutions. To back
up his argument, Brush introduces multiple examples of
physical revolutions started by mathematics, ranging from
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the heliocentric theory by Copernicus to advances in
quantum mechanics. As mentioned also by Brush, it was
already Wigner who famously praised “the unreasonable
effectiveness of mathematics” in the context of quantum
theory [8]. However, this dynamic is not one-sided:
physics, among other sciences, has also shaped mathemat-
ics. For example, Kjeldsen and Lützen [9] emphasize the
two-way dynamics between physics and mathematics,
discussing the history of the concept of function.
In the field of physics education research, many authors

have contributed to analyzing the interconnections between
physics education and mathematics, and multiple models
exist to describe these entangled interactions. For example,
Pietrocola [10] examines the various aspects of handling
mathematics in physics, while Brahmia [11] models the
relation of physical and mathematical understanding.
Focusing on student modeling and reasoning activities,
for example, Redish and Kuo [12] provide a diagrammatic
presentation of a modeling and problem-solving process,
which Uhden et al. [13] complement by incorporating
aspects of Pietrocola’s considerations into it. In discussing
these two models, Palmgren and Rasa [14] give a layered
characterization of the roles mathematics plays in physics
and physics education. Meanwhile, in mathematics educa-
tion research literature, the interconnections between math-
ematics and physics have been actively explored from the
perspective of mathematics learning. On this side of the
field, for example, the modeling cycle by Blum and
Borromeo [15] exemplifies the complexity of the math-
ematical modeling process in detail. Moreover, there exists
a vast body of mathematics education research examining,
for example, mathematical problem-solving processes and
the construction of mathematical models of physical
systems. For instance, Wawro et al. [16] investigate how
quantum mechanics students interpret eigenequations in
different contexts, while Naranjo and Jones [17] study how
students construct differential equations to model real-
world systems, just to mention some recent contributions.
An extensive overview of the previous discussions on the

roles mathematics plays in physics education has been
provided by Pospiech [18] in the introductory chapter of the
book Mathematics in Physics Education [19]. From an
educational perspective, Pospiech separates three over-
arching aspects of the role mathematics has in physics,
following Krey [20]: “it serves as a tool (pragmatic
perspective), it acts as a language (communicative func-
tion), and it provides a logical and structural framework for
describing, ordering and classifying physical processes and
theories.” On one hand, in Pospiech’s overview, the roles of
mathematics span “the range from mathematics as a
technical tool to an inseparable mathematical-physical
reasoning.” Mathematics serves as a tool, for example,
for technical calculations. At the same time, physics
inherits deductive power from mathematics needed for
shaping new concepts and theories. On the other hand,

mathematics is seen to provide means for representing
physical constructs. Beyond this representational function,
however, mathematics also provides structural insights (see
also Ref. [21]).
A lot of Pospiech’s [18] discussion is primarily based on

the idea of separatingwhat they label technical and structural
roles of mathematics in physics. Following Pietrocola [10],
Pospiech defines the technical role as comprising “aspects or
activities mainly related to numerical procedures” and the
structural role as building “the skeleton of physical theories”
and providing “valuable general theorems allowing to
proceed into the unknown.” As they stress, there is no sharp
separation between the technical and structural aspects;
instead, they lie at opposite ends of the same spectrum.
The continuum between technical and structural roles of
mathematics captures and generalizes both the above-men-
tioned continuums between technical use and reasoning, as
well as representational and structural roles.
As is apparent from the above discussion, the relation-

ship between physics and mathematics is highly complex
and multifaceted. This being the case, it is not surprising
that conveying this deep interaction of the disciplines to
students is not an easy task. Pospiech [18] underscores the
importance of adopting an integrated approach to teaching
physics, emphasizing the need to develop students’ under-
standing of the interplay between physics and mathematics
from early stages of education.
While there has been a lot of interest in the roles of

mathematics in physics and physics learning in the physics
education research community, no systematic picture of
this multifaceted discussion has yet been formed. Thus, the
aim of this study is to form a comprehensive overview of
physics education research on the topic published in recent
years and to investigate how the role of mathematics has
been framed in this literature. To this end, we conducted a
systematic literature review of articles in physics education
research and related fields, covering publications from
2000 to 2023.
The article has two main objectives reflected in two

research questions. Regarding the aim of forming an
overview of the studies on the topic, the first objective
is to create an overall picture of the types and features of the
reviewed articles. Here, we are especially interested in the
theoretical and conceptual frameworks employed in the
reviewed studies, as those might affect how the role of
mathematics in physics is conceptualized—that is, what
kind of roles are assigned to mathematics in physics.
Furthermore, we examine other study characteristics: the
type of study (empirical or theoretical), research strategy
for empirical studies (qualitative, quantitative, or mixed),
population, sample size, and the context within physics in
which the study was conducted. Moreover, we consider the
main themes and topics of the articles. The second
objective is to form an overview of how the roles math-
ematics plays in physics and physics education are framed
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in the reviewed literature. The specific research questions
are as follows:
RQ1. What are the characteristics of recent physics

education research articles that examine the relation
between mathematics and physics or physics learning?
• RQ1a. What are the generic characteristics of the
studies (the type of study, research strategy for
empirical studies, population, sample size, and the
physics context)?

• RQ1b. What are the research themes examined in the
studies?

• RQ1c. What are the theoretical frameworks employed
in the studies?

RQ2. What roles of mathematics in physics and physics
learning can be identified in these studies?
To address these research questions, we start by describ-

ing the study methods in Sec. II. Here we describe the steps
of the literature review, the content analysis, and coding
processes, as well as using network maps for visualization.
In Sec. III, we present the results of the analyses, and in
Sec. IV, we discuss their implications. Finally, we close the
paper with conclusions in Sec. V.

II. METHODS

To acquire a comprehensive overview of previously
published studies and reveal the various viewpoints on
the role mathematics plays in physics education presented
in the literature, we conducted a systematic literature
review [22]. The context of the reviewed articles and the
steps of the review process are presented below.
To address the research questions, we employed quali-

tative content analysis [23,24] on our selected articles. In
addition, in our answer to RQ1, we coded each article for
characteristics based on our reading and used network
maps as visualizations. The analysis methods are discussed
in detail below.

A. Identifying the relevant literature

To select relevant articles for review, we conducted a
search of the ERIC database via ProQuest for peer-
reviewed journal articles written in English and published
between 2000 and 2023. As the search terms, we used
“mathematics” AND “physics,” “multiple representations”
AND “physics,” “equations” AND “physics,” and “math-
ematical model” AND “physics.” This search resulted in
3001 articles. We initially screened potential articles based
on the title and removed duplicate entries. At this initial
stage, our broad inclusion criterion was that the articles
explicitly examined the relation between mathematics and
physics. Our aim was to include all potentially relevant
articles. After the initial screening, 264 articles remained.
Next, the articles were screened based on their abstracts,

narrowing down to 181 articles. At this stage of screening,

the selection criterion was whether the articles explicitly
discussed the relation of mathematics and physics or
examined the role of mathematical understanding in phys-
ics education. Approximately 80% of the abstracts were
reviewed independently by two authors, and the inclusion
criterion was discussed when there was a disagreement
about inclusion between the authors.
Finally, the full texts of the 181 articles were retrieved

and screened, resulting in 86 articles being included in the
review. The above-mentioned criterion was also applied in
reading the full texts, but it was refined by excluding
studies that used physics, for example, solely as a context
for mathematics problems or discussed physical modeling
using spreadsheets. We also left out studies examining
computer-based calculation methods in physics education
and studies examining the ways in which physics can
enhance mathematics learning. Finally, studies whose
primary aim was to validate questionnaires were left out.
Inclusion and exclusion of the articles were discussed
between the two authors.
When reading the articles, we also identified potentially

relevant articles from the reference lists (a method known
as “snowballing”). The snowballing process was recur-
sively repeated for all the reviewed articles, and in this way,
we identified 218 potentially relevant journal articles based
on their titles. After retrieving the full texts, 36 articles were
selected for the review using the criteria described above. In
total, 122 articles were selected for the analysis. The
number of articles chosen in each stage is presented in
Fig. 1.

B. Content analysis and coding for characteristics

The analysis of the selected articles and their character-
istics included two main phases that are described below.

