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Abstract

Although quantum reality is often discussed as notoriously difficult to comprehend, quan-
tum mechanics is applied with increasing success in the development of quantum tech-
nologies. In this paper, we collect and organise views on the influence of quantum tech-
nology on quantum mechanics and the foundations of quantum mechanics. We distinguish
three types of influence: quantum technology helps in (1) understanding, (2) developing,
and (3) evaluating quantum mechanics and its foundations. We outline several illustra-
tions of these types by introducing examples. By mapping the influence of research and
engineering practices in quantum technology on quantum mechanics and its foundations,
this paper illuminates the interaction between the two areas. This paper suggests both
how technological practices can aid in long-standing theoretical debates on understanding
quantum mechanics, and how investigating the relation between quantum technology and
quantum mechanics can inform understanding in the philosophy of science on the interac-
tion between science and technology in general.

Keywords Quantum mechanics - Quantum technology - Foundations of quantum
mechanics - Science-technology interaction

One of the goals of quantum computation and quantum information is to develop tools
which sharpen our intuition about quantum mechanics, and make its predictions more
transparent to human minds (Nielsen & Chuang, 2010, p. 2).
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1 Introduction

While there exists no consensus on how to interpret quantum mechanics (e.g., Adlam, 2021;
Lalog, 2019, 2022; Myrvold, 2022; Nielsen & Chuang, 2010), the ‘second quantum revolu-
tion’ (Dowling & Milburn, 2003) is currently unfolding in practical domains: physicists and
engineers are finding innovative ways to actively create, manipulate, and exploit the quan-
tum behaviour of single quantum systems. So, while quantum reality is seen as notoriously
difficult to comprehend (e.g., Feynman, 1985, p. 129; Universiteit van Nederland, 2022),
quantum mechanics is applied in quantum technologies with increasing success. One must
wonder: How does this technological development relate to the supposed difficulty in fun-
damental understanding? More specifically, does the development in quantum technologies
influence quantum mechanics and the foundations of quantum mechanics? In this paper, we
survey quantum mechanics literature and delineate three types of influence of development
in quantum technology on quantum mechanics and its foundations.

Recently, scholars have emphasised the interplay between theoretical and technologi-
cal aspects of science in scientific progress (Santo, 2024),! and it is increasingly argued
that research and engineering practices in technology play a role in (scientific) knowledge
creation (Boon, 2011; Russo, 2016, 2022). Despite these arguments highlighting the role
of practices, and despite a host of historical examples, a broad mapping and organisation
of how technologies influence theoretical development, including in the realm of quantum
mechanics and quantum technology, remains underexplored. Muller (2023), for example,
recently discussed the influence of quantum physics on philosophy, but the role of quantum
technology has remained absent from such inquiry.” In this paper, we organise the influ-
ence of technology on theory in the quantum domain. We propose three types of influence:
quantum technology helps in (1) understanding, (2) developing, and (3) evaluating quantum
mechanics and the foundations of quantum mechanics. We will address several illustrations
of these types, mapping the impact of quantum technology on quantum mechanics and illus-
trating ~ow quantum technology influences quantum mechanics.

Studying the interaction between science and technology can be done on various levels.
Ad hoc, one can distinguish three: the micro (studying the interaction between one specific
(aspect of a) technology and one concept or theory), the meso (studying the interaction
between a collection of technologies and a domain of science), and the macro (studying the
interaction of science and technology in general).? Studies in the history and philosophy of
science often analyse interactions on the macro level, referencing cases on the micro level to
illustrate a larger point (e.g., how Gardner argues technological knowledge is necessary for
the growth of science illustrated by how practical knowledge about copper displacement of
German miners in the 17th century enabled scientific understanding of electrolytic refining;
Gardner, 1997). The present study, however, maps meso interactions between, on the one
hand, research and engineering practices in quantum technology (including experimenta-
tion) and, on the other hand, quantum mechanics and the foundations of quantum mechan-

! Del Santo describes these theoretical and technological aspects as the two souls of science, namely: under-
standing nature and controlling nature. See Santo (2024).

2 Note that in this paper we focus in this paper on quantum mechanics, not quantum physics more broadly.
We mention quantum physics here since we paraphrase Muller (2023), who explicitly discusses quantum
physics.

3 This can be seen as analogous to how historians study micro or macro history (e.g., Galtung, 1990).
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ics, and utilises a collection of micro-interactions as illustrations of the types of influence.
As this study aims to map influences on the meso level, this paper collects illustrations
rather than working them out in elaborate detail.

A historically dominant view on the relation between science and technology, where
knowledge follows a straightforward, sequential path from scientific discovery to techno-
logical application (e.g., Bush, 1945; Casimir, 2010),* has been challenged in a variety of
ways (e.g., Boon, 2006; Cardwell, 1971; Cartwright, 1974, 1983; Douglas, 2014; Galison,
1997; Gardner, 1997; Kroes, 1992; Laudan, 1984; Layton, 1971). The idea that technol-
ogy plays a substantive role in scientific knowledge creation is increasingly endorsed by
philosophers of science (e.g., Boon, 2011; Russo, 2016, 2022). Besides its contribution to
understanding the role of quantum technology in quantum mechanics specifically, this paper
contributes to developing a more fine-grained understanding of the science-technology rela-
tion that those authors endorse and elaborates on the multifaceted character of technology
in scientific development.

We start with a brief introduction to quantum technology and a discussion of the relations
between quantum mechanics, its foundations and interpretations in Sect. 2.1.. Section 4.
adds some methodological remarks. Sections 4.1., 5.1., and 6.1., respectively, present the
three types of influence and the corresponding illustrations. In Sect. 8., we briefly address
the interrelated character of these types and illustrations. Lastly, in Sect. 8, we summarise
our findings and their implications and provide suggestions for future research.

2 The Research Fields
2.1 Quantum Technology

The dawn of quantum mechanics in the early 20th century advanced insights into core
notions of the quantum world, resulting in a vast array of practical advancements that are
vital today, such as lasers and transistors. This initial advancement in understanding the
laws that govern quantum behaviour and the resulting technologies has been coined the
first quantum revolution (Dowling & Milburn, 2003). In recent decades, however, control
of quantum phenomena has developed so that physicists and engineers are increasing their
control over single quantum systems: quantum behaviour can be created, manipulated, and
exploited for practical benefit. In quantum computing, one of the ways in which quantum
bits are physically realised is by trapping single electrons and using their spin as the qubit.
In quantum sensing, information is extracted from single atoms to make exponentially more
accurate and efficient devices. In quantum communication, entanglement is exploited to cre-
ate secure communication protocols that transmit qubits between remote places. This active
employment of quantum behaviour to alter the face of our physical world at the quantum
scale has become known as the second quantum revolution (Dowling & Milburn, 2003).

