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Analogies are known to be powerful tools for making sense of unfamiliar ideas in terms of already understood
concepts. Science students regularly encounter unfamiliar ideas, such as microscopic objects that are invisible
to our everyday experience and behaviors dictated by quantum mechanics. An understanding of basic concepts
of quantum mechanics is useful in many disciplines, especially with the growing field of quantum information
sciences and technologies. Physics researchers often use analogies in their own research and science communi-
cators use them to make quantum ideas accessible to K-12 students and across STEM disciplines, but analogy
use in upper-division teaching has been less researched. Our research goal is to understand how analogies
are used to teach quantum mechanics, and specifically, what prior knowledge is used as a basis for analogies
within two widely used quantum mechanics textbooks. This textbook analysis shows the most common bases
for analogies include: mathematical structures from linear algebra, which are applied to model quantum sys-
tems; everyday life examples, which are used to make quantum systems more familiar and understandable;
and macroscopic classical phenomena, which are used to highlight differences between classical and quantum
mechanics. We also find authors use different conventions, based on the various cue words that authors use to
indicate analogy-based reasoning. In the STEM classroom, this research has implications for enhancing student
learning about abstract topics in science.
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I. INTRODUCTION

Finding ways to enhance education in physics, particularly
in quantum mechanics, is important in light of the growing
multidisciplinary field of quantum information science [1–
3]. As a result, efforts are being made to make quantum
ideas more accessible to the general public, K-12 students,
and across STEM disciplines [4–7]. In this paper, we investi-
gate the ways that analogies may be used to enhance teaching
of quantum physics. Analogies come in a variety of different
forms and can be used in many contexts. In physics educa-
tion, analogies are widely used as a way to make the unfamil-
iar world of physics more understandable. Indeed, sophisti-
cated scientific ideas are often explained in pop science books
in a way that makes them more accessible and understandable
to the general public.

Quantum mechanics is viewed as a more advanced physics
subject, traditionally taught after a student has completed sev-
eral physics classes, such as classical mechanics and elec-
tricity and magnetism. This is potentially because students
can benefit from learning these subjects beforehand and use
that prior knowledge as a learning resource. Still, quantum
mechanics can be unintuitive to students, since the rules that
govern quantum systems (e.g. atoms, quantum bits) are very
different from the rules that govern objects in everyday life
and vary from the rules from previous physics classes. Hence,
analogies are especially suited to teach quantum mechanics
because they are specifically made to bridge prior knowledge,
intuition, and experiences to new knowledge. As such, this
study analyzes analogy use in two common quantum mechan-
ics textbooks. The following are the research questions we
want to address with this analysis:
• What, if any, are common words and phrases authors

use that indicate the presence of an analogy?
• What bases of analogies are commonly used in quan-

tum mechanics textbooks?

II. BACKGROUND

Students learn in a variety of different ways, including but
not limited to analogies. Indeed, the authors of ABCs of How
We Learn note that “Analogies help people learn principles
and apply those principles in new situations” through recog-
nizing a common underlying structure, despite surface differ-
ences [8]. Thus, analogies are tools for learning through facil-
itating conceptual understanding, and several specific meth-
ods have been formed to help create and understand analo-
gies [9–11]. Further, analogies are generally agreed to be
mappings from a base of familiar knowledge to a target of
unfamiliar knowledge [9, 10, 12]; for the purpose of this anal-
ysis, this is the definition of analogy we use. The usefulness
of analogies is demonstrated through the following research,
which cover a wide range of scientific contexts and usages.

In an analysis of analogies in physics textbooks, Körhasan
and Hıdır indicated that analogies are “suitable for teaching

scientific concepts by comparing an unknown with a known”
[13]. Similarly, Podolefsky and Finkelstein demonstrated that
analogical scaffolding substantially increases student com-
prehension and corresponding test scores in upper-division
electricity and magnetism. Overall, student learning was seen
to increase with analogy use compared to lecture-style teach-
ing without analogy use [11]. Further, Clement investigated
how analogies may be used in introductory mechanics as a
tool to gauge the level of current student knowledge and un-
derstanding and ease the transition into new content [14].