FIG. 1. The screening process and number of articles chosen in
each stage.
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1. Identifying generic characteristics

First, to answer RQ1a, we coded the articles for a
preagreed set of generic codes to characterize the types
of studies included in the review [25]. Such codes are useful
for describing the available studies in systematic reviews
[22]. While there are standardized coding systems for
generic coding for purposes of building a database (see,
e.g. [25]), the set of codes and level of detail are often
dependent on the aims of the researchers [22,25]. In line
with our aim of forming an overview of the studies on the
topic, we chose a set of codes that cover the type of study
(empirical or theoretical), research strategy for empirical
studies (qualitative, quantitative, or mixed), population
(e.g., university or high school students, or teachers),
sample size, and the physics context in which the study
was conducted (e.g., mechanics or electricity and magnet-
ism). Examining these aspects allows us to qualify our
findings regarding the roles of mathematics in physics
covered by RQ2. The codes were chosen following the
suggestions of Gough et al. [22] and Bennett et al. [25].

2. Thematic categorization and theoretical frameworks

To answer RQ1b, 1c, and 2, we employed inductive
content analysis [23,24,26]. In inductive content analysis,
the codes are derived from the data, in contrast to deductive
content analysis, where the codes are operationalized prior
to coding based on existing knowledge or theory [23].
Thus, inductive analysis potentially enables us to uncover
novel viewpoints on the analysis and to examine aspects
possibly missing in previous similar studies.
The content analysis process itself begins with choosing

the unit of analysis. Regarding RQ1b, we chose the entire
article as a unit of analysis, and for RQ1c, we chose a
passage of text describing the theoretical framework used
(depending on the article, this can vary from a sentence to a
paragraph). For RQ2, we chose a sentence expressing one
idea related to the research question. That is, a sentence
expressing a role for mathematics was coded.
As for coding, several techniques exist [27,28]. The

choice of the technique depends, for example, on the aims
and research questions. For coding the research themes and
frameworks, we used descriptive coding, which means
assigning labels or short descriptive phrases to summarize
passages of data [28]. For coding the roles, we used in vivo
coding (to be described in detail later) [27].Moreover, coding
is often cyclical rather than linear in nature. In other words,
codes are refined, combined, and categorized acrossmultiple
cycles, each of which may require different techniques [27].
To gain an overview of the themes examined in the

research (RQ1b), we identified and coded the articles for
research themes (such as the use of mathematics in physics
problem solving). We then categorized the articles the-
matically. This process involved examining the focus of
each study and grouping similar themes together to form a
comprehensive overview of the types of research included

in the review. Even though one article may include multiple
themes, each article was categorized based on only one
theme or topic, which was interpreted to be the main one.
Categories and their boundaries were refined and estab-
lished based on discussions between the two authors.
Characteristics of the reviewed literature are discussed in
Sec. III A.
To answer RQ1c, we coded the articles for the theoretical

frameworks employed in the studies. Theoretical frame-
works are here loosely understood as containing the
assumptions and orientations of the research and as such
provide a particular perspective for explaining and inter-
preting a phenomenon [29]. Theoretical frameworks guide
the questions, methods, and interpretations of the findings.
Therefore the frameworks are relevant to exploring how the
role of mathematics in physics education has been studied.
Some of the framework codes here represent somewhat
established theoretical frameworks with their own theo-
retical assumptions (e.g., conceptual blending), and others
merely reflect a certain point of view or general approach to
analyzing the relationship of mathematics and physics. For
instance, articles with the code “achievement” typically
look at the correlations between scores in mathematics and
physics achievement tests. The coding for frameworks was
also discussed between the two authors. Frameworks are
discussed in Sec. III B.
The characteristics of the reviewed articles were visual-

ized via network maps. The process of network analysis is
explained in the next section (Sec. II C). The visualizations
and their implications are discussed in detail in Sec. III C.

3. Identifying the roles of mathematics

To identify the roles of mathematics in physics education
for answering RQ2, multiple coding cycles were per-
formed. In the first coding cycle, as we aimed to capture
the landscape and varied terminology of the rather diverse
set of studies included in the analysis, we chose to use
in vivo coding (also called literal coding, verbatim coding,
inductive coding, etc.) [27]. While sometimes the analyst
names the codes, during in vivo coding, the code names are
derived using the language and terms appearing in the data.
We performed the first coding cycle for articles from 2000
to 2019, and it resulted in 331 unique role codes. In the
second coding cycle, we aimed at reducing the number of
codes by merging similar codes into broader ones. This
cycle proceeded iteratively through merging and revising
codes. The second coding cycle resulted in 20 role codes.
This analysis was carried out and discussed by two authors.
The analysis process is schematically presented in Fig. 2.
The 20 role codes were subjected to the third and final

coding cycle, aiming at creating the final categorization of
the role codes for theorizing and identifying broader themes
in the data. In this cycle, we identified the codes that we
considered to belong to broader role categories and
grouped them together. This grouping was discussed and
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established between two authors. This final cycle resulted
in a coding scheme of six role categories. After the initial
analysis process, we expanded the dataset to include papers
from 2020 to 2023. We coded these articles applying the
final categorization scheme (the final six broader role
categories). The role categorization is discussed in more
detail in Sec. III D.

C. Visualizing the characteristics via networks

In the analysis process, the reviewed articles were
thematically categorized based on their topics and coded
for their generic characteristics (e.g., physics context of the
study and studied population) as well as the employed
theoretical framework. In some cases, more than one code
was assigned to an article. For instance, an article could be
labeled with “mechanics” as well as “electricity and
magnetism” to describe the physics contexts of the article.
This was true also for the theoretical frameworks employed
in the articles; an article might use, for example, both a
problem-solving framework and a students’ epistemologies
framework. Thus, articles could show multiple connections
to categories and codes.
We created network maps to visualize and analyze the

relationships between articles and coding categories. A
network generally consists of nodes that represent entities
and links that represent relationships between these entities
[30]. Our network maps of articles and coding categories are
bipartite networks [31], meaning that there are two types of
nodes, and links never connect to the same type of node. In
our bipartite networks, coding categories represent one type
of node, while articles represent another type of node. A link
was established between an articleA and a coding categoryC
if C was assigned to A in the coding process.
Network maps are relevant in this case because they are

apt for showing complex relationships in data. In creating

networks, choices need to be made with regard to what
counts as a node, what counts as a link, and what counts as
node and link attributes [30]. We follow Bruun [30], who
argues that these choices depend on the study at hand. In
our case, we made the choice that having articles as one
type of node would provide fruitful information for
interpretations. As for the other type of node in our bipartite
networks, our rule of thumb was that the category chosen
should allow for multiple code assignments for each article.
Furthermore, the category should give information about
physics, the role of mathematics, and/or how the relation-
ship was studied, since it is the aim of this study to
characterize these. Thus, while population (here, e.g.,
undergraduate students) as a coding category could satisfy
the first rule of thumb (for instance, by addressing multiple
populations), it does not provide direct information about the
physics, the role of mathematics, or how it was studied. The
physics context of an article, however, would be a good
candidate, since a given study could examine the role of
mathematics in, for instance, mechanics and electromagnet-
ism, and this does provide information that is directly
relevant to our study. With these rules of thumb, we used
bipartite networks to provide network maps to show over-
arching patterns between articles and coding categories. We
also used co-occurrence networks to show direct relation-
ships between coding categories. Such networks have been
used, for instance, in Module Analysis for Multiple Choice
Responses (MAMCR) to gauge relationships between
responses to questionnaires [32,33]. Instead of questionnaire
items, our focus was on relationships between coding
categories. The procedures are described in detail in those
studies [32,33], and we followed them to make backbone
networks that showonly themost prevalent connections [34].
These networks were then interpreted to characterize overall
patterns between relevant coding categories.
To assess whether visual patterns in the network maps

reflect meaningful structure rather than chance, we sup-
plemented our qualitative inspection with two quantitative
analyses. First, we used a Monte Carlo version of the chi-
squared test [35] to check whether the distribution of
thematic categories differs significantly across coding
categories, taking into account the irregular margins in
our data. Second, we used a node-level version of Bruun
and Bearden’s [36] segregation measure, which in our case
uses Kullback-Leibler divergence to quantify how much
categorical distributions around nodes deviate from a
global distribution, comparing the observed value to a
randomized null model to produce interpretable Z scores
(patterns are significant to the 0.05 level for Z > 1.96).
This is appropriate for network data where nodes (articles,
frameworks, and contexts in our study) vary in how many
articles they are linked to. This method allowed us to
assess, for each node, whether the distribution of connected
article categories deviates from what would be expected by
chance. Together, these methods provided both a global test

FIG. 2. Schematic description of the analysis process, cf. [23].
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of association and a more fine-grained view of which nodes
structure the thematic landscape. Details of the procedures
are available in [37].