It should be noted that despite impressive growth in the field of quantum technology
recently, questions whether quantum algorithms can efficiently solve classically intractable
problems and whether large-scale quantum computing can actually be realised are often

4 This debate seems to go back to debates on the relation between pure and applied science. For historical
accounts, see Bud (2012, 2014); Schauz (2014). Moreover, the linear account has also been prevalent in
textbooks on science, see Gardner (1993).
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still considered open questions (Cuffaro & Hagar, 2024). The technological advancements
referred to in this paper happen largely in an experimental context. As the experimental
goals are often oriented towards practical application in technology,’ we prefer to speak of
quantum technology in this paper.®

2.2 Quantum Mechanics, Foundations and Interpretations

On the theoretical side, a prima facie distinction can be made between quantum mechan-
ics, the foundations of quantum mechanics, and the interpretations of quantum mechanics.
While quantum mechanics concerns a specific physical theory that describes behaviour at
the quantum scale, the foundations of quantum mechanics seek to understand and clarify
the conceptual, physical, and mathematical underpinning of quantum mechanics. Founda-
tional questions span a range of quantum phenomena, such as entanglement, non-locality,
superposition, the status of the wave function (ontic or epistemic), the quantum-to-classical
transition, and more (e.g., Norsen, 2017). Interpretations of quantum mechanics pursue the
development of theoretical frameworks (i.e., interpretations) to explicate, in Bas van Fraas-
sen’s words, what quantum mechanics says the world is like when it is true (van Fraassen,
1991, p. 242). The foundational issues mentioned are essential to the interpretations of
quantum mechanics, and many topics, concepts, and questions overlap: the interpretations
of quantum mechanics can be seen as a sub-field in the foundations of quantum mechan-
ics, as various scholars imply (Hardy & Spekkens, 2010, p. 1; Lalog, 2019; Norsen, 2017).
Interpretations of quantum mechanics, however, focus on making sense of these particular
quantum phenomena in a broader theoretical framework (such as the many worlds interpre-
tation (MWI), Copenhagen interpretation, or relational quantum mechanics). For the pur-
pose of this paper, we refer to the influence of quantum technology on quantum mechanics
and the foundations of quantum mechanics, the latter of which includes the interpretations
of quantum mechanics.

3 Methodology

For the purpose of this research, we surveyed the literature on the influence of quantum
technology on quantum mechanics and the foundations of quantum mechanics in the sec-
ond quantum revolution.® This spans a timeframe from roughly the 1980 until the present:

5 For example, the mission statement the research institute developing quantum technologies at TU Delft
reads: ‘At QuTech, we work on radically new technologies with world-changing potential. Our mission:
to develop scalable prototypes of a quantum computer and a quantum internet by integrating world-class
research and groundbreaking innovation.” (QuTech, n.d.)

® Another fitting term may be ‘experimental technology.’

7 Another way of phrasing quantum interpretations, would be to say that these debates aim at explaining
what the empirical success of quantum mechanics tells us about the physical world (Myrvold, 2022).

8 One exception to this timeframe is made for the debate on quantum non-demolition measurements in
the 1970s, discussed in Sect. 6., due to the relevance of this debate to the topic of this paper and the close
approximation to the scope of the second quantum revolution.
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Richard Feynman’s, 1982 paper on quantum computing can be taken as a seminal moment
launching the second quantum revolution (Feynman, 1982).°

In this study, we organise the literature by delineating and explicating three types of
influence of development in quantum technology on quantum mechanics and its founda-
tions. Type 1: Quantum technology helps advance understanding of quantum mechanics
and foundational issues by aiding the intelligibility and analysis of the theory (Sect. 4.1.).
Type 2: Quantum technology helps in the development of quantum mechanics and its foun-
dations by opening up physical domains for scientific inquiry, aiding the assessment of the
boundaries of quantum mechanics, and informing development of concepts in quantum
mechanics (Sect. 5.1.). Type 3: Quantum technology helps in the evaluation of quantum
mechanics and foundational issues by providing both the tools and a practice for evaluating
the theory and its foundations (Sect. 6.1.).

Some of the illustrations of these types of influence have naturally emerged from this
inquiry because researchers make explicit a concrete example or case where the illustration
comes into view (e.g., how quantum technology can illuminate the border between quantum
and classical descriptions, as discussed in Sect. 5.3.). Other illustrations are developed by
us to account for an implicit role of technology in quantum mechanics or the foundations
of quantum mechanics that are present in the literature (e.g., how the illustration of the
decoherence process can be seen as a tool for achieving understanding that aids in making
quantum mechanics intelligible in Sect. 4.2.).!°

This paper does not claim to present an exhaustive list of types and illustrations regard-
ing the influence of quantum technology on quantum mechanics and the foundations of
quantum mechanics — there are more illustrations and possibly more types of influence to be
discerned. Neither should the three types of influence nor the illustrations be understood as
independent categories — developments in quantum technology can influence (the founda-
tions of) quantum mechanics in multiple ways (as will be outlined in more detail in Sect.
8). Instead of presenting an exhaustive list of independent, clearly demarcated categories,
we present the types and illustrations in this paper as a useful organisational heuristic for
future discussion and analysis of the role of quantum technology in quantum mechanics and
its foundations. Future studies might build up and expand the framework outlined in the
following.

% We do not imply practical or technological development has not made meaningful contributions to quantum
mechanics and its foundations before this timeframe of the second quantum revolution. In fact, there have
been many. Think, for example, about the practical desire to make better light-bulbs leading to Planck’s
discovery of the quantum (Kumar, 2008), or the role of cloud and bubble chambers in inquiring into the
quantum scale (Galison, 1997).

10 As important parts of the analysis happen implicitly in the literature, a strict literature review methodol-
ogy, such as a systematic or scoping literature review, does not fit the objectives of this research. However,
some further methodological notes can be provided: Papers included in this literature survey have been found
through database searches or through reference assessment of the resulting papers. Databases used for search
queries are the following: WorldCat Discovery, Scopus, Dimensions, and IEEE Xplore. A tool employed
for reference assessment is ConnectedPapers. The criterium employed for selecting literature from search
queries is that the paper either explicitly mentions a way in which (some aspect of) quantum technology
influences (some aspect of) quantum mechanics or the foundations of quantum mechanics, or discusses a
topic in which the implicit role of quantum technology influencing quantum mechanics or the foundations of
quantum mechanics can be recognised.
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4 Quantum Technology Helps in Developing Understanding of
Quantum Mechanics and its Foundations

Development in quantum technology aids in developing the understanding of quantum
mechanics and its foundations. This can be illustrated in at least two ways, namely that
quantum technology helps make quantum mechanics intelligible by enriching the set of
tools for understanding (Sect. 4.2.) and that quantum technology helps in the analysis of
quantum mechanics and foundational issues (Sect. 5.). We will address both of these ways
in which quantum technology aids in developing understanding, starting with increasing its
intelligibility.