Specifically related to quantum mechanics, Wittmann and
Morgan focused on the integration of analogies within lec-
ture, emphasizing student experiences in a non-majors quan-
tum physics course. Through emphasis of everyday experi-
ences and situations, analogies aided student sense-making
about quantum mechanics [15]. Schermerhorn et al. inves-
tigated the use of analogy-based tutorials to teach students
upper-division quantum mechanics based on students’ prior
classical mechanical knowledge [16]. Similarly, Hoehn and
Finkelstein investigated the circumstances of when modern
physics students used analogies and other ontologies to con-
nect classical and quantum ideas [17]. These papers demon-
strate the versatility of analogies towards aiding student learn-
ing. Although Wittmann and Morgan focuses on using ev-
eryday experiences while Schermerhorn et al. and Hoehn
and Finkelstein focus on classical mechanics, all frame those
experiences and knowledge in a way to help students learn
quantum mechanics.

Beyond the classroom, professional scientists use analo-
gies to help overcome conceptual challenges in their research
[18, 19]. The fact that analogies are a tool used in authentic
research environments demonstrates the usefulness and im-
portance of integrating them into upper-division curricula to
benefit problem-solving skills [18].

However, research has also shown that caution is neces-
sary when using analogies, as appropriate usage (context and
phrasing) and sufficient explanation are necessary for the
meaning and importance of analogies to be understood by stu-
dents [13, 14, 20]. Otherwise, students may map unintended
features from the base to the target, or even extend the anal-
ogy beyond the intend scope, which leads to an inaccurate
understanding.

Our study complements prior research by focusing solely
on analogy use in textbooks, whereas previous research has
predominantly focused on classroom implementation. Fo-
cusing on textbooks will allow us to potentially learn what
bases of knowledge authors assume readers have, what target
knowledge readers may learn from analogies, and how anal-
ogy use in textbooks may be improved.

III. METHODS

To explore the ways analogies are used in quantum me-
chanics instruction, we conducted a textbook analysis [21,
22]. The textbooks analyzed include Quantum Mechanics
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by McIntyre [23] and Introduction to Quantum Mechanics,
Third Edition by Griffiths [24]. These textbooks were se-
lected based on wide usage in physics classrooms and varying
writing styles and approaches to teaching.

McIntyre was analyzed first, because the chapters were
shorter and contained fewer topics. The chapters in Griffiths
covering similar topics were then analyzed. Chapter selec-
tion was based on topics typically covered in a first semester
quantum mechanics course: operators and measurement, the
wave function and time evolution, angular momentum, and
identical particles.

We iteratively coded chapters in these textbooks in order
to develop themes regarding their analogy usage. During the
first pass, the textbook chapters were read and we applied
a single a priori code of analogies. Each identified analogy
was also coded with a short descriptive initial code (follow-
ing grounded theory) summarizing the base, target, and con-
text/topic [25]. For this analysis, we use the following defi-
nition of analogy: an analogy is a mapping of features from
a base of familiar knowledge to features of a target of unfa-
miliar knowledge [9, 10, 12]. To be coded as an analogy, a
base and target domain, along with at least one mapped fea-
ture, must be identified; the analogy could be a mapping to
show either similarity or dissimilarity of features between the
base and target. Identifying analogies was not a trivial pro-
cess, given that some analogies have implied components. As
such, it became helpful to identify key words that indicated a
relationship between a base and target. Given the usefulness
of these key words, they became a part of the methods used
for identifying select analogies. We examine trends in key
word use within Sec. IV A.

During a second pass through the data, codes were fur-
ther categorized by corresponding base. The main categories
of base knowledge were Comparison to Classical Mechan-
ics, Mathematical Comparisons, and Everyday examples. An
analogy was coded with Comparison to Classical Mechanics
when the base of the analogy incited knowledge from classi-
cal mechanical classes; Mathematical Comparisons was used
when the base of the analogy referenced knowledge from
mathematics classes (frequently linear algebra); lastly, an
analogy was coded with Everyday examples when the base
involved common everyday experiences (for clarification of
this term, see Sec. IV B). When applying these main codes, it
did not matter whether the analogy was meant to demonstrate
similarity or dissimilarity to quantum mechanics.

For example, “The quantum oscillator is strikingly differ-
ent from its classical counterpart - not only are the energies
quantized, but the position distributions have some bizarre
features” (Griffiths, Ch. 2 pg. 71) was given the following
initial code: CM oscillator to QM oscillator, probabilities.
Identification of the base knowledge as a classical oscillator
led to further categorization, which we labeled as Compari-
son to Classical Mechanics. Throughout the coding process
and writing of this paper, regular meetings were held between
all three authors to establish reliability of the codebook and
the emergent categories.