III. RESULTS

The analysis of the selected articles allowed us to provide
an overview of the recent physics education research,
examining the role of mathematics in physics and physics
learning. Most importantly, we analyzed the roles math-
ematics has been assigned in the reviewed studies. The
findings of the analysis are presented below.

A. Description of the reviewed articles

The reviewed literature consists of 122 journal articles
published in physics education research and the related

fields in the years 2000–2023. The number of reviewed
articles published per year is presented in Fig. 3.
Unexpectedly, the number of articles does not follow the
typical exponential-like growth but appears more periodic.
In addition, the number of reviewed articles per journal is
shown in Table I. As is apparent looking at these numbers,
the most popular journals for discussions on the themes of
interest have been Physical Review Physics Education
Research (43 articles; 35%) and Science & Education
(23; 19%). It should, however, be noted that Physical
Review Special Topics—Physics Education Research was
renamed Physical Review Physics Education Research in
2016, and here, we treat them as the same journal.

1. Generic characteristics of the articles

In the analysis process, the articles were coded for a
preagreed set of generic codes to characterize the types of
studies included in the review, e.g., based on the physics
context inwhich the studywas conducted. In all the reviewed
articles, at least one of the primary contexts of the discussion
belongs to the field of physics. For example, Silva [38]
explores the historical development of electromagnetism
using the viewpoint of mathematical analogies, andKarakok
[39] focuses on undergraduate students’ understanding of
eigenvalues and eigenvectors in quantum mechanics. Some
studies combine multiple fields. For example, Rodriguez
et al. [40] discuss graphical reasoning in biology, calculus,
and chemistry in addition to physics (mechanics). The most
typical physics contexts of the reviewed studies are mechan-
ics (in 51 articles; 42%) and electromagnetism (40; 33%).
Also, quantum mechanics (18; 15%) and thermodynamics
(14; 11%) are relatively frequently used as contexts.

TABLE I. The number of articles per journal. *Physical Review Special Topics—Physics Education Research was renamed Physical
Review Physics Education Research in 2016. Here, we treat them as the same journal.

Journal No. of articles

Physical Review Physics Education Research* 43
Science & Education 23
American Journal of Physics 8
International Journal of Science and Mathematics Education 4
ZDM Mathematics Education, Research in Science Education, Physics Education, International Journal of
Science Education (4 journals)

3

Science Education International, Science Education, International Journal of Mathematical Education in Science
and Technology, European Journal of Engineering Education (4 journals)

2

Acta Didactica Norden, Canadian Journal of Science, Mathematics and Technology Education, Cognition and
Instruction, Education Sciences, EURASIA Journal of Mathematics, Science and Technology Education,
European Journal of Physics, European Journal of Science and Mathematics Education, For the Learning of
Mathematics, International Education Studies, International Journal of Computers for Mathematical Learning,
International Journal of Environmental & Science Education, Journal of Baltic Science Education, Journal of
Chemical Education, Journal of Intelligence, Journal of Research in Science Teaching, Journal of Science
Education and Technology, Journal of Technology and Science Education, Mathematics Education Research
Journal, Nordic Studies in Science Education, Studies in Educational Evaluation, Studies in Science
Education, The Asia-Pacific Education Researcher, The Journal of the Learning Sciences, Topics in Cognitive
Science (25 journals)

1

FIG. 3. The number of articles published per year. This subfield
does not seem to follow the usual exponential growth in papers
but appears more periodic.
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About a quarter of the reviewed articles (29; 24%) are
theoretical studies, such as historical or philosophical
analyses, task analyses, and document reviews (textbooks,
curricula, etc.). Respectively, approximately three-quarters
of the articles (93; 76%) are empirical studies utilizing
student or expert data. When analyzing the articles and their
research methodologies, 58 of the empirical articles were
coded as qualitative studies (62%), 17 as quantitative
(18%), and 18 as mixed (19%). This coding was based
on the interpretation of the coder, as the analysis methods
were not always clearly stated in the articles.
In the empirical studies, the data were collected from

various populations: university students, students in lower
educational levels, preservice and in-service teachers, uni-
versity instructors and researchers, as well as other experts.
University student data were collected from physics majors
as well as other majors (e.g., mathematics and engineering).
Overall, the grade levels of the student samples spanned from
elementary to graduate. In 64 of the articles (69% of the
empirical studies), data were collected from undergraduate
students, sometimes combined with data from some other
group. In the reviewed empirical studies, the sample sizes
also vary from case studies with only a couple of participants
to large studies with sample sizes larger than 500. However,

almost half of the empirical studies have small samples with
5–50 participants (45; 48%).

2. Thematic categorization of the articles

From our reading and coding of the articles, we formed
eight thematic categories that describe the main themes or
topics of the articles. These categories were inductively
produced during the data analysis process, and they provide
a comprehensive overview of the themes of the studies
included in the review. Each article was categorized based
on only one theme or topic, which was interpreted to be the
main one. However, it should be noted that an article may
include and blend multiple themes, and the boundaries of
the thematic categories are not clear-cut, with some
categories overlapping. The categories are briefly described
below and presented in Table II.
Students’ mathematical modeling of physical phenom-

ena is the smallest category, with only five articles,
examining students’ use of mathematical concepts and
formalisms in modeling and inquiry contexts. More spe-
cifically, these articles investigate students’ abilities to
make connections between physical phenomena and math-
ematical models representing those in laboratory settings.

TABLE II. Thematic article categories, describing the topics of the articles, and the reviewed articles are assigned to the categories.

Thematic category Description No. of articles References

Category 1: Students’ mathematical
modeling of physical phenomena.

Studies that examine students’ use of
mathematical concepts or formalism in
modeling and inquiry contexts.

5 [1,41–44]

Category 2: Role of mathematics in
physics teaching.

Studies that examine how mathematical and
physical concepts are blended in
instruction and instructional materials.

8 [45–52]

Category 3: Mathematics as a
representation for physics.

Studies that examine the features of
mathematics as representations of physics
concepts (e.g., how different notational
systems may affect learning).

9 [40,53–60]

Category 4: Students’ understanding/
interpretation of mathematical
concepts in physics contexts.

Studies that examine students’
understanding and/or use of mathematical
concepts in physical contexts.

10 [39,61–69]

Category 5: Statistical analyses of
relations between mathematics and
physics achievement.

Studies that examine, e.g., correlations
between mathematics and physics
achievement measures.

11 [70–80]

Category 6: Conceptions about the
relationship of mathematics and
physics.

Studies that examine students’ and teachers’
conceptions of the relationship between
mathematics and physics.

15 [2,3,81–93]

Category 7: Historical and
philosophical accounts of the role
of mathematics in physics.

Studies that examine the relation of
mathematics and physics from a historical
and/or philosophical point of view.

21 [7,13,21,38,94–110]

Category 8: Use of mathematics in
physics problem solving.

Studies that examine students’ use of
mathematics in problem solving.

43 [12,111–152]
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The aim is to find ways to help students better perceive
these connections.
Role of mathematics in physics teaching consists of eight

articles, investigating how the role of mathematics appears
in physics instruction, instructional materials, and, for
example, physics and mathematics curricula. The articles
in this category discuss how the role of mathematics should
be framed in physics instruction and instructional materials
to bring the connections between physics and mathematics
into the forefront and present examples of teaching
sequences targeting this aim.
Mathematics as a representation for physics features nine

articles, the aim of which is to study how different repre-
sentationsmay affect physics learning, for example, how the
chosen mathematical notation system affects student under-
standing of physics concepts or reasoning in problem-
solving situations. Another key focus of the studies in this
category is students’ understanding and fluency in using
multiple mathematical representations in physics contexts.
Students’ understanding or interpretation of mathemati-

cal concepts in physics contexts includes 10 articles that
examine how students perceive and use mathematical
constructs in physics. The main focus of these articles is
on students’ conceptual understanding of mathematical
constructs in physics contexts, but also students’ abilities
to apply these constructs are investigated.
Statistical analyses of relations between mathematics

and physics achievement is formed by 11 articles, examin-
ing correlations between mathematics and physics achieve-
ment measures. Correlations are searched for between
physics or science achievement and learning gains, and,
for example, mathematical preinstructional knowledge and
flexibility. Some of the studies utilize large datasets, such as
the Trends in International Mathematics and Science Study
(TIMSS), Longitudinal Study of American Youth (LSAY),
and National Matriculation Examination Data.
Conceptions about the relationship of mathematics and

physics involves 15 articles that examine students’ and
experts’ conceptions of the connections between mathemat-
ics and physics. The goal of these studies is to understand the
epistemological views people hold on physics, mathematics,
and their interconnections, and how these views evolve.
Another focus of the studies is supporting the development of
students’ conceptions toward a more multifaceted and
scientific direction during instruction.
Historical and philosophical accounts of the role of

mathematics in physics contains 21 articles that examine
the relation of mathematics and physics from a historical or
philosophical point of view. Many of the studies in this
category present historical accounts of the role mathematics
plays in physics, for example, in the development of physical
theories or scientific advancements. Others focus more on
philosophical aspects of the interconnections of physics and
mathematics and their effects on physics education. Notably,
15 (65%) of the articles have been published in Science &

Education, while all the other articles in this category
represent sporadic journals.
Use of mathematics in physics problem solving is the

largest category with 43 articles. The studies of this category
explore students’ mathematical reasoning and sensemaking
in physics problem-solving situations.These issues havebeen
investigated frommany points of view.Many of the studies in
this category, for instance, apply frameworks stemming from
Hammer’s resources [153] in their exploration. About two-
thirds (29; 67%) of the articles have been published in
Physical Review Special Topics—Physics Education
Research or Physical Review Physics Education Research.