4.1 Quantum Technology Aids in Making Quantum Mechanics Intelligible

Quantum technology aids in making quantum mechanics intelligible by enriching the tools
for understanding the theory. Henk de Regt’s (2017) notion of scientific understanding in
his book Understanding Scientific Understanding, hinges upon the notion of the intelli-
gibility of scientific theories. For de Regt, a theory is intelligible to a scientist (in a given
context) when that scientist can recognise qualitatively characteristic consequences of a
theory without performing exact calculations.!! A key characteristic of de Regt’s account is
that qualitative insight is contextual; there is no universal intelligibility standard. Rather, de
Regt prefers to speak of possible tools for understanding. One of the most famous tools for
understanding is the visualisability, as historically emphasised by physicists such as Ludwig
Boltzmann (de Regt, 2017, pp. 200-205) and Erwin Schrodinger (de Regt, 2017, p. 87),'
and it is precisely tools for understanding such as visualisability that quantum technology
can contribute to.

Progress in the technological development visualising decoherence can illustrate this
point. For example, in Serge Haroche’s 2012 Nobel Prize lecture (shared with David Wine-
land), which he received ‘for ground-breaking experimental methods that enable measuring
and manipulation of individual quantum systems’, he mentions the ‘striking illustration of
the transition from the quantum to the classical world’, which they were able to produce
(Haroche, 2013).!® Drawing on several practical techniques, such as quantum non-demo-
lition (QND) measurements, they conducted cavity QED experiments utilising the Ryd-
berg atom Ramsey interferometer to perform state reconstructions (Deléglise et al., 2008;
Haroche, 2013). They have been able to address aspects of the quantum-to-classical tran-
sition by, for example, non-destructively measuring the progressively field-state collapse

' For de Regt, a phenomenon is understood scientifically if and only if there is an explanation of that
phenomenon that is based on an intelligible theory and conforms to the basic epistemic values of empirical
adequacy and internal consistency — this is de Regt’s Criterion of Understanding Phenomena CUP (de Regt,
2017, p. 92). This emphasis on an intelligible theory in scientific understanding requests de Regt to further
formulate what it entails for a scientific theory to be intelligible to a scientist. Hence, de Regt presents a
Criterion for the Intelligibility of Theories (CIT), which reads: A scientific theory T (in one or more of its
representations) is intelligible for scientists (in context C), if they can recognise qualitatively characteristic
consequences of T without performing exact calculations.

12 Other tools discussed are unification (de Regt, 2017, p. 103), causality (de Regt, 2017, p. 113), mathemati-
cal intuition (de Regt, 2017, p. 103).

13 For another example, see Verstraten et al. (2025).
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(Guerlin et al., 2007) and have been able to reconstruct a snap-shot movie of the decoher-
ence process (Fig. 1; Deléglise et al., 2008).

Such experimental work, enabled by technological development, one may argue, illus-
trates concepts such as decoherence — a concept that may otherwise be difficult to visualise.
These empirically robust visualisations of quantum processes support the visualisability
of quantum mechanics. If we understand visualisability as a tool for understanding, as de
Regt does, these tools can allow scientists in different contexts to recognise qualitatively
characteristic consequences of the theory (de Regt, 2017, p. 108), contributing to making
the theory of quantum mechanics intelligible to the scientist. Quantum technology can, thus,
influence the intelligibility of quantum mechanics by enriching this set of tools for under-
standing that scientists can utilise.'*

4.2 Quantum Technology Aids in the Analysis of Quantum Mechanics and its
Foundations

Technological development also aids in developing understanding of quantum mechanics
and foundational concerns by aiding the analysis of quantum mechanics and its foundations
in various ways, such as by providing open questions, making certain questions particularly
pressing, and making apparent underlying assumptions.

Technological development can aid in analysing quantum mechanics and foundational
issues by providing open questions. Gisin and Frowis (2018), for example, argue that work
on locality has proven extremely fruitful across theoretical, mathematical, experimental and
applied physics and that work on this issue has suggested many open questions. Some of
these open questions originate from technological or applied contexts. An example they
mention is from applied quantum communication, where physicists and engineers work
hard to develop quantum networks where multiple nodes are connected to several neigh-
bours (Gisin & Frowis, 2018, p. 4). They argue that this practical desire to develop and
implement quantum networks raises novel questions on non-locality. While standard Bell
scenarios deal with correlations from a single shared source between two parties, these
quantum networks work with many independent sources and need to connect many nodes.
So, an open question and a theoretical challenge that arises from these practical aims is what
kinds of correlations can be simulated by such a local model in complex quantum networks
with independent sources, particularly in networks with loops. Or what is the equivalence
in such a setup to the standard Bell inequality? They write: ‘[...] in the case of (realistic)
networks with loops, essentially nothing is known, not even for a mere triangle [...] we feel
we still do not understand non-locality’ (Gisin & Frowis, 2018, p. 4).

The analysis of quantum mechanics and foundational issues is not just aided by the novel
open questions technological applications can provide, as is the case in the abovementioned
quantum network example, but the promise of technological applications also makes certain
standing open questions particularly pressing. One of the key open questions on quantum
computation today is understanding why a quantum computer is faster than a classical com-

14 For de Regt, the intelligibility of scientific theories is part of the condition for scientific understanding of
phenomena (e.g., de Regt, 2017, p. 92 or 108), so the capacity for quantum technology to enrich the tools that
scientists utilise to satisfy the intelligibility condition can potentially contribute to the scientists’ understand-
ing of quantum phenomena as well. In this paper, however, we highlight merely how these visualisations
contribute to making the theory intelligible.
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Fig. 1 a, Snapshots of the Wigner function of the odd Schrodinger cat state at four successive times after
state preparation. b, Corresponding snapshots of the translated density matrix. Each of the 3D plots cor-
responds to a different time point, matching the Wigner functions in (a). Note that the off-diagonal bars
change from high (indicating high coherence) to near zero (indicating decoherence) as time progresses. ¢,
The quantum coherence of the Schrddinger cat states (Deléglise et al., 2008)
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puter. The question on the quantum speedup did not originate from engineering or tech-
nological practices necessarily, as it was already sparked by the development of quantum
algorithms, but it does become more pressing when the speedup is physically implemented.
This debate on the quantum speedup directly relates the promise of practical applications to
the interpretations of quantum mechanics. Although quantum computers are presumed to be
significantly faster in specific tasks and can compute tasks that a classical computer cannot
compute in a realistic time scale, it remains unclear why quantum computers are faster —i.e.,
what physical resources are responsible for the increased computational speed (Cuffaro &
Hagar, 2024). This induces the need for reflection and analysis of theoretical and founda-
tional concerns. For example, trying to answer the question of what resource a quantum
computer utilises aids analysis of phenomena such as entanglement (e.g., Jozsa & Linden,
2003), T-gates (Bravyi & Kitaev, 2005) or interference (Fortnow, 2003). Moreover, various
interpretational frameworks, or aspects of them, have been utilised to explain the quantum
speedup, such as contextuality (Howard et al., 2014; Kupczynski, 2024) or time-symmetric
and relational quantum mechanics (Castagnoli, 2016; Castagnoli et al., 2019). The inter-
pretation that arises most often in this context is the many worlds interpretation (MWI) or
some variation of it. David Deutsch famously argues that the parallelism found in quantum
computing — also called the quantum parallelism thesis (Duwell, 2018, 2021) — should be
explained through some version of the MWI (Deutsch, 1997). Others have argued similarly
that the MWI provides a reasonable explanation of quantum computing (Hewitt-Horsman,
2009) at least for certain algorithms (Wallace, 2012). This use of the MWI to explain the
quantum speedup is sometimes referred to as the many worlds explanation (MWX) of quan-
tum computing (Cuffaro & Hagar, 2024). Various arguments have been levelled against the
MWX, for example, by rejecting the quantum parallelism thesis as an explanation for the
quantum speedup (e.g., Steane, 2003), or by accepting the quantum parallelism thesis but
rejecting its supposed unique support for the MWI (Duwell, 2007, 2018).'3

