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Abstract

Thought experiments (TEs) are indispensable conceptual tools in scientific
research, particularly in the study of quantum gravity. Many scholars argue that
the epistemic significance of TEs hinges on the proper and ineliminable use of
imagination. However, there is disagreement regarding the specific nature of the
imagination involved. A valuable perspective on this debate is provided by a TE
proposed by Matvei Bronstein in 1936 to support a quantum theory of grav-
ity. His contribution serves as a notable example of destructive TE, aiming to
highlight the internal inconsistency within a unified theory of both quantum
mechanics and general relativity. In this paper, I reconstruct Bronstein’s TE in
the context of recent discussions on the relationship between TEs and imagina-
tion. I argue that this case study challenges existing epistemological frameworks
for understanding TEs. I contend that Bronstein’s TE introduces a new form
of imagination, termed operational imagination, as indispensable for reaching its
intended conclusion. I conclude that operational imagination can be integrated
into simulative model-based accounts of TEs.

Keywords: Thought experiments, Quantum gravity, Imagination, Constraints,
Coherence



1 Introduction

Imagination is an essential aspect of scientific research which contributes to scientific
practice in different ways and at different stages. Nevertheless, the exact contribu-
tion it offers to the sciences is the object of long-standing contention. Traditionally,
imagination has been relegated to the context of the discovery of theories, due to
a tendency to examine theories only in terms of their conditions of acceptance and
confirmation. While imagination was acknowledged a primary function in suggesting
new hypotheses for phenomena as yet unknown, theory acceptance could not rely
on such imaginings. Instead, acceptance was to be assessed “by careful observation
or experiment” (Hempel, 1966, 16). Similarly, Popper (1934/2002) emphasised how
imagination, although attested in scientific practice, is ultimately irrelevant to the
assessment of a theory, which instead should be based entirely on available empirical
evidence.

Post-Kuhnian philosophy of science questioned the demarcation between contexts
of discovery and justification. Consequently, the segregation of imagining to the former
has shifted.! This transformation has prompted philosophers of science to re-examine
imagination (Murphy, 2022, 2024), not only as an object of inquiry but also as a
pivotal element in related debates, such as the study of scientific models.? Notably,
the centrality of imagination has been extensively discussed in the context of thought
experiments (TEs), both within the sciences and in general philosophical practice.

This paper explores the complex uses of imagination in TEs from a privileged
viewpoint. It is primarily concerned with the epistemic contribution that imagination
can provide to the execution of TEs in the context of frontier physical research. This
application is motivated by the peculiar inaccessibility of the objects of inquiry of
certain new physical theories to empirical investigation and experimentation. As a
result, this limitation necessitates the development of new research strategies that
allow physicists to evaluate their theories. In addition, philosophers are required to
assess the epistemological support provided by these new methods to their conclusions.

In this context, Bronstein’s 2012/1936 work offers a noteworthy case study. In this
seminal paper, the author proposes a TE to illustrate the reciprocal incompatibility
between two successful theories of modern physics, namely general relativity (GR) and
quantum mechanics (QM). Its final goal was to emphasise the necessity for a novel
theory of quantum spacetime for high energy regimes.

I argue that Bronstein’s TE can reach its epistemic goal only if it involves the use
of a specific type of non-propositional imagination, termed “operational imagination.”
This is defined as the capacity to design imaginary settings and perform operations
on them under suitable sets of constraints. The manipulative nature of operational
imagination makes it an adequate conceptual tool in certain destructive TEs, such as
Bronstein’s. The experiments yield an epistemologically interesting scenario wherein

'See (Levy & Godfrey-Smith, 2020, 1-2) and (Stokes, 2016, 252-256) for an examination of the segregation
of imagination to the context of discovery and the shift of perspective in recent times. Moreover, see
Schickore (2022) for a broader discussion on the development of the notion of scientific discovery that puts
creativity and imagination to the forefront.

2See, e.g., Frigg (2010), contra Levy (2012); Toon (2012, 2016). In particular, Toon (2016) provides a
background for the discussion by tracing a precise distinction between direct and indirect fictional theories.



the investigator’s objective is to highlight an inconsistency within the set of con-
straints. In particular, operational imagination is contrasted with two other prominent
accounts within the literature on TEs, namely Salis and Frigg (2020)’s Waltonian
account and Nersessian (1992)’s simulative model-based account.