IV. RESULTS

There are four main results from the analysis. The first
result summarizes the key words that are used to indicate
the presence of an analogy, while the remaining three re-
sults deal with specific ways that analogies are used: making
connections between everyday experiences and the quantum
world, making mathematical comparisons between classical
and quantum systems; and understanding the differences be-
tween classical and quantum mechanics.

A. Analogies Indicated by Key Words

The discovery of keywords and phrases came about during
the analysis, and so was not initially coded for. Instead, key
words became tools to identify select analogies and became
their own unanticipated research topic.

Determining what is and what is not an analogy is
not a trivial process. Thus, it is helpful to pick up
on certain key words that indicate a relationship between
a base and target. The following is a list of com-
mon words found in the analysis that indicate an analogy:
is/are, analogue/analogous, just as/like, like/same/similar,
satisfy/satisfies, different/difference, etc.

The key words “is/are” are most frequently used to set an
equivalence or satisfying mathematical properties. For exam-
ple, “A† is the hermitian conjugate ofA” (Griffiths, Ch. 2 pg.
63) uses a base of linear algebra and matrices to explain the
hermitian conjugate of a quantum mechanical operator. The
words “analogue/analogous” are mainly used to indicate a
mathematical relationship or to identify a similar way of solv-
ing certain mathematical systems, such as,“The Schrödinger
equation plays a role logically analogous to Newton’s sec-
ond law” (Griffiths, Ch. 1 pg. 16). “Just as/just like” is
used to identify similarity between mathematical properties
or solving a mathematical system; “The Schrödinger equa-
tion determines ψ(x, t) for all future time, just as, in classical
mechanics, Newton’s law determines x(t) for all future time”
(Griffiths, Ch. 1 pg. 16). Additionally, “like/same/similar”
are used most frequently to note similarities between solv-
ing techniques of quantum systems and comparing quantum
mathematics to linear algebra concepts, such as “You may not
yet know how to solve [the Schrödinger equation], but you
do know how to solve a very similar one - Newton’s second
law” (McIntyre, Ch.5 pg. 151). Although these keywords
and phrases have inherent similar meaning and function, they
have different presentations based on the author.

Further keywords include “satisfy/satisfies” and “differ-
ent/difference”:“satisfy/satisfies” is solely used to identify
shared mathematical properties, and “different/difference” is
most frequently used to identify specific differences between
fundamental systems, especially if there are known similari-
ties between the systems as well.

Still, keywords and phrases are not always helpful in iden-
tifying analogies, as the relationship between a base and tar-
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get is often implied. Take the following quote for example:
“Classical mechanics relies on Newton’s second law F = ma
to predict the future of a particle’s motion. The ability to
predict the quantum future started with Erwin Schrödinger
and bears his name” (McIntyre, Ch. 3 pg. 68). In this
quote, McIntyre uses similar wording (“predict the future”
and “predict the quantum future”) to establish a connection
between the base of Newton’s second law and the target of
the Schrödinger Equation, but there is no cue word or phrase
that indicates the analogy. Rather, it is the parallel sentence
structure. In a similar manner, Griffiths uses a semi-colon to
indicate a contrasting analogy between the previously cov-
ered bases of the infinite square well and harmonic oscillator
and the target free particle: “Because the infinite square well
and harmonic oscillator potentials go to infinity as x→±∞,
they admit bound states only; because the free particle po-
tential is zero everywhere, it only allows scattering states”
(Griffiths, Ch. 2 pg. 83).

B. Connecting everyday experiences to the quantum world

Both McIntyre and Griffiths use analogies in order to make
connections between everyday experiences and the quantum
world. In this case, everyday experiences refer to occurrences
and scenarios that most people (not only scientists) encounter
and would recognize. Analogies connecting everyday expe-
riences to quantum mechanics were coded as Everyday expe-
riences. It was found that Griffiths uses this type of analogy
more than McIntyre.

Examples in McIntyre of this include the following: “From
these plots, it is now clear why we call ψ(x) the wave func-
tion. These energy eigenstates have a ‘wavy’ spatial depen-
dence, much like the modes on a guitar string” (McIntyre, Ch.
5 pg. 124). To emphasize this point, McIntyre continues the
analogy: “First, the energy levels can be adjusted, or ‘tuned,’
by changing the thickness of the quantum well layer” (McIn-
tyre, Ch. 5 pg. 147). Through the everyday base of a guitar,
McIntyre demonstrates how the mathematics of a quantum
potential well work.