This application of interpretations of quantum mechanics to the question of the quantum
speedup can aid analysis of the interpretations. For example, the question of the quantum
speedup informs our understanding of the explanatory power of different interpretations,
as some interpretations may be better equipped to explain the quantum speedup than oth-
ers. More specific analysis is possible as well. For example, some argue that the preferred
basis problem becomes especially problematic in the many-worlds explanation of quantum
computing (e.g., Cuffaro, 2022, p. 134). The analysis of interpretations of quantum mechan-
ics and their ability to address the open question of the speedup will become increasingly
relevant as the technological applications develop. Rich discussions such as these display
how open questions that are made increasingly relevant by the development of quantum
technologies offer insightful avenues to analyse quantum mechanics and its interpretations.

Development in quantum technologies can, furthermore, aid in the analysis of quan-
tum mechanics by displaying presuppositions. Michael Cuffaro mentions that reflecting on
quantum computing emphasises that there are important differences in the methodological
presuppositions in physics and computer science — which should be noted to prevent confu-
sion (Cuffaro, 2022, pp. 109, 146). For example, Cuffaro argues that not all no-go results

15 Moreover, some argue that there is a prima facie tension between the MWX and the MWI (Aaron-
son, 2013; Cuffaro, 2012, 2022), since MWI employs decoherence to distinguish macroscopic worlds from
one another (so worlds are distinguishable through decoherence), while quantum algorithms utilise coherent
superpositions before the state has decohered.
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in a theoretical context must necessarily be assumed to be constraints in practical contexts
(Cuffaro, 2022).

Ultimately, such practice-driven developments influence the understanding of quantum
mechanics and its foundations by aiding their analysis.

5 Quantum Technology Helps in Developing Quantum Mechanics and
its Foundations

Technological development in quantum technology aids not just in understanding and ana-
lysing existing theory and foundational issues, but also in the development of quantum
mechanics. How research and engineering practices in quantum technology aid the devel-
opment of quantum mechanics can be illustrated in at least three ways, namely by opening
up physical domains for theoretical inquiry (Sect. 5.2.), providing insight into the limit of
quantum mechanics (Sect. 5.3.), and informing the development of concepts in quantum
mechanics and its foundations (Sect. 6.).

5.1 Quantum Technology Opens Up Physical Domains for (further) Theoretical
Inquiry

The history of science encompasses many examples where technical and technological
development made new physical domains accessible for theoretical reflection. To name a
striking example, Antoni van Leeuwenhoek utilised his practical knowledge about mag-
nifying glasses used for assessing cloth to create a powerful microscope, opening up the
pathway towards microbiology (e.g., Wollman et al., 2015). Some authors argue similarly
that quantum technology plays an important role in the inquiry into the quantum realm
(Nielsen & Chuang, 2010). When arguing against the existence of quantum jumps, Erwin
Schrédinger stressed in a 1952 paper that ‘we never experiment with just one electron or
atom or (small) molecule. In thought experiments, we sometimes assume that we do; this
invariably entails ridiculous consequences [...]” (Schrodinger, 1952, p. 239; italics in origi-
nal). By virtue of improved technological capabilities, Schrodinger’s statement no longer
holds true today, as physicists are now controlling and manipulating single-quantum sys-
tems. Technological development thus moved the status of experimentation on single quan-
tum systems from thought experiment to actual experiment. In their quantum computation
and information textbook, Nielsen and Chuang (2010) argue that the most profound scien-
tific insights are enabled by creating methods to probe new research regimes. They maintain
quantum computing and quantum information is an example situated in such a context.
They argue that ‘[...] by obtaining complete control over single quantum systems, we are
exploring untouched regimes of Nature in the hope of discovering new and unexpected
phenomena’ (Nielsen & Chuang, 2010, p. 3).

Opening up new research regimes can be considered one of the original promises of
quantum computing. Feynman famously argued that °[...] nature isn’t classical, dammit,
and if you want to make a simulation of nature, you’d better make it quantum mechanical
[...]” (Feynman, 1982, p. 486). Quantum simulation, it is often pointed out, opens up simu-
lations of the quantum scale, potentially enabling inquiries into, for example, protein folds
and photosynthesis (e.g., Boulebnane et al., 2023) — potentially resulting not only in major
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practical advances in medicine, biology and chemistry but also opening up these scales of
single quantum systems for further scientific inquiry.

There are various examples where the opening up of research domains by experimental
development in quantum technology is already useful in developing quantum mechanics and
its foundations today. For example, increased experimental control can allow studying new
effects and processes at the quantum scale. The technological realisation of the controlled
interaction between superconducting circuits and microwave photons led to the creation of
the field of circuit quantum electrodynamics (QED). According to Blais et al., circuit QED
opened up the study of light-matter interaction and the study of new possibilities in quantum
physics at an unprecedented scale (Blais et al., 2021). Technological development in circuit
QED opened up ‘regimes of strong, ultra-strong, and even deep-strong coupling’ leading
to the experimental exploration of many higher-order effects that are unusual in traditional
cavity QED, such as ‘giant Kerr effects, multi-photon processes, and single-atom induced
bistability of microwave photons’ (Gu et al., 2017, p. 1).16

There are numerous ways in which experimental advancements can aid in developing
quantum mechanics and its foundations by enabling the study of new effects and processes.
Trapping ions is one possible candidate to experimentally realise qubits for quantum com-
puting (Bruzewicz et al., 2019) and this technological capability to trap individual ions is
utilised in studying, for example, the quantum Zeno effect (Ozawa et al., 2018; Wunderlich
etal., 2001). Superconducting circuits — another candidate for realising quantum computing
— are utilised in studying the anti-Zeno effect (e.g., Harrington et al., 2017). Technological
developments thus make the scale of single quantum systems accessible for studying pro-
cesses such as the quantum (anti-) Zeno effect.