The argument is articulated as follows. Section 2 offers an overview of the episte-
mology of TEs, with particular emphasis on the contribution of imagination in reaching
the intended epistemic goals. Section 3 reconstructs Bronstein’s TE and emphasises
the function of imagination for its execution, as contrasted to the use of mere sup-
position. Section 4 then explains the notion of operational imagination, exploring its
theoretical underpinnings and applications. In particular, it compares this notion with
other types of imagination as delineated in the literature. Consequently, it illustrates
how the internal inconsistency within a set of constraints provides epistemic sup-
port for the conclusion of destructive TEs. Finally, Section 5 discusses three potential
criticisms of the contribution of operational imagination, both within the context of
Bronstein’s TE and in general.

2 Imagination and TEs

Imagination often plays a pivotal role in the construction and narration of TEs. This
is particularly evident in the field of physics. To illustrate this point, one may con-
sider Galileo’s suggestion that two bodies be thrown from the Tower of Pisa. By doing
so, the audience is invited to reproduce, or simulate, the TE in their minds to reach
the same conclusion: the two bodies fall with the same acceleration. This invitation
to imagine is a recurring element in many TEs, given that they can be carried out,
by definition, without any material support. Consequently, a salient question can be
posited regarding the sufficiency of this invitation to imagine and the cognitive pro-
cesses involved in the execution of the TE to ensure that the conclusion is epistemically
supported by the imaginary setting (question of internal validity).

Furthermore, it can be questioned whether the TE, although internally valid, can
reach further epistemic goals when confronted with empirical scenarios (question of
external validity). For example, a TE could be used as a substitute for a material
experiment due to technical challenges in conducting the latter. Furthermore, one
may require that the TE be explanatorily relevant to a specific phenomenon. Finally
(but one may go further), the TE may be intended to increase understanding of a
phenomenon under study, for instance by highlighting its mechanism of production,
although this mechanism may be directly unobservable.

These questions give rise to the issue of providing a precise definition of the epis-
temic role of TEs in scientific practice. The extension of the philosophical literature
evidences the complexity of this task. In light of this, Section 2.1 provides an overview
of the two main “camps” in the epistemology of TEs. Section 2.2 then assesses the
possibility of employing imagination in TEs. Furthermore, it discusses some rele-
vant attempts to identify appropriate principles to constrain its uses within scientific
contexts.



2.1 What are scientific TEs?

The status of TEs has been the subject of considerable debate and controversy within
the recent philosophical literature. A significant reason for the lack of consensus has
been the vast number of exemplary cases, discussed both in the sciences and in gen-
eral philosophy. Accordingly, numerous attempts at the identification of clear and
shared patterns of construction and execution, as well as the assessment of their epis-
temological function, have produced a somewhat fragmented landscape. A notable
epistemological problem concerning TEs pertains to whether (and, if so, how) they
provide new knowledge about the empirical world.

Some philosophers (termed the “no-camp” by Sartori (2023)) take a negative stance
on this prospect, asserting that TEs, while applicable in scientific practice, contribute
limited epistemic value. To illustrate, TEs may serve as “intuition pumps,” thereby
prompting our intuitions and increasing understanding of a certain phenomenon (Den-
nett, 1996). Alternatively, they may contribute to the teaching of science, for instance
by emphasising certain interpretations of the physical laws by means of pictorial rep-
resentations (Brown & Fehige, 2023). However, TEs are insufficient to generate new
knowledge of the external world, nor can they provide sufficient epistemic justification
for their own conclusions.

In contrast, other philosophers (the “yes-camp”) put forth a more optimistic per-
spective, thus answering affirmatively to the aforementioned question. For instance,
TEs have been proposed as a means to have Platonic intuition of the general laws
behind phenomena (Brown, 2011). Alternatively, they may serve as conceptual tools
for visualising and manipulating model systems of a physical target, thereby provid-
ing new knowledge about how the latter should behave in reality (Gendler, 2004;
Miscevié, 1992). This camp contends that imagination does indeed play an active epis-
temic role in reaching the conclusion of a TE.? However, internal differences in how
the conclusion is obtained by means of imaginings are crucial.