B. Theoretical frameworks employed in the articles

The theoretical frameworks employed in the articles are
presented in Table III. While theoretical frameworks re-
present somewhat distinct perspectives for looking at a
phenomenon, a study might employ more than one frame-
work. Therefore, an article can have more than one frame-
work code, and it was indeed rather typical. The biggest
categorywasOther, which has frameworks that have equal to
or fewer than three mentions. Frameworks included in this
category are, for example, mental models, distributed cog-
nition, formal analogies, and concept image. It is notable that
despitemental models being rather ubiquitous in educational
research, they did not appear as such in our data.
Regarding frameworks with four or more mentions,

students’ epistemologies (21; 17%), conceptions (17;
14%), and resources were three of the most frequent.
These were followed by history of science and problem
solving (13; 11%). Regarding the most frequent frame-
works, students’ epistemologies is a framework looking at
students’ views and understanding of knowledge, the role
of mathematics, the nature of physics and, for example, the
activities related to learning physics such as problem
solving. For example, Bajracharya and Thompson [113]
examine students’ epistemological framing of physics
problems, which is concerned with how students interpret
a problem and its possible solution strategies. The con-
ceptions framework is concerned with describing students’
understanding of, for example, physics concepts. As an
example, Planinic et al. [69] examine the understanding of
the concept of a line graph slope in the contexts of
mathematics and physics. The resources framework aims
at building a “phenomenological model of high-level
thinking” [115]. It is commonly used in examining stu-
dents’ problem-solving behavior and understanding the
variety of context-specific cognitive elements students use
during a problem-solving process. History of science is an
example of a more overarching framework that looks at the
history of science with the aim of deriving implications for
teaching and learning. For example, Kanderakis [100]
investigates the mathematization of physics through his-
torical examples.
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As mentioned, the articles might include more than one
framework code; for example, “students’ epistemologies”
shares more than one article with the code “resources.” It
turns out that such connections between frameworks reveal
overall structural patterns between articles and frameworks.
This aspect of the data is explored by the network analysis
and is presented in the next section.

C. Network overview of the articles

To analyze and visualize patterns in the data, we created
three networks presented in Figs. 4–6. Links to interactive
versions of each network are available in [37]. In presenting
each network, we highlight what the reader can explore on
the interactive versions. We have used the software Gephi for
the visualization, and here, we have employed the Yifan-Hu
layout algorithm. Yifan-Hu arranges nodes in a network
graph to reveal overall patterns, with dense clusters forming
naturally and intermediate nodes positioned as visible
connectors between them.
Figure 4 shows the bipartite network of the context codes

and articles included in our review. For the purposes of this
figure, we represent articles as numbered and colored nodes.

The number is an identifier, while the color represents the
thematic article category. In the interactiveversion, the reader
may explore article characteristics such as authors, title,
journal, year, and codes thatwehave created and used to label
the articles.
The first pattern we notice in Fig. 4 is that “mechanics”

and “electricity and magnetism” are the most prevalent
context codes, meaning that these two physics contexts
have been studied most extensively with regard to the role
of mathematics in physics. Second, most articles have been
labeled with one context node, meaning that we could only
identify one context as the focus of the article. About 25
articles are visible as connectors between context nodes;
they have been identified as studying more than one
context. Of the 21 articles belonging to thematic article
category 7 (historical and philosophical accounts of the
role of mathematics in physics), 10 are connectors, which
could indicate a trend in historical and philosophical
accounts to relate different contexts.
No articles connect science with other context nodes,

which is indicative of a broader approach. This may be
explained by the fact that most articles connected to science
are in the thematic article category 5, which deals with

FIG. 4. A network map with context codes (n ¼ 9), articles (n ¼ 122), and links between articles and context codes (n ¼ 156).
Numbers refer to each article’s number (see Ref. [37]). Size of nodes is proportional to the number of the node’s connections. Colors
indicate the thematic category assigned to each article.
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FIG. 5. A network map with framework codes (n ¼ 14), articles (n ¼ 122), and links between articles and framework codes
(n ¼ 174). Numbers refer to each article’s number (see Ref. [37]). Size of nodes is proportional to the number of the node’s connections.
Colors indicate the thematic category assigned to each article.

FIG. 6. Backbone network of a framework and context co-occurrence network. Nodes represent context (purple) and framework
(green) codes. A link between two nodes represents the number of articles that have been assigned both codes. Thus, science and
achievement have both been assigned to six articles. The light gray lines in the background show links with a weight larger than one that
were part of the original co-occurrence network but had been filtered out when extracting the backbone. There are 23 nodes, 29
backbone links, and 40 nonbackbone links.
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statistical analyses of achievement. Thus, physics may here
be part of a broader set of disciplines that is analyzed.
To examinewhether thematic article categories are related

to specific physics contexts or theoretical frameworks, we
combined visual inspection with quantitative analysis.
Initially, Fig. 4 gave the impression that articles in each
thematic category (as indicated by color) are evenly distrib-
uted across physics context nodes. This impression is
supported by our statistical analysis: Only two of the nine
context nodes exhibit significant divergence from expected
distributions (Z ≥ 1.96), suggesting that most contexts do
not strongly structure the thematic focus of papers. However,
science (Z ¼ 4.91) and unclear context (Z ¼ 3.03) exhibit
significant overrepresentation of thematic categories (likely
category 5 for science, and categories 6 and 7 for unclear
context). These over-representations drive the overall
Monte Carlo chi-squared test (χ2 ¼ 104.2, d:o:f: ¼ 56,
p ≈ 1 × 10−4), as well as the overall segregation
(Z ¼ 3.27, p ¼ 5 × 10−4) toward a significant but modest
association between thematic categories and physics con-
texts. Removing science and unclear context from this
analysis also removes the significant overrepresentation
(χ2 ¼ 47.74, d:o:f: ¼ 42, p > 0.2) and segregation patterns
(Z ¼ 0.313, p > 0.3).
In contrast, Fig. 5 suggests a clearer pattern linking

thematic categories to theoretical frameworks, particularly
for category 8 (use of mathematics in physics problem
solving). This visual impression is supported quantitatively:
both the Monte Carlo chi-squared test (χ2 ¼ 386.9,
d:o:f:¼91,p<2.2×10−16) and the segregation (Z ¼ 15.45,
p ≈ 0) indicate strong nonrandom structure. At the node
level, 11 out of 14 framework codes show significant
overrepresentation for thematic categories, with particularly
highZ scores for achievement (Z ¼ 13.6), history of science
(Z ¼ 9.8), and modeling (Z ¼ 6.0). These results indicate a
strong association between thematic categories and theoreti-
cal frameworks. This structure seems especially pronounced
for category 8, which is frequently linked to frameworks like
problem solving, students’ epistemologies, and resources.
For most framework nodes, there is a correspondence

between the identified framework and the thematic article
category. This was seen above for category 8, which has to
do with problem solving, and for which problem solving
was a prominent framework. The same pattern can be seen
for thematic category 7, historical and philosophical
accounts of the role of mathematics in physics. Many,
but not all of the articles in this category are linked to
history of science and/or modeling and the two framework
nodes share a couple of articles. The trend of connecting to
additional less used frameworks can also be observed here;
three articles linked to history of science are also linked to
other frameworks.
Articles in thematic category 5, statistical analyses of

relations between mathematics and physics achievement,
are primarily (9 out of 11) linked to the achievement