5.2 Quantum Technology Enables the Assessment of the Boundaries of
Quantum Mechanics

A widely advocated argument suggests that development in quantum technology supports
research into the limits of quantum mechanics, furthering the development of the theory.
Quantum technologies, it has been argued, can help explore the boundaries to where the
physical theory of quantum mechanics accurately provides descriptions and predictions of
physical systems (Agnesi et al., 2018; Marchildon, 2006). However, quantum technology
can also illuminate the ‘border’ between quantum and classical descriptions (Cuffaro &
Hagar, 2024; Cuffaro, 2017, 2018; Pitowsky, 1994). With the rise of quantum technologies
like quantum computing and the number of connected qubits increasing, the philosophical
questions about at what point quantum mechanical descriptions stop being valid (and we
should rather describe a system classically) have become an important practical concern.
This quantum-to-classical transition and the limits of classical and quantum descriptions
have been extensively sought after experimentally. Improved technological capabilities
enable experimentalists to investigate the quantum-to-classical transition, for example, by
gaining control over increasingly smaller quantum systems and conducting quantum experi-
ments on increasingly larger collections of quantum systems. Quantum behaviour has been
observed in larger and larger systems, with interference effects reported in systems of up to

16 Gu et al. note that ‘These developments may lead to improved understanding of the counterintuitive prop-
erties of quantum mechanics, and speed up applications ranging from microwave photonics to superconduct-
ing quantum information processing’ (Gu et al., 2017, p. 1).
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2000 atoms (Arndt et al., 1999; Fein et al., 2019; Shayeghi et al., 2020), interrogating the
limits of quantum descriptions. Such experimental work that is enabled by improved tech-
nological capability, we argue, aids in the development of quantum mechanics by exploring
the domain to which quantum mechanical laws can be effectively applied and, further-
more, can inform the development of philosophical notions in the foundations of quantum
mechanics (such as the Heisenberg cut).

5.3 Quantum Technology Informs the Development of Concepts in Quantum
Mechanics and its Foundations

Technological development can, according to some physicists and philosophers of physics
in the quantum mechanics literature, inform concepts in quantum mechanics and the foun-
dations of quantum mechanics, aiding its development. For instance, technological develop-
ment informs the development of concepts such as quantum entanglement, as technological
development enables and informs experimental studies of more diverse and complex forms
of entanglement, such as high-dimensional quantum entanglement (Erhard et al., 2020)
and asymmetric entanglement structures (Malik et al., 2016). According to Cuffaro and
Hagar (2024), technological advancements may also shed light on matters of traditional
epistemic and theoretical concern, such as causality (Allen et al., 2017; Costa & Shrapnel,
2016; Shrapnel, 2019) and the relation between mathematics and the physical world. More-
over, when considering quantum and classical mechanics as two alternative languages for
describing physical systems, some scholars argue that interrogating the computing power
inherent in such languages provides insight into the logical structure of quantum and clas-
sical mechanics (Janas et al., 2022). Moreover, some argue that development in quantum
technology also offers new insights into some of the key concepts of quantum mechanics
such as decoherence (Marchildon, 2006) or measurement (Cuffaro & Hagar, 2024), devel-
oping these concepts.

Development in quantum technologies may also inform concepts in fields that are close
to physics (or may have grown closer as a result of quantum technology, such as computer
science). Some examples include Cuffaro and Hagar, who suggest that the mathematical
concepts of complexity and computability ‘may not only be translated into physics, but
also re-written by physics’ (Cuffaro & Hagar, 2024).!” Quantum computers, by virtue of the
supposed capability to solve intractable problems, redescribe the abstract space of computa-
tional complexity (Bernstein & Vazirani, 1997; Cuffaro & Hagar, 2024). Cuffaro and Hagar,
furthermore, mention that efficient quantum algorithms may serve as counterexamples to
a-priori arguments against reductionism in the debate on functionalism and the physical
character of types and properties in computer science (Cuffaro & Hagar, 2024; Pitowsky,
1996).

While technological development contributing to the development of concepts is often
emphasised in the literature, as the number of above-mentioned sources demonstrate, it is
not often discussed how this informing of concepts by technological development takes
shape. To get a clearer picture of such processes, we will briefly discuss a historical example
discussed in the literature that we surveyed, namely, how engineering challenges in design-
ing instruments for repeated precision measurements contributed to conceptual development
in quantum measurement. Outlining the origin of the concept of quantum non-demolition

17 Ttalics in original article.
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(QND) measurements — a concept that is essential in today’s development of quantum tech-
nology'® — is helpful here.

Precise measurements of quantum systems are not possible without introducing perturba-
tions. Whenever one measures a property, say, of an electron, this measurement will disturb
the system in a somewhat unpredictable way. Regarding Heisenberg’s uncertainty relations,
an accurate position measurement will disturb the momentum of the quantum system and
vice versa, and hence, follow-up measurements after the initial measurement will show that
the earlier disturbance has occurred (Braginsky et al., 1980, p. 547). The effects of measure-
ments on macroscopic systems are typically very small and can usually be ignored. How-
ever, with the influx of technical capabilities of measurement precision, questions about
the quantum mechanical effects of these precision measurements became relevant (Bragin-
sky & Vorontsov, 1975). For example, the aluminium bars (suspended like a pendulum) in
the gravitational wave detectors had to be measured so precisely that quantum mechanical
effects had to be taken into account (Braginsky et al., 1980). The measurement perturbation
seemed to demolish the possibility of making a second measurement with the same preci-
sion (Braginsky et al., 1980, p. 548), while one needed repeated precision measurements
to detect gravitational waves in this setup. The laws of quantum mechanics (measurement
perturbation) thus posed, first and foremost, an engineering challenge: Can we find a way
to conduct repeated precision measurements in such a way that disturbance effects due to
the initial measurement are circumvented? Practical options, such as making the aluminium
bars much bigger, were not practically feasible (Braginsky et al., 1980). Some scholars took
the engineering challenge of repeated precision measurement to theory. As a result, mea-
surement schemes were devised in which back-action noise is kept entirely within unwanted
observables,'? allowing for repeated precision measurement (Braginsky & Vorontsov, 1975;
Braginsky et al., 1980; Grangier et al., 1998; Thorne et al., 1978; Unruh, 1979). These
measurement schemes were the first of a type of quantum measurements known as quantum
non-demolition (QND) measurements.

The theoretical consideration of QND measurements is thus sparked by practical con-
cerns of repeated precision measurements, such as in the design of gravitational wave detec-
tors. In this case, an engineering challenge instigated theoretical reflection and opened up
new ways of thinking about quantum measurements, developing quantum measurement
theory by inspiring the development of QND measurements.?’ Moreover, the development
of QND measurement schemes is also relevant to quantum foundations as it shows measure-
ment disturbance can be controlled and directed. The development of quantum measurement
theory through QND measurements informs the broader concept of quantum measurement
and shows (together with other notions such as weak measurements) that quantum measure-

18 Today, QND measurements are vital to emerging quantum technologies, QND measurements are of “fun-
damental practical importance in overcoming detector inefficiencies’ (Gambetta et al., 2007) and are, for
example, ‘needed to efficiently detect the state of a logical qubit without destroying it” (Xue et al., 2020).

19 The term ‘unwanted observables’ here refers to those quantum variables of the system that are not of
interest to the measurement, so those variables that do get disturbed by the measurement (due to quantum
back-action) but do not matter for the quantity you want to measure.