The literature distinguishes different kinds of imagination, depending on the goal
and structure of a TE. A prime distinction can be made between two categories.
Propositional imagination is defined as the capacity to imagine that something is the
case. To illustrate, one may imagine that a wooden chair is soft without necessarily
visualising it. This kind of imagination dispenses of mental images as irrelevant for
the imaginative process to be epistemically significant.

In contrast, non-propositional imagination assigns epistemic functions to non-
propositional constructions and pertains to how something is the case. It is applicable
to those imaginings that involve the production of mental images (objectual or imagis-
tic imagination) and concerns how objects are portrayed in mental images. Similarly,
non-propositional imagination may apply to imagining other phenomenal activities,
such as seeing, hearing, and so on (phenomenal imagination).

Certain authors (notably, Norton (1991, 1996, 2004a, 2004b)) have contended
that imaginative elements may occur in a TE, yet they ultimately have no active
epistemic role and thus can be eliminated. According to this position, TEs possess

3By “active epistemic role” I intend to indicate the fact that imagination fulfils a significant function
within the TE, one that allows the initial mental setting to reach a final state or conclusion. In absence
of imaginative factors (whose nature should be further specified), the TE could not be executed from its
initial setting to the intended conclusion.



epistemic significance merely due to their intrinsic argumentative structure, whereas
additional factors are considered superfluous from an epistemic standpoint. In other
words, Norton claims that TEs are essentially ordinary arguments disguised in pic-
torial form. Whenever a TE exhibits imaginative elements in its narrative, it can be
reconstructed as a logical argument (reconstruction thesis) and entirely reduced to its
argumentative structure (elimination thesis). Norton further contends that TEs are
epistemically reliable due to their fundamental nature as arguments (reliability thesis).
These arguments are constructed on empirical premises, facilitating their connection
to reality.

Norton’s account faces substantial criticism.* Firstly, the introduction of the recon-
struction and elimination theses leads Norton to conflate their epistemic reach. As
for the former, reconstruction does not provide epistemic support to TEs. The epis-
temic value of reconstructions is a matter of considerable debate, yet Norton does
not take any position on that, nor does he specify epistemological implications of a
reconstruction with respect to the original pictorial form.

Similarly, the elimination of pictorial elements may facilitate the elucidation of
the inferential structure of TEs. However, this thesis entails a reduction in the scope
of the experiment’s broader epistemic functions. To illustrate, the elimination thesis
arguably renders the TE unsuitable for understanding a phenomenon, provided that
understanding is not limited to argumentative perspicuity.

Finally, both theses are presumed to work in principle, yet neither is guaranteed to
succeed unless proven otherwise. In this sense, Norton omits any demonstration of the
possibility of reconstructing a TE and eliminating its imaginative aspects; rather, he
either assumes that everything works as intended, or uses specific examples of difficult
generalisation.

Secondly, it is my contention that Norton’s reliability thesis fails to take into
account the existence of alternative epistemologically reliable means within science.
Indeed, logical reliability is very restrictive as a condition of epistemic salience for sci-
entific investigations. While I agree that logical reasoning is deductively reliable, it is
not guaranteed to yield empirically adequate conclusions, despite the conditions that
Norton imposes on the premises of a TE. It can be argued that empirical adequacy is
contingent upon appropriate choices of language and logical system for investigating
or reconstructing a phenomenon of interest. Furthermore, in the majority of cases,
scientists apply more encompassing reasoning schemes, such as abductive reasoning,
rather than strict deductive, logical reasoning. It could thus be argued that a logical
truth is reliable, yet uninformative due to its deductive (thus non-ampliative) nature.

In conclusion, Norton ultimately makes the epistemic content of TEs collapse onto
that of logical arguments, but then conflates the latter without adequately addressing
several significant concerns.

In contrast, non-propositional accounts of TEs assign active epistemic functions
to imaginative elements. To illustrate the point, Nersessian (1992, 2017) characterises
TEs as instances of simulative model-based reasoning, which involves the manipulation
of the mental models of a situation depicted in the narrative of the experiment. A
mental model can be defined as “a structural analog of a real-world or imaginary

4 Additional criticisms have been raised, e.g., by Salis and Frigg (2020).



situation, event, or process that the mind constructs to reason with.” Consequently,
“it embodies a representation of the spatial and temporal relations among and the
causal structure connecting the events and entities depicted” (Nersessian, 1992, 293).
In Nersessian’s view, mental models exhibit non-propositional characteristics, yet do
not necessitate any introspective process which would generate an image of it. Put
differently, mental models are more malleable than iconic representations and deeply
embedded in the activity of manipulating features within the experimental context.”