framework. These studies are almost never combined with
other theoretical frameworks, which raises the question of
commensurability [154]: to what extent can the knowl-
edge produced in achievement-focused, often observatio-
nal studies be integrated with knowledge developed in
frameworks that emphasize students’ reasoning, represen-
tations, or epistemologies? This may point to deeper
differences in epistemological commitments and meth-
odological approaches across traditions. It is also inter-
esting that articles in thematic category 2, role of
mathematics in physics teaching, are to a large extent
linked to an unclear framework. The explanation for this
pattern does not seem immediately clear.
In contrast to most of the other frameworks, conceptions

can be identified as a broad framework—one that is used to
examine many different themes. This is evident in the
variation of colors of the article nodes that surround the
framework node. While, as could be expected, articles in
categories 4 and 6 (both having to do with student
conceptions) feature prominently, categories 1, 2, 3, and
8 are also used with this framework. Furthermore, while
conceptions have been linked with other frameworks 3
times, it has only been coupled with one other prominent
framework (students’ epistemologies) once. Thus, one
could again ask whether knowledge produced using a
conceptions framework is really commensurable with
knowledge produced with the other frameworks.
Figure 6 shows the backbone of a framework-context co-

occurrence network. To create this backbone network, we
first created a network consisting of all connections
between framework and context nodes. In that network,
nodes represented either framework or context codes. Two
nodes were connected if they were applied to describe the
same paper. The more frequently the same two codes had
been applied to the same paper, the larger the weight of the
connection between the two codes. For instance, general
relativity and constructivism had been used to describe the
papers by Quale [21,106]. No other papers had received the
combination of general relativity and constructivism.
Therefore, the weight of the link between general relativity
and constructivism had the weight 2. Applying this
procedure for all combinations of codes resulted in a dense
network (23 nodes and 109 links). To create the backbone
network, we retained only the link(s) with the largest
weight(s) for each node. The result was a sparser network
(23 nodes and 29 links) that highlights the strongest
patterns of co-occurrence.
As an illustration, consider mechanics, which had a link

to other frameworks with the highest observed weight
(w ¼ 15), so this was kept, while, from the perspective of
the mechanics node, all other links were deleted. However,
for symbolic forms, the link with the highest weight
(w ¼ 6) was to mechanics. Thus, this link was also kept,
while from the perspective of the symbolic forms node, all
other links were deleted. In case of ties, all links were kept.
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For example, general relativity had four links, each with a
weight of 2. Since they had the same weight, all four were
retained.
One limitation of this approach is that some high-weight

links may still be filtered out if they are not the strongest
from a given node’s perspective. For example, a link from
resources to electricity and magnetism with weight 9 was
excluded because resources had other, stronger links. To
retain a sense of these important—but relatively weaker—
connections, we visualized such filtered-out links with
weight >1 as faint, backgrounded edges in Fig. 6.
Figure 6 provides an overview of the most prominent

structures in our framework–context backbone network. For
example, we see thatmechanics is themost used context for a
variety of frameworks.Also,we see that one of the prominent
features of electricity and magnetism is that it is studied to a
large extent in conjunction with mechanics. Another feature
worth noting is that the node electricity and magnetism is
linked to ACER (activation, construction, execution, and
reflection), which is, in turn, connected to resources and
students’ epistemologies. These frameworks form a small
cluster, and from the background links, we can see that they
are often used in the context of bothmechanics and electricity
and magnetism. Notably, this cluster may reflect the work of
a small group of authors, raising the question ofwhether such
clustering stems from shared conceptual ground or from
patterns of collaboration. However, we view this not as a
limitation, but as an illustration of how intellectual structures
often emerge through authoring practices. Frameworks
typically gain traction and coherence through the sustained
efforts of research communities, and the observed clustering
likely reflects this co-construction of knowledge and
scholarly identity.
We also observe that the node electricity and magnetism,

like mechanics, is linked to several other frameworks—
those that appear no more than 3 times in our dataset.
Quantum mechanics is most often associated with these
other frameworks as well. Of the background links
removed from quantum mechanics, two had a weight of
4 (to mechanics) and 5 (to students’ epistemologies), while
all others had a weight of 3 or less. This suggests that
quantum mechanics is also studied with a variety of
frameworks but may represent a relatively newer or more
exploratory research context. Finally, science and achieve-
ment form a small island of their own, with only weak
background links connecting them to the rest of the corpus.

D. Roles of mathematics in physics
and physics education

In the analysis, 20 roles for mathematics in physics and
physics learning were identified in the reviewed literature.
These roles span from algorithmic use of mathematics in
solving end-of-chapter problems to an epistemic tool in the
investigation of the physical world around us. For theo-
rizing and identifying broader themes in the data, these 20

roles were thematically categorized into six role categories.
It should, however, be noted that the division between the
roles and thematic role categories is not always clear-cut.
Since the relationship between physics and mathematics is
so interconnected, it is natural for some of the roles and
categories to overlap.
The roles and their thematic categorization are presented

in Table IV. The role categories are described in detail below.

1. Mathematics and physics learning

As this review is focused on physics and science
education research literature, it is expected that assertions
about the relationship between mathematics and physics
learning are ubiquitous in the reviewed corpus. In many
cases, mathematics is seen to provide foundations for
learning physics: the learner needs to have good basic
knowledge in mathematics upon which they may build
when learning physics. This is especially relevant for
physics problem solving, but also for building conceptual
understanding, and it becomes more and more relevant
when proceeding to more advanced physics topics. For
example, Dini and Hammer [84] write that in quantum
mechanics, conceptual “understanding ultimately anchors
in mathematics.” This also entails that instructors need to
make sure that their students have strong enough skills and
understanding of mathematics before proceeding with the
physics curriculum. Importantly, the connections between
physics and mathematics need to be actively made also
during instruction, e.g. [48]. However, not only do physics
learners benefit from the knowledge of mathematics.
Professional physicists also need mathematics to be able
to construct new physical models and theories, and thus
expand our collective understanding of physics. For exam-
ple, Martinez-Torregrosa et al. [103] highlight the role of
differential calculus as a tool to progress in understanding
scientific problems.
Because mathematics can be seen as crucial for physics

learning and understanding, mathematical knowledge and
skills can be expected to affect academic achievement in
physics. However, when studied statistically, the evidence
for the effect of the level of mathematics skills on physics
achievement is mixed. Some studies in the review find little
to no correlation between the initial mathematics skills and
physics learning, see, e.g. [78], while others show stronger
connections between achievements in the subjects, e.g.
[76]. In fact, Torigoe and Gladding [140] suggest that
student difficulties in physics are not due to a lack of
mathematics skills but merely to confusion of symbolic
meaning. Thus, it seems that making connections between
physics and mathematics during instruction might be more
important than students’ preinstructional knowledge.

2. Mathematical manipulations and calculations

The role of mathematics as a calculation tool in physics
is frequently discussed across the reviewed corpus.
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TABLE IV. Final set of 20 role codes categorized into six role categories.

Role category Role Description

Mathematics and
physics learning

Mathematics affects learning and
achievement.

Knowledge in mathematics affects physics learning
and thus achievement in physics.

Mathematics affects understanding. Mathematics helps in constructing physical
understanding.

Mathematical manipulations
and calculations

Mathematics aids in predicting and
retrodicting.

Mathematics is used to make inferences about the
future or past of physical systems. In learning
contexts, predictions are often solutions to
exercise problems.

Mathematics aids in problem solving. Mathematics is a tool for problem solving. It
enables handling complicated problems
mathematically in a simplified form.

Mathematics is a practical tool. Mathematics is an external instrument that is
applied in physics.

Mathematics provides means for
mathematical manipulations.

Mathematics is used as a tool to manipulate
mathematically expressed information. This role
refers especially to rote calculations, the so-
called “plug and chug” way of using
mathematics.

Mathematics as a
reasoning guide

Mathematics aids in defining and
formulating new concepts and theories.

Mathematics is used in developing physical
concepts and theories.

Mathematics helps to establish, generalize,
unify, and extend the reach of theories.

Mathematics provides a structure for physical
theories, upon which new knowledge is inserted.
As this structure is uniform, it enables us to make
generalizations and extend the reach of physical
theories.

Mathematics provides a derivation and proof
mechanism.

Mathematics provides a way to derive new results
from the known facts.

Mathematics provides means for reasoning
and sense making.

Mathematics serves as a reasoning guide; it gives
us the ability to think about the physical world in
a logical manner. It provides a framework that
guides thought.

Mathematics provides verified knowledge
and rules.

As a logical structure, mathematics offers a way to
lean on formerly established limits and rules.