20 Note, here, that there are various examples of concepts that are developed to address practical problems in
the development of quantum technologies rather than theoretical ones. For example, quantum error correct-
ing codes is an example of theoretical developments arising from practical challenges of building a quantum
computer — the practical needs of error correction drive these theoretical advancements. However, it is not
always comprehensively explored how such protocols impact the development of quantum mechanics as a
physical theory, or its foundations.
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ment is not an all-or-nothing phenomenon — as was assumed in the early days of quantum
mechanics.

These examples — how technological development in quantum technology opens up
physical domains, enables assessment of the boundaries of quantum mechanics, and sup-
ports the development of concepts in quantum mechanics, are illustrations of ways in which
quantum technology aids not just in understanding and analysing existing quantum mechan-
ics and foundational issues, but also aids in developing quantum mechanics.

6 Quantum Technology Helps in Evaluating Quantum Mechanics and
its Foundations

Aside from aiding the understanding and development of quantum mechanics and its foun-
dations, quantum technology also helps evaluation. This can be illustrated vis-a-vis quan-
tum technologies’ provision of both the tools and a practice for assessing and evaluating
quantum mechanics and its foundations. Research and engineering practices in quantum
technology enable more sophisticated tests and experimentation (Sect. 6.2.) and provide a
practice to explore the utility of theoretical notions and interpretations (Sect. 7.).

6.1 Quantum Technology Enables More Sophisticated Tests and Experimentation

Development in quantum technology influences, rather straightforwardly, the ability of sci-
entists to evaluate its predictions — including in new domains (see Sect. 5.2.). Historically,
experiments such as the Stern-Gerlach experiment, an experiment crucial in understanding
spin and testing the quantisation of angular momentum, have played a key role in the devel-
opment of quantum mechanics. Another famous example is that of the Bell tests, where tech-
nological development enabled experimentation on the violation of the Bell inequalities, as
conducted in various experimental schemes (Aspect et al., 1981; Freedman & Clauser, 1972;
Weihs et al., 1998). Such tests enabled the assessment of key notions, such as entanglement
and non-locality, crucial to the evaluation of quantum mechanics. These tests and experi-
mentation enabled by technological development concerns not just the predictions of quan-
tum mechanics, but, according to some, also concerns quantum foundations — leading some
to conclude this is a case of ‘experimental metaphysics’ (Shimony, 1989, p. 27). Assump-
tions on non-locality, traditionally considered as metaphysical assumptions in debates on
entanglement, famously discussed in the Einstein-Podolsky-Rosen (EPR) paper (Einstein
et al., 1935), became testable. These tests, initially executed by experimentalists such as
Anton Zeilinger and Alain Aspect, require increasingly more advanced equipment to close
the loopholes in each iteration. The most recent loop-hole free tests of the Bell inequalities
display the role of quantum technology. For example, the 2015 tests at TU Delft were con-
ducted using the electron spins of nitrogen-vacancy centres in diamonds, a technology that
is developed as one of the contenders for realising qubits in quantum computers (Hensen
et al., 2015). In 2023, a group in Zurich conducted a loop-hole free test using another con-
tender for realising qubits in quantum computing, namely superconducting circuits (Storz
et al., 2023). Enabled by improved experimental capabilities, more sophisticated empirical
tests of Bell’s theorem were developed and new loopholes closed, ultimately informing
views about local realism and non-local correlations predicted by quantum mechanics. The
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experimental assessment of famously contested theoretical notions such as entanglement
and non-locality constitute important milestones in the evaluation of such notions. Conse-
quently, this empirical evaluation enabled by technological progress provides an important
input to the assessment of these notions in both quantum mechanics and in discussions on
the foundations of quantum mechanics.

Moreover, development in quantum technology enables the testing of some predictions
of alternative quantum theories, such as objective collapse theories.?! Collapse theories pro-
pose a modification of the Schrodinger equation. These theories provide differing predic-
tions under circumstances where decoherence effects can be restrained (Bassi et al., 2005).
Recently, there have been developments towards examining some testable aspects of objec-
tive collapse theories: Donadi et al. (2020) have shown that the natural parameter-free ver-
sion of the Didsi-Penrose model — so a specific version of one particular objective collapse
reformulation of quantum mechanics — must be ruled out. Cuffaro and Hagar argue that
quantum computing has potentially much to offer in terms of testing collapse theories, since
the main practical problem of testing these collapse theories coalesces with the problem
quantum computing aims to overcome, namely, suppressing decoherence to create longer
coherence times (Cuffaro & Hagar, 2024). Moreover, as these authors maintain, the capa-
bilities to realise large-scale quantum computers relate to the capabilities needed to test
what collapse entails.?? As such, the development of these technologies has the potential
to test conceptual questions in foundational debates, for instance, about true and false col-
lapse (Pearle, 1998) — informing the long tradition of theoretical debates (Cuffaro & Hagar,
2024). As such, technological development enables the testing of alternative quantum theo-
ries, potentially influencing long-standing debates on, e.g., the interpretations of quantum
mechanics.

6.2 Quantum Technology Provides a Practice To Explore the Utility of the
Theoretical Notions and Interpretations

It has been argued that the practical utility of certain concepts or interpretations can inform
the status of these positions in theoretical foundational debates. Let us discuss the example
of how the utility of Bohmian mechanics may affect the status of Bohmian mechanics,
according to some authors (Benseny et al., 2014).

Bohmian mechanics, or the pilot-wave interpretation, developed by Louis de Broglie in
the 1920s and David Bohm in the 1950s, explains quantum phenomena through point-like
particles guided by waves. Its practical usefulness has often been challenged, but recent
decades have displayed an increased utility of the theory in addressing practical problems
(Benseny et al., 2014). Late 1990s, the chemistry community started investigating the util-
ity of Bohmian trajectories (Lopreore & Wyatt, 1999; Wyatt, 2005), after which various
applications developed in quantum physics. In their book Applied Bohmian Mechanics, Ori-
ols & Mompart write about quantum computing: ‘In some systems, the Bohmian equations
might provide better computational tools than the ones obtained from the orthodox machin-
ery, resulting in a reduction of the computational time, an increase in the number of degrees