In comparison, Griffiths relates the No-Clone Theorem to
a Xerox machine: “Indeed, if you could build a cloning de-
vice (a ‘quantum Xerox machine’) quantum mechanics would
be out the window,” and continues the analogy by saying
“schematically, we want the machine to take as input a parti-
cle in state |ψ〉 (the one to be copied), plus a second particular
in state |X〉 (the ‘blank sheet of paper’), and spit out two par-
ticles in the state |ψ〉 (original plus copy)” (Griffiths, Ch. 12
pg. 583). Thus, Griffiths compares the functions of a Xerox
machine to that of a hypothetical quantum cloning device as
a means to contrast classical and quantum behaviors.

Similarly, McIntyre leverages hypothetically fluctuating
sock properties as a means to demonstrate the unintuitive na-
ture of quantum mechanics: “Quantum particles behave as
mysteriously as Erwin’s socks - sometimes forgetting what
we have already measured” (McIntyre, Ch. 1 pg. 1). This

example serves to demonstrate how intuitive ideas about the
properties of socks are insufficient for understanding the spin
properties of quantum systems.

C. Leveraging Previous Mathematics Towards Quantum
Systems

Another common base of knowledge that emerged from
the textbook analysis is mathematical knowledge, as might be
seen in other mathematics or non-quantum physics courses.
Analogies that used mathematics and mathematical processes
as the base knowledge were coded with Mathematical Com-
parison. This can take one of two forms: using similar
problem-solving techniques or using known mathematics to
build a basis for concepts, notation, and associated formal-
ism.

Concerning similar problem-solving techniques, McIn-
tyre compares how to solve the differential form of the
Schrödinger equation to solving Newton’s second law: “You
may not yet know how to solve [the Schrödinger equation],
but you do know how to solve a very similar one - New-
ton’s second law” (McIntyre, Ch. 5 pg. 151). Similarly,
Griffiths has the following quote comparing the time evolu-
tion between the two: “The Schrödinger equation plays a role
logically analogous to Newton’s second law: given suitable
initial conditions (typically, ψ(x, 0)), the Schrödinger equa-
tion determines ψ(x, t) for all future time, just as, in classical
mechanics, Newton’s law determines x(t) for all future time”
(Griffiths, Ch. 1 pg. 16).

Often, both textbooks make analogies relating linear alge-
bra concepts (base) to quantum mechanical concepts (target)
in order to build the mathematical formalism of quantum me-
chanics. Thus, both authors assume that readers are knowl-
edgeable of linear algebra, and that readers should be able to
understand the analogical connections that the authors make.
When forming this relationship between linear algebra and
quantum mathematics, both McIntyre and Griffiths use key
words, such as “satisfy/satisfies” and “is/are” among others,
which may be seen in the following examples.

Griffiths compares abstract vectors (base) with wave func-
tions (target) and linear transformations (base) with operators
(target): “Mathematically, wave functions satisfy the defining
conditions for abstract vectors, and operators act on them as
linear transformations. So the natural language of quantum
mechanics is linear algebra” (Griffiths, Ch. 3 pg. 119).

Similarly, McIntyre compares geometric vectors (base) and
basis vectors (target): “Continuing the mathematical analogy
between spatial vectors and abstract vectors, we require that
these same properties (at least conceptually) apply to quan-
tum mechanical basis vectors” (McIntyre, Ch. 1, pg. 11).
McIntyre establishes a connection between the linear algebra
(base) and quantum (target) versions of the adjoint: “Equa-
tion (2.50) tells us that the matrix representing the Hermitian
adjoint A† is found by transposing and complex conjugating
the matrix representing A. This is consistent with the defini-
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tion of Hermitian adjoint used in matrix algebra” (McIntyre,
Ch. 2 pg. 44).

D. Using classical knowledge to contrast with quantum
mechanics

Analogies are frequently used to demonstrate similarities,
but analogies can also be used to emphasize differences. For
instance, while previous examples demonstrated similarities
between classical mechanics and linear algebra in connection
to understanding quantum mechanics, analogies can also be
used to demonstrate the differences between them. Analo-
gies that contrasted classical mechanics and linear algebra to
quantum mechanics were coded under Comparison to Clas-
sical Mechanics.