Mathematics in experiments
and modeling

Mathematics aids in modeling and
application of models.

Mathematics enables building idealized and
simplified models of complicated phenomena.

Mathematics is a part of experiments. Mathematics is used in planning and setting up
experiments and interpreting their results.

Mathematics as a
language

Mathematics contains and conveys
information.

Mathematics is utilized to express and
communicate information about the physical
world.

Mathematics makes/expresses meaning. With mathematics, it is possible to express ideas
and thoughts about the physical world. Using
mathematically expressed information, e.g., by
combining it, we may create new meanings.

Mathematics provides means for
representing and describing.

Mathematics enables us to describe and create
unambiguous representations of the physical
world to make physical systems, relations, and
processes understandable.

(Table continued)
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Mathematics allows us to handle physical systems in a
simplified and structured form, in which manipulating
information mathematically becomes possible. Thanks to
this, we may plan the steps to the desired solution and
proceed toward it along a logical path. We can, for example,
calculate new quantities from other quantities or find new
symbolic or numerical solutions to posed problems. In turn,
these solutions may be modified into a form that can be
more readily interpreted. This way, mathematics allows us
to make inferences about physical systems, cf. [148].
A large part of this category is the use of mathematics in

physics problem solving. Undeniably, problem solving is
an important aspect of physics expertise, and many studies
have examined the phases of problem solving as well as
student reasoning and sensemaking during the problem-
solving process. For example, Redish and Kuo [12] present
their modeling cycle adapted from mathematics education
research to describe the reasoning process, and Dreyfus
et al. [119] analyze mathematical sensemaking in under-
graduate quantum mechanics. A recurring observation in
the analyzed studies has been that most often students know
the required mathematical techniques and procedures but,
for some reason, fail to utilize them in the physics context,
see, e.g. [140]. This difficulty affects the whole problem-
solving process as students are not able to recognize the
appropriate mathematical structures in representing the
problem situations, finding the solution, and interpreting it.
Problem solving, in an ideal scenario, involves what

Uhden et al. [13] call “structural” use of mathematics (i.e.,
using mathematics entangled with conceptual understand-
ing in physics) alongside the rote mathematical manipu-
lations (see also [10,18]). These manipulations are often
regarded as “technical” use of mathematics or so-called
plug and chug. This category includes both these aspects of
mathematical problem solving in physics, but more

emphasis on the structural use of mathematics in physics
is given in the following category.

3. Mathematics as a reasoning guide

The aforementioned structural use of mathematics in
physics (defined in Ref. [13]) is frequently emphasized in
the analyzed articles. Here, mathematics is not seen as a
mere calculation tool, but as an asset for structuring
physical thought and “a reasoning instrument to think
about the physical world” [48]. On one hand, mathematics
provides a logical framework for reasoning and sense-
making, and on the other hand, it sets limits for physical
thought. This way mathematics provides a pathway along
which physical thought can proceed. For example, Bing
and Redish [115] describe the epistemic roles of math-
ematics for physicists, writing that mathematics “reflects
physical relations, provides a calculation framework, forms
a web of interconnected ideas, and provides a packaging
system for encoding rules and previous results.”
As mathematics provides a coherent structure for physi-

cal theories, it enables us to attach new information to the
existing structure and logically organize the acquired
knowledge. Because of this, physicists are able to extend
the reach of theories, e.g., via generalizations and analogies
[101,105]. Moreover, as a reasoning guide mathematics
provides means for logical thought as well as a derivation
and proof mechanism [109]. These features are crucial
when mathematics is used in defining and developing
new concepts and constructing new models and laws,
see, e.g. [21,106].
For the physics learning context, reasoning aspects are

discussed a lot, and acquiring these skills is often seen as an
ultimate goal of physics instruction: students should learn
to “think like a physicist,” see, e.g. [142]. In order to reach

TABLE IV. (Continued)

Role category Role Description

Mathematics and physics
as a science

Mathematics allows new knowledge and
explanations.

Mathematics helps us to make sense of physical
phenomena. In doing so, it leads to new
understanding and enables us to create new
explanations about the physical world.

Mathematics drives/is required for the
development of science.

Mathematics contributes to the development of
physics, as it allows systematic study of physical
phenomena and provides tools for exploring the
physical world.

Mathematics is a structural constituent. Mathematics provides a structure for physical
theories that serves as a basis or foundation for
all physical knowledge. As such, mathematics
has a huge influence over the form of physical
theories.

Mathematics is an epistemic tool. While reality cannot be directly accessed,
mathematics provides us with a way to
examine it.
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this goal, students should be explicitly taught to analyze
physical situations, identify the underlying mathematical
structures, as well as blend physical and mathematical
reasoning. For example, Kuo et al. [127] argue that what
they call “opportunistically blending” of conceptual and
formal mathematical reasoning in physics problem solving
is an important aspect of problem-solving expertise.
However, as Hull et al. [125] point out, the value of such
blended reasoning is often not acknowledged in physics
instruction, and for example problem-solving rubrics do not
reward students for blended reasoning.

4. Mathematics in experiments and modeling

Mathematics has an important role in physics experi-
ments and modeling activities. For example, Angell et al.
[45] write that physics “research is essentially about
developing and improving models (usually formulated in
mathematical language) describing phenomena.” In the
context of experiments, mathematics is involved in multiple
steps of the process. First of all, mathematics enables us to
develop laws and models of physical phenomena and draw
predictions that can be tested by measurements, see, e.g.
[92]. Second, mathematics affects planning of experiments
and interpreting their results, e.g. [104]. Often the results
are compared to existing mathematical models, while
sometimes measurement data are used in building new
mathematical models that requires standardization and
generalization of the measurement results. However, math-
ematical modeling does not always start with experiments
and experimental data; models may as well be theoretical or
data models. Nevertheless, common for all modeling
activities is that in constructing a mathematical model
we use mathematics in abstracting, simplifying, idealizing
and/or approximating physical situations.
A handful of analyzed articles study empirically stu-

dents’ use of mathematical concepts and formalisms in
modeling and inquiry contexts, e.g. [1]. Many studies also
bring up mathematical modeling of physical situations in
problem-solving settings; the physical situation needs to be
modeled in mathematical terms, i.e., “mathematized,” to be
able to analyze the situation mathematically, e.g. [130].

5. Mathematics as a language

Mathematics is sometimes regarded as a language of
physics or as a tool to represent physical phenomena.
Mathematics acts as a language of physics in the sense that
it gives a way to present information and communicate it
with others. However, Redish and Kuo [12] argue that the
mathematical language used in physics is not the same as
the one taught by mathematicians, because physicists “not
only use math in doing physics, we use physics in doing
math.” By this, they mean that when using mathematics in
representing physical systems, physical meaning is
encoded in the used mathematical symbols, while in pure
mathematics, symbols often express abstract relationships.

In presenting physical information, we may use differ-
ent external representations and symbolic languages,
cf. [59,139]. Due to these representations, mathematics
enables many ways we can process physical information.
We can, for example, use mathematical models to describe
and analyze physical situations or tabulated data to make
sense of measurement results, and distinct mathematical
representations differently support these processes. For
example, Gire and Price [56,57] study how features of
used mathematical representations affect undergraduate
students’ reasoning in electromagnetism and quantum
mechanics. Another important aspect of mathematical
representations is that they provide a way to communicate
physical information. Especially in the context of
research, mathematical representations are used in dis-
tributing information to the science community.
To become fluent in using the mathematical language of

physics, students should be able to utilize multiple external
representations, such as formulas, tables, and graphs,
cf. [54,58]. To this end, it has been suggested that in
physics instruction, students should be asked to explore
different external representations, and using and coordinat-
ing multiple representations should be explicitly practiced
[57]. Moreover, instructors should clearly explain their
reasoning behind constructing and using certain represen-
tations of physical systems [48].