21 Cuffaro and Hagar see this as an example of experimental metaphysics (Cuffaro & Hagar, 2024).

22 Cuffaro and Hagar (2024) stress that the computer does need to be of the right architecture, as dynamical
collapse theories do not collapse large superpositions of photon polarisation or spin.
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of freedom directly simulated, etc.” (Oriols & Mompart, 2019, p. 6).%* In their review study,
Benseny et al. depict Bohmian theory as a ‘very enlightening route’ to study nonlinear and
nonunitary quantum evolutions. They highlight various examples where Bohmian trajec-
tories can come in handy, such as obtaining insight into the adiabatic transport of single
atoms, Bose-Einstein condensates, and holes in triple well potentials in ultra-cold atom
physics (Benseny et al., 2010, 2012), making approximations to the many-body problem in
electron-nuclei coupled dynamics (Benseny et al., 2014, pp. 6-8), and in the study of the
interaction between intense light fields with matter.* Notably, the authors highlight that the
field of quantum computation is a paradigmatic example of where Bohmian mechanics can
be applied: Bohmian mechanics provides, according to the authors, no magical computa-
tional solutions, but it does display an alternative and ‘fresh’ route to tackle nonlinear and
nonunitary evolution of quantum systems (Benseny et al., 2014, p. 36). Concerning applied
Bohmian mechanics, Benseny et al. argue that they ‘are convinced that the final status of the
Bohmian theory among the scientific community will be greatly influenced by its potential
success in those types of problems that present nonunitary and/or nonlinear quantum evolu-
tions’ (Benseny et al., 2014, p. 1). As such, the way in which applied Bohmian mechanics
adds additional ways to make calculations in practical contexts such as quantum comput-
ing will, according to the authors, affect the status of Bohmian mechanics in foundational
debates. Hence, the application of these theories in quantum technology has the potential
to not just act as a measure for the success of the interpretational framework of Bohmian
mechanics (reminiscent of arguments in the philosophy of science, where technology is seen
as a marker of scientific progress (Douglas, 2014; Rescher, 1999, p. 39), but also informs the
status of the framework in the interpretational debates.?

The authors do not explain how the practical utility of applied Bohmian mechanics would
influence the status of Bohmian theory. This work on applied Bohmian mechanics does not
add or modify postulates, equations, concepts, or predictions of Bohmian theory. So, this
example in applied Bohmian mechanics seems to be a development of applications of the
theory which does not by itself develop Bohmian mechanics in a way discussed in Sect. 5.1..
However, reflecting on the authors’ statement in a different light, one could argue that the
development of quantum technology can be seen to provide a practice for evaluating theo-
retical notions and concepts, such as Bohmian theory, on the basis of its practical utility.2®
From a pragmatist perspective, for example, truth can be defined in terms of utility, or truth
can be understood as a function of the practices people engage in (Capps, 2023). One could
argue quantum technology provides a space in which the utility of a theory can be explored.
In light of the practical utility of applied Bohmian mechanics discussed above, one could
argue that research and engineering practices in quantum technology expand the space for

23 First edition was published in 2012.
24 The authors of the review study discuss many more examples: see Benseny et al. (2014)

25 Note, here, the break with the linear view on the science-technology interaction as noted in the introduction
and conclusion of this paper: technology is here not just a marker of scientific progress — following scientific
development — but also feeds back into the status of scientific theories or interpretations.

26 1t should be noted that the authors, by arguing that the application of Bohmian mechanics can influence the
status of Bohmian theory, could be making a sociological argument about how the utility of a theory influ-
ences the community’s perception of the theory. This sociological perspective raises many interesting ques-
tions: how and why is a certain idea or theory adopted, what socio-cultural conditions support this adaptation,
how does the adoption of an idea or theory by a community influence the theory choice of other individuals
or communities? For reasons of scope, we will not go into a detailed explanation of such sociological factors.
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evaluating the utility (and hence the truth of the theory for this kind of pragmatist) of Bohm-
ian theory. Technological development in quantum technology then helps evaluating theo-
retical notions and interpretations in light of their practical success.

A similar point may be put in realist terms. If views on the reality of theoretical entities
should not be endorsed on the basis of theoretical justification (Hacking’s ‘representing’;
Hacking, 1983), but should rather be informed by experimental practices (Hacking’s ‘inter-
vening’), technological application provides the practices in which such assessment can
take place. So, if we follow Hacking’s famous slogan ‘If you can spray them, then they
are real’ (Hacking, 1983), one could argue that development in experimental and techno-
logical contexts expands the set of practices in which you spray stuff, and thus expands
the set of practices in which you can assess the reality of the entities postulated by the
theory. Although there are various interpretations of quantum mechanics that are empiri-
cally equivalent to Bohmian mechanics, the ontology of these interpretations can differ, and
hence the capacity of experimental practice to evaluate what entities can be sprayed can
inform reflection on the ontologies of these interpretations. As such, quantum technology
provides a practice in which Bohmian mechanics can be applied, informing our assessment
of the ontological status of entities in quantum mechanics and thus aiding the evaluation the
evaluation of the ontology of Bohmian mechanics.

This practice of testing the utility of an idea that quantum technology provides should,
according to some authors, be more explicitly exploited in the evaluation interpretations of
quantum mechanics (Vermaas, 2005). Vermaas (2004, 2005) argues research and engineer-
ing practices in technological development can provide conditions for theoretical debates in
the interpretations of quantum mechanics. Motivated by the use of quantum mechanics in
quantum technologies, Vermaas proposes two new conditions for selecting tenable interpre-
tations, arguing that interpretations should accommodate engineering sketches and function
ascriptions to technical artefacts (Vermaas, 2005).2” Vermaas challenges philosophers of
physics to provide rich enough interpretations for engineers to ascribe functions to artefacts,
and challenges engineers to help select tenable interpretations — interpretations can be tested
on the basis of conditions (next to other conditions such as empirical adequacy) about the
ability to reproduce function ascriptions to the artefacts they design and accommodate engi-
neering sketches (Vermaas, 2004, 2005).

7 Interrelated Types of Influence
This paper surveyed and organised literature to understand what role technological develop-

ment in quantum technologies can play in quantum mechanics and its foundations. Besides
the types and illustrations discussed in this paper, one could further delineate and adjust the

27 First, Vermaas wants to accommodate the engineering intuition that artefacts have their function on the
basis of their physical structure. Therefore, Vermaas formulates the condition that interpretations of quan-
tum mechanics should accommodate the ascription of technical functions to technical artifacts described
by quantum mechanics (Vermaas, 2005, p. 645). Second, Vermaas argues quantum mechanics poorly sup-
ports sketching practices in engineering. For example, in such sketches, trajectories of particles are typically
included, but (standard) quantum mechanics does not ascribe definite positions to particles and thus does not
yield the result that particles follow trajectories in space. As such, Vermaas proposes an engineering sketches
condition which entails that the interpretations of quantum mechanics “should accommodate the sketching
practice of engineers in the designing of technical artefacts described by quantum mechanics, by reproducing
the properties these sketches ascribe to the artefacts” (Vermaas, 2005, p. 652).
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scheme presented here. For instance, developments in one of these types and illustrations
can influence developments captured in other of these types and illustrations: If the develop-
ment of quantum mechanics fails in a particular domain (type 2, Sect. 5.1.), this can be input
for (re)evaluating (parts of) the physical theory (type 3, Sect. 6.1.). As another example, the
way in which technological development enables more sophisticated tests and experimenta-
tion is, first and foremost, an example of how quantum technology aids in evaluating predic-
tions of quantum mechanics. However, more sophisticated tests and experimentation could
clearly be important throughout the other types of influence as well. For example, more
sophisticated tests and experimentation of quantum mechanics (type 3, Sect. 6.1.) can sup-
port further analysis of the theory — informing understanding of it (type 1, Sect. 4.1.). Simi-
larly, better tests and experimentation (type 3, Sect. 6.1.) of quantum mechanics can enable
further development of the theory (type 2, Sect. 5.1.) — and further development of quantum
mechanics can reciprocally allow for new predictions to be evaluated (type 3, Sect. 6.1.).
Moreover, the interrelated characters of different types of influence also seem to extend
towards the illustrations within the specified types of influence. For example, the expanded
toolkit for making theories intelligible (Sect. 4.2.) likely also contributes to the analysis of
quantum mechanics and foundational issues (Sect. 5.), as development in the intelligibility
of quantum mechanics reasonably informs the capacity of scientists and philosophers to
analyse quantum mechanics (and vice versa). Here, a web of influences seems to emerge,
as the interrelated character of these illustrations of the way quantum technology contrib-
utes to, for example, developing understanding of quantum mechanics (type 1, Sect. 4.1.)
may then consequently aid, for example, in the development of quantum mechanics (type
2, Sect. 5.1.). Such influences between the illustrations or between the types of influence
discussed in this paper hint at the interrelated nature of the examples given in this paper.