In McIntyre and Griffiths, this difference most often comes
in the form of stating a quantum mechanical phenomena or
mathematics and discussing how it is different from classi-
cal mechanics, corresponding classical intuition, or linear al-
gebra. These classical-quantum analogies frequently discuss
experimental results and mathematical expressions.

Experimental results are discussed in both textbooks, and
the following are examples from each textbook in relation to
the phenomenon of quantum tunneling or barrier penetration.
From Griffiths, “Classically, of course, a particle cannot make
it over an infinitely high barrier, regardless of its energy [...]
Quantum scattering problems are much richer: The particle
has some non-zero probability of passing through the poten-
tial [...] We call this phenomenon tunneling” (Griffiths, Ch.
2 pg. 114). From McIntyre, “Quantum mechanical parti-
cles have a finite probability of being found where classical
particles may not exist! This is a purely quantum mechani-
cal effect and is commonly referred to as barrier penetration”
(McIntyre, Ch. 5 pg. 133). Both quotes demonstrate how a
classical particle cannot pass through an infinite barrier, but a
quantum particle can.

The authors also demonstrate differences between math-
ematical expressions using analogical reasoning. The fol-
lowing are examples from each textbook of the following
base-target pairing: comparing the classical use of a complex-
valued function (base) to that of quantum mechanics (target).
From Griffiths, “Incidentally, in electrodynamics we would
write the azimuthal function in terms of sines and cosines, in-
stead of exponentials [...] But there is no such constraint on
the wave function” (Griffiths, Ch. 4 pg. 176). From McIn-
tyre, “Note that the imaginary components of these kets are
required. They are not merely a mathematical convenience as
one sees in classical mechanics” (McIntyre, Ch. 1 pg. 25).
Both quotes demonstrate how the wave function in quantum
mechanics utilizes imaginary components, whereas in classi-
cal mechanics, they are not.

V. CONCLUSION AND DISCUSSION

Our analysis of analogy use in quantum mechanics text-
books reveals two main ideas, in connection to our research
questions and results. One, key words or phrases can be help-
ful in identifying select analogies, and serve to emphasize dif-
ferent types of analogical mappings. And two, analogies have
many different roles in quantum mechanics textbooks; analo-
gies can help (1) connect everyday experiences to the quan-
tum world, (2) solve new quantum systems through using
prior knowledge from mathematics and classical physics, and
(3) understand the differences between classical and quantum
mechanics.

Although our analysis focused on textbooks, it suggests ar-
eas to investigate around teaching and learning. We observed
that each textbook author will make assumptions as to the cur-
rent level of student knowledge, and will base analogies off
that. If the reader’s knowledge is not aligned with the anal-
ogy’s base knowledge, the intended target will probably not
be understood.

When it comes to using analogies as learning tools, we hy-
pothesize that students may have difficulty recognizing analo-
gies or the extent of the analogical mappings used. We ob-
served that, besides normal variation in writing style (word-
ing, sentence structure, etc.), variation within textbooks may
additionally appear within key word usage, specificity in
topic coverage, and as a result, frequency and appearance
of analogies. For example, Griffiths heavily uses analogies
based on everyday experiences, while McIntyre prefers to
use analogies for comparing quantum to classical mechanics.
Thus, it may be beneficial to give students practice in iden-
tifying analogies, and particularly bases, targets, and corre-
sponding mappings. In general, when analogies are designed
at an appropriate level, are readily identifiable, and students
are given time to understand the analogical mappings, they
can be useful tools in aiding student understanding and learn-
ing.

Reflecting on the relationship between analogies and mod-
els, we viewed mathematical models as a particular type, or
subset, of analogies. Specifically, all mathematical models
are analogies but not all analogies are mathematical models;
the distinction is in the directness and completeness of the
mapping [26]. For instance, some examples above may be
viewed as mathematical statements or definitions; these are
analogies, but depending on the directness of the statement,
could also be viewed as mathematical models.

Potential limitations of the current analysis include only fo-
cusing on particular topics in the textbooks and not examining
key words more closely. These limitations may be addressed
in future research. Potential next steps include investigating
how students recognize and interpret analogies within texts
and in the classroom. More broadly, this research has impli-
cations for educating the general public and students.
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