6. Mathematics and physics as a science

Finally, in the reviewed corpus, mathematics is discussed
many times in relation to physics as a field of science. For
example, Redish and Kuo [12] state that “mathematics is a
critical part of much scientific research,” while Meli et al.
[130] write that “mathematics is considered the spine of
physics.” According to Ceuppens et al. [54], mathematics
has become “a primary driver of new physical knowledge”
because of “the ever-growing complexity of physical
knowledge and the need for a consistent framework and
unified theories to describe, to explain, to predict, and to
understand physical reality.” Often in the analyzed articles,
mathematics is seen as a necessity for the development of
physics, science in general, technological innovations, or
modern society, see, e.g. [76].
Looking deeper into this role of mathematics in the

development of physics, it is seen that mathematics
provides structural foundations for physics as a science.
For example, Kanderakis [100] describes how mathematics
historically became a structural constituent of new physics
and the necessity for constructing physics’ basic concepts.
Put in another way, mathematics forms an underlying
theoretical structure to which physical information is
attached and thus affects its knowledge construction and
the shape of physical theories. Because of this structure,
mathematics allows systematic study of physical phenom-
ena and guides knowledge exploration, cf. [100]. Through
this process, mathematics may lead to new understanding
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and explanations about the physical world, cf. [96]. In
addition, some authors emphasize the significance of
mathematization of physics [13] and the ability to think
about the world mathematically it provides us [101]. For
example, de Ataíde and Greca [82] discuss the role of
mathematics in modern physics of the 20th century, “in
which an abstract construction modeled the real world in
mathematical reasoning, in such a way that it was not even
possible to think empirically without sophisticated math-
ematical symbols.” In this regard, mathematics is treated as
an epistemological tool that allows us to explore physical
reality that cannot be directly accessed. In a sense, in this
view, mathematics gives us the ability to see what would
otherwise not be possible to see.

IV. DISCUSSION

In this review article, we have presented a systematic
overview of the studies published in 2000–2023 examining
the role of mathematics in physics and physics learning. In
addition, we have discussed how these roles have been
conceptualized in the analyzed articles, and we have
provided an overall picture of the types and features of
the reviewed corpus. Ample studies on the topic have been
published during recent years. The themes have been
discussed from various points of view, and others have
previously presented comprehensive overviews on the
published literature, most notably Pospiech [18].
However, to our knowledge, ours is the first systematic
review on the topic. Even though Pospiech’s overview [18]
presents carefully selected key contributions of the field, it
is more thematic in nature. The aim of our study is to
systematically summarize the previous discussion and draw
an overall picture of the field.

A. Characteristics of the articles

The articles included in the review were categorized into
eight thematic categories, spanning from students’ math-
ematical modeling of physical phenomena to statistical
analyses of relations between mathematics and physics
achievement, showing that the theme has been examined
from many viewpoints. By far, the largest category features
the studies examining the use of mathematics in physics
problem-solving settings and includes one-third of all the
reviewed articles.
Approximately a quarter of the analyzed articles are

theoretical studies, e.g., historical analyses, and the rest are
empirical studies. The majority of the empirical studies
were found to use qualitative analysis methods. Most
typically, data were collected from undergraduate students.
The sample sizes in the empirical studies vary a lot as well,
but typical samples were found to be relatively small. The
most typical physics contexts used in the studies are
mechanics and electromagnetism.
To summarize, the review data show some inclination

toward empirical (qualitative) research among

undergraduate students in courses on topics such as
mechanics and electromagnetism. A lot of research has
focused on physics problem solving. These findings are not
unexpected as mechanics and electromagnetism are per-
haps the most studied contexts within physics education in
general, see, e.g. [155]. Moreover, there is a long tradition
in physics education research on examining learning
among undergraduate students, one of the reasons probably
being the ease of implementing teaching interventions and
collecting data on large lower-division courses.

B. Theoretical frameworks

Coding of theoretical frameworks employed in the
articles shows that the role of mathematics has been investi-
gated through diverse theoretical lenses. That is, the role of
mathematics is seen as complex and multifaceted—in
contrast to seeing mathematics merely as a prerequisite
skill or knowledge needed to learn physics. Nine articles
included in this review approach the topic from the point of
view of “achievement.” Such studies look at correlations
between different achievement measures or predictors
thereof (see, e.g. [74]), and do not necessarily explore
the nature of the relationship between mathematics and
physics any further.
Many of the frameworks are aimed at conceptualizing

the role of mathematics in reasoning and understanding.
The most prominent framework, students’ epistemologies,
looks at how students approach problems, how they view
learning, or physics, and, crucially for this review, how they
assign physical meaning to mathematical symbols and
equations (see, e.g. [84]). The external representations
framework is also used to investigate how students under-
stand mathematical representations, but the focus is per-
haps more on analyzing the representations (such as graphs,
tables, and diagrams) and how they convey information, as
well as how well students understand the representations
and relations between them (see, e.g. [45,58]).
While employing different concepts and points of view,

all the above frameworks seek to conceptualize students’
understanding, meaning making, and reasoning, particu-
larly when it comes to using mathematics in physics
contexts. On one hand, as Bollen et al. [63] point out,
there are several frameworks that can be used to inves-
tigate how students use mathematics, and “these frame-
works often are not mutually exclusive and may even
strongly overlap.” Some of the frameworks are more or
less exclusive to investigating the role of mathematics in
physics (such as symbolic forms), others are more general
(such as conceptual blending or students’ epistemologies)
but applied to gain understanding of the role of math-
ematics in physics. These findings underscore the diver-
sity of the theoretical underpinnings of the roles of
mathematics in physics learning and align with the picture
provided by Pospiech [18].
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C. Network analysis

The network analysis reveals several insights into the
relationships between thematic article categories, employed
frameworks, and used physics contexts in the reviewed
articles. An examination of the physics contexts in which
the studies were conducted reveals a noteworthy absence of
discernible patterns between the article categories and
particular contexts. This absence of clustering suggests
that the identified themes of articles are not strongly tied to
the physics context being studied. This observation under-
scores the diverse ways in which mathematics is integrated
into physics education research, regardless of the specific
thematic focus of the studies.
In contrast to the contexts, the network analysis shows

strong connections between the thematic article categories
and the employed theoretical frameworks. These patterns
provide insights into how specific frameworks align with
the themes of the studies and raise questions about the
connections—or lack thereof—between different frame-
works. For example, the problem-solving framework is
strongly connected to the corresponding thematic category,
featuring articles that explore the use of mathematics in
problem-solving settings. This correspondence is expected
given the thematic alignment between the framework and
the focus of these studies [29].
Similarly, the history of science and modeling frame-

works are linked to the thematic category that includes
historical and philosophical accounts of the role of math-
ematics in physics. Interestingly, modeling as a framework
does not connect significantly to any other thematic
category, such as the problem-solving category, where
one might expect a relationship, given the role of modeling
in problem-solving strategies. This suggests that while
modeling is a central theme in the philosophy of science, its
application in empirical studies on physics problem solving
remains limited. This raises a question of whether modeling
as a framework is being underutilized in studies beyond
historical and philosophical accounts.
Another notable observation on the connections between

the article categories and frameworks is that the unclear
framework is particularly prominent for the category
consisting of articles examining the role of mathematics
in physics teaching. This is puzzling, as one might expect
established frameworks to guide studies on teaching,
especially in the context of the physics-mathematics
relationship. The prevalence of the unclear framework
suggests a potential gap in the theoretical foundations used
to examine teaching in this context, which could warrant
further development of domain-specific frameworks.
In some cases, the lack of connections between the

employed frameworks raises concerns about the commen-
surability of the knowledge produced using different
frameworks. This is especially true for the achievement
framework that is closely tied to the corresponding the-
matic article category, dealing with statistical analyses of

the relationship between mathematics and physics achieve-
ment. These studies rarely incorporate other frameworks,
and this pattern suggests that statistical studies on achieve-
ment may operate in an isolated epistemological domain,
limiting their integration with broader theoretical discus-
sions. Another such framework is conceptions that, while
emerging as broad and versatile and appearing across
several thematic article categories, has been linked with
other prominent frameworks (e.g., student epistemologies)
only once. These patterns suggest that while thematic
article categories and frameworks are often aligned, some
frameworks are more isolated or less utilized across
thematic boundaries. This raises questions about the
integration and application of frameworks in studies on
the role of mathematics in physics, as well as potential
opportunities for more interdisciplinary and theoretically
cohesive research approaches.
The network analysis highlights the prevalence of

mechanics, along with electricity andmagnetism, as primary
physics contexts explored in the reviewed studies. As
mentioned before, this is not surprising given the long-
standing tradition in physics education research of using
these contexts. This, however, begs the question of whether
the research should be extended to cover more diverse and
advanced physics contexts. Especially in examining the roles
of mathematics in physics and physics education, focusing
on a more mathematically intensive area, such as quantum
mechanics, could provide deeper, more comprehensive
insights into the topic. However, it is worth noting that
studyingmore advanced physics contexts has already gained
increased interest in recent years, and the literature in this
regard is expected to grow (see, e.g. [156,157]).
The backbone of the co-occurrence network for frame-