8 Conclusions

In this paper, we surveyed and organised literature on the influence of quantum technology
on quantum mechanics and its foundations. We distinguished three types of influence of
quantum technology on quantum mechanics and the foundations of quantum mechanics:
quantum technology helps in understanding, developing, and evaluating quantum mechan-
ics and its foundations.

e Quantum technology aids in developing understanding of quantum mechanics and its
foundations by making quantum mechanics intelligible and aiding the analysis of the
theory and its foundations (Sect. 4.1.).

o Quantum technology helps in the development of quantum mechanics and its foun-
dations by opening up physical domains, aiding the assessment of boundaries of the
theory, and informing concepts (Sect. 5.1.).

e Quantum technology helps in the evaluation of quantum mechanics and its foundations
by enabling more sophisticated tests and experimentation and providing a practice to
test the utility of ideas and concepts (Sect. 6.1.).

Several illustrations of these types and examples of these illustrations have been presented.
Quantum technology aids in making quantum mechanics intelligible by enriching the set
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of tools for understanding through enabling, for example, empirically robust visualisations
(Sect. 4.2.). Quantum technology aids in the analysis of quantum mechanics by providing
novel open questions (Sect. 5.). Quantum technology aids in opening up physical domains
by expanding control over single quantum systems (Sect. 5.2.). Quantum technology aids
in the assessment of the boundaries of quantum mechanics by enabling investigation of
the quantum-to-classical transition (Sect. 5.3.). Quantum technology informs concepts of
quantum mechanics through novel insights arising from engineering challenges (Sect. 6.).
Quantum technology enables more sophisticated tests and experimentation by enabling the
practical realisation of tests (Sect. 6.2.). Quantum technology provides a practice to test
the utility of ideas and concepts by providing a practice to explore the utility of theories
(Sect. 7.). Lastly, we have noted that neither these types of influence nor the illustrations
discussed should be seen as independent and strictly separated categories. Rather, the three
types and illustrations appear to be interrelated.

This research has focussed particularly on the meso-level interactions between quantum
technology and quantum mechanics and foundations. Hence, we must be prudent, refraining
from making general claims about the macro-level interaction between science and technol-
ogy as discussed in the philosophy of science and philosophy of technology. However, the
diversity of ways in which quantum technology influences quantum mechanics and founda-
tional issues seems to support what is increasingly emphasised about the macro-level inter-
actions between science and technology (e.g., Boon, 2006; Li, 2024; Russo, 2016; Russo,
2022; Santo, 2024). The interaction between science and technology appears to be far more
complex and multifaceted than the historically widespread linear view presupposes, where
technology merely applies pre-existing theoretical notions and ideas. Moreover, research
and engineering practices contribute in more complex ways to scientific development than
via mere testing of scientific ideas and predictions. When looking into the field of quantum
technology, as outlined in this paper, we find that technology plays a multifaceted role in
theoretical inquiry and can influence scientific development in a multitude of ways.

We have outlined different types of influence, but did not explore a discussion of the degree
of influence those types exert on theoretical development. Some authors go as far as to say
that next to the concept-driven scientific revolutions introduced by Thomas Kuhn, there are
tool-driven scientific revolutions that induce paradigm shifts, such as the Galilean revolu-
tion by way of using a telescope for astronomical research and the Crick-Watson revolution
resulting from the use of X-ray diffraction to determine the structure of big molecules in biol-
ogy (Dyson, 1998). It would be worthwhile for future research projects to consider whether
the current development of quantum technologies — the second quantum revolution — can be
considered a scientific revolution induced primarily by technology. Or, one could speculate
whether this development may bring about a scientific revolution in the future — similar to
how some argue the practical desire to make better light-bulbs was the driving force behind the
black body research program, leading to Planck’s discovery of the quantum (Kumar, 2008).
Moreover, while our research primarily focussed on quantum technologies influencing quan-
tum mechanics and its foundations, this does not mean that the influence of quantum technolo-
gies is restricted to quantum mechanics and its foundations; quantum technology likely affects
many other fields in physics as well. Take, for example, the role of quantum technologies in
gravitational wave astronomy in the Einstein telescope (Korobko, 2025; Schnabel & Korobko,
2022), the potential role of quantum sensing in the detection of single gravitons (Tobar et al.,
2024), or the role of quantum error correcting codes (developed to address practical problems

@ Springer



T. M. Latten et al.

in building a quantum computer) in the context of research on quantum gravity, particularly
AdS/CFT (e.g., Almheiri et al., 2015; Bain, 2020). Moreover, quantum technology potentially
facilitates the bridging of different fields. Such as how the experimentation enabled by earth
to satellite quantum communication that is being developed (e.g., Liao et al., 2018; Liao et
al., 2017; Ren et al., 2017; Vedovato et al., 2017; Yin et al., 2017) may provide insight into
phenomena where gravity affects quantum objects, testing the foundations of quantum theory
in relativistic regimes (Agnesi et al., 2018; Bruschi et al., 2014; Rideout et al., 2012).

This paper started with the observation that while quantum mechanics is increasingly
applied with great success, the quantum world appears to be notoriously difficult to compre-
hend. Given the results of this paper and looking at future work, we think that research and
engineering practices in quantum technologies will continue to contribute to efforts to develop
comprehension of quantum reality. Although it is not clear whether quantum technology could
facilitate a breakthrough in, for example, the interpretations of quantum mechanics (Vermaas,
2005) or whether it further complicates matters of interpretation — this study shows that devel-
opment in quantum technologies plays an important role in facilitating various insights in
foundational discussions (from empirical insights to informing concepts). Moreover, quantum
technology does not merely add perspectives, it also aids in critically evaluating theoretical
considerations — playing a role in removing views and concepts. This research serves as a
reminder that the relation between technology and foundations is not mono-directional ?® It
may be that fundamental breakthroughs also arise from application-driven research.

This emphasis on the role of technologies in foundational research does not imply that
quantum technologies magically solve foundational issues. Rather, we argue that active
cooperation and productive dialogue between research practices in quantum technology and
researchers in the foundations of quantum mechanics bear the potential to yield a fruitful
area of research, ultimately shaping our views on quantum reality.
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