work and context codes reveals the central role of mechan-
ics. Mechanics appears as a highly connected node, linking
to almost all other contexts and frameworks. As discussed
in Sec. IVA, this extensive connectivity is not surprising,
but likely has the consequence that mechanics serves as a
foundational context for a variety of theoretical explora-
tions in the field. The node electricity and magnetism
exhibits the same pattern albeit with fewer connections,
while the context of quantum mechanics is predominantly
linked to “other frameworks,” which are less commonly
used or emerging theoretical perspectives. The strong
association between quantum mechanics and these varied
frameworks suggests that quantummechanics is a relatively
new or evolving context of study within this research area.
Looking at the connections between contexts and frame-

works, the backbone network (Fig. 6) shows that the
unclear context and unclear framework nodes are con-
nected, signifying instances where studies may lack a
clearly defined context or theoretical foundation. This
could point to areas in the research that require further
clarification or development of more precise theoretical
frameworks. Additionally, the pairing of the achievement
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framework and science as a context appears somewhat
isolated from the rest of the network. The articles that were
coded with codes “achievement” and “science” mostly
belong to the thematic article category, focusing on
statistical analyses of achievement in science education.
This suggests that the studies in this category constitute a
specialized area within the broader research landscape.
Overall, our network analysis underscores the impor-

tance of theoretical frameworks in shaping research themes
and highlights areas where certain contexts, like mechanics,
may be disproportionately emphasized. It also brings
attention to the need for broader integration of contexts
like quantum mechanics within various frameworks to
foster a more balanced and comprehensive understanding
of the role of mathematics in physics education.

D. Roles of mathematics

In the analysis, 20 different roles mathematics has been
given in the reviewed literature were identified. These roles
range from so-called “plug and chug,” i.e., utilizing math-
ematics in rote calculations, to use of mathematics in
constructing physical understanding, highlighting the multi-
tude of waysmathematics contributes to physics and physics
learning. Some of the roles concern the interconnection of
mathematics and physics as a field of science, e.g., math-
ematics driving the development of science, while others are
more directly related to physics education, e.g.,mathematics’
effect on learning outcomes in physics. These roles were
further grouped into six broad thematic categories.
The first role category considers mathematics and

physics learning, and as the review focuses on physics
and science education literature, it is not surprising that this
theme is often discussed in the analyzed corpus. Indeed,
mathematics is often regarded as a foundation for physics
learning and understanding, or being a prerequisite for
physics.
The second and third role categories focus on math-

ematical calculations and reasoning. Even though these
roles are often considered inseparably in the literature, here
we have loosely separated the use of mathematics as a
practical instrument, especially in problem-solving set-
tings, to the second category and the more “structural”
use of mathematics to the third one. Viewing mathematics
as a practical instrument in problem solving emphasizes its
role as a tool that enables, for example, calculations and
precise predictions. Hence, from this point of view, the
important aspect of problem solving is whether students
know or are able to utilize the correct mathematical
procedures to solve a particular problem. When mathemat-
ics is used structurally, mathematical skills and knowledge
are applied blended with conceptual understanding in
physics, see Ref. [13]. For example, when knowledge
and understanding of mathematics and physics are
entangled in a problem-solving process, mathematics
serves not merely as a calculation tool but also provides

a reasoning guide. As mentioned above, these roles are
often discussed alongside each other, and this is why the
division between the categories is not always clear-cut.
The fourth role category discusses the role of mathemat-

ics in experiments and modeling, while the fifth role
category considers mathematics as a language of physics.
For example, mathematics has an important role in building
coherent models and representations for physical phenom-
ena and communicating physical information with others.
Mathematics also plays a crucial role in carrying out
experiments, starting from planning the experimental setup
to interpreting the results and comparing them with the
existing models. Importantly, different mathematical rep-
resentations and models have their own advantages and
limitations—both for learning physics and conducting
research—and in physics instruction, students should learn
how to navigate and utilize different external representa-
tions. To support this process, instructors should clearly
explain the motivation for using certain representations and
encourage students to practice using multiple representa-
tions, e.g. [48,57].
The final role category examines the various roles math-

ematics plays in physics at amore general level.Mathematics
is often regarded as a necessity for the development of
physics as a field of science and is sometimes considered an
epistemological tool in the exploration of the physical world.
Here, the historical aspect of the interplay is clearly recog-
nizable; the deep entanglement of physics andmathematics is
rooted in the long mutual history of the disciplines, and
mathematics is seen to provide structural foundations for
physics as a science.
The thematic categorization of the roles reveals the same

kind of logic as Pospiech’s overview [18] on the topic but
provides a more systematic picture of the field. One major
difference between Pospiech’s and our work is that they do
not bring up the role mathematics plays in physics experi-
ments. However, the modeling aspects of experimental
work are discussed in the contexts of physical-mathemati-
cal modeling and representations. On the other hand, a
perspective that is emphasized by Pospiech but is not
considered in our review is the effect of physics on the
development of mathematics as a field of science. As an
example of an instance when physics has inspired the
development of mathematical elements or structures,
Pospiech mentions that “the problem of the three-body
system in gravitational physics boosted the development of
the theory of nonlinear systems or the development of the
theory of distributions.”
Both Pospiech’s [18] and our overviews highlight the

fundamental entanglement of physics and mathematics,
stemming from the mutual history of the disciplines, and
the need for teaching this interconnection to students. As
Pospiech stresses, understanding this interaction is of
utmost importance, and they call for an integrated approach
to teaching physics, emphasizing the need to develop
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students’ understanding of the interplay between the
disciplines. According to them, such an approach should
be adopted already in the early stages of education as well
as in the training of preservice teachers. However, to make
the relationship between physics and mathematics a
stronger part of physics curricula, it is first important to
coherently conceptualize the identified roles. To this end,
more work and discussions reflecting on the existing
models are needed.
With the above-mentioned goal in mind, one possible

viewpoint to make sense of the roles identified in our
analysis is to look at internalized and externalized roles of
mathematics in physics. In an externalized role, mathemat-
ics and physics are treated as separate domains that interact
in certain contexts of use (e.g., problem solving or model-
ing). Physics as a practical tool, means for conveying
information or mathematical manipulations, are perhaps
more explicit cases of such an external role. In contrast,
seeing mathematics as a structural constituent, epistemic
tool, or being part of experiments, considers mathematics
fundamentally intertwined with, for example, the structure,
knowledge construction, and meaning making of physics,
so that the two domains are, in principle, inseparable.
Matthews [104] describes the historical origins of this
development in his treatise on Galileo’s pendulum experi-
ments. Galileo used mathematics to guide the design of the
experiments and “tried to have the real world mirror his
ideal” (i.e., the mathematical description) [104]. Karam
[48] also describes how physics involves using mathemati-
cal structures (e.g., functions or vectors) for representing
the physical world (e.g., experiments and objects). This, in
turn, allows for example precise analogies between differ-
ent physical phenomena (e.g., central force fields in
mechanics and electrostatics), and thereby enables con-
structing new models and expanding theories [48]. In many
cases, however, the division between internalized and
externalized roles is not clear-cut, and for example,
mathematics expressing physical meaning could be seen
as either one.

V. CONCLUSIONS

It is almost a truism to say that mathematics is indis-
pensable for physics and physics learning. While this is
widely acknowledged, often the role of mathematics is
understood merely as a prerequisite skill or a tool for

learning physics. This view has been criticized and elab-
orated on by recent research. Here, we have provided a
systematic overview of the studies published in 2000–2023
exploring the role of mathematics in physics education. Our
results underscore the multiplicity of the roles mathematics
has in physics and physics education. We identified 20
distinct roles assigned to mathematics in the physics
education research literature, and these roles were further
grouped into six broad thematic categories. Our analysis of
the roles reveals the deep entanglement of physics and
mathematics and highlights the need to explicitly teach this
interconnection in the physics class.
In the corpus, we identified overemphasis of focusing on

problem solving as well as using mechanics as the physics
context to conduct studies in. These findings reveal the
need for expanding the discussion on the theme outside of
problem-solving research and further extending the dis-
cussion to more advanced physics contexts. Looking into
the employed frameworks, we also discovered a lack of
connections between some of them, raising concerns about
the commensurability of the knowledge produced using
different frameworks.
To make the relation between physics and mathematics a

more integral part of physics curricula, more work is
needed to conceptualize the identified roles coherently.
As the topic of the role of mathematics in physics is so
broad, there is certainly room for more focused inves-
tigations, precise analyses, and limited research scopes. For
example, every role category would deserve its own in-
depth review and analysis to probe the roles mathematics
plays in physics and physics learning more deeply.
However, this is outside of the scope of our study, as
the aim of the review is to give an overall picture of
the field.
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