TEs involve the construction of a mental model and the act of drawing inferences
from it. The narrative serves to describe the setting and sequence of steps in the
execution of the TE, as well as being important for its communication. Consequently,
narrative elements play a crucial yet auxiliary function, providing guidance to the
reader in the construction of the model and the execution of the relevant inferences.
Contrary to Norton, however, narrative elements are indispensable. This is due to the
fact that the modelling function cannot be supplemented by reducing the TE to an
argument. Any gaps in the narrative can also be integrated by pre-existing and real-
world knowledge, while situational constraints built into the model are effective for
directing the possible manipulations. These conditions ensure that the TE proceeds
“as one would in the real world” (p. 295; italics in the original).

A middle ground between argumentative and non-propositional accounts is pro-
posed by Salis and Frigg (2020). In their view, TEs are instances of Waltonian
make-believe games characterised by the exclusive use of propositional imagination.
This conception relies on the capacity to imagine propositions (freedom) and to derive
inferential commitments from them (mirroring). Although the inferential procedure
resembles belief, the authors specify that imagining is additionally characterised by
quarantining: imagining that p does not entail believing that p. In contrast, non-
propositional imagination is not a prerequisite for attaining the epistemic goal of a
TE.

In this framework, thought-experimentation is defined as the construction of make-
believe games where derived truths can be obtained from primary truths via principles
of generation. The statement “it is fictional that p” can therefore be understood to
mean “it is to be imagined that p.” This prescription to imagine entails that the TE
works as an exploration of a fictional scenario, guided by constraints and social aspects.
The execution of a TE is thus motivated by the objective of determining what is true
within it.°

5This point is worth stressing against an objection that has been raised in the literature. (Salis & Frigg,
2020, 38-40) conceive mental models as iconic representations described in “mentalese,” and thus criticise
Nersessian’s account on two levels. Firstly, they claim that imagistic reasoning may be insufficient in a
number of interesting cases. Second, they argue that it can even be unnecessary for a TE, as one needs
to grasp the relations between elements, rather than the mental image they delineate. Given the above
reconstruction of Nersessian’s account, however, I consider these two objections convincing, but somehow
misdirected.

51t is noteworthy that Salis and Frigg’s reliance on propositional imagination has raised some concerns.
Murphy (2020) expresses the worry that their position may be, after all, too close to Norton’s account,
or even more restrictive than the latter. Moreover, she argues, Salis and Frigg characterise both TEs and
models as instances of make-believe games, and so they blur the differences between them.



2.2 Constrained imagination

A significant concern regarding the function of imagination in TEs is raised by the
unreliability of its everyday uses.” It is, of course, possible to imagine a tomato that
tastes of tabacco, although, to the best of my knowledge, no such product is currently
available on the market or outside the tv series The Simpsons. In a TE focused on the
dynamics of said tomato, taste would undoubtedly be an irrelevant detail, and so the
freedom to imagine further properties would not be detrimental to the execution of
the experiment. However, an alternative scenario could be imagined in which, rather
than descending towards the centre of the Earth, tomatoes (and only tomatoes) are
propelled towards the centre of Jupiter for reasons that may appear arbitrary. The
resulting dynamics for tomatoes, derived from this TE, would be inapplicable to real-
world scenarios and disconfirmed by a material experiment.

Such instances of free imagining substantiate the proposition of the sceptic
who wishes to dissociate the use of imagination from the practice of thought-
experimentation. In other words, the voluntary nature of imagination restricts its
epistemic power, confining it to the realm of modality, as exemplified by the con-
struction of counterfactuals. Consequently, no additional epistemic function can be
attributed to imagination beyond this domain (charge of epistemic irrelevance; see
Kind (2018)).

In contrast, a more nuanced perspective posits that imagination is not always
entirely unconstrained. To illustrate, consider the case of an elementary school teacher
who invites students to imagine what the interior of a pyramid would look like. Setting
aside the implausible scenarios of Indiana Jones, this TE may have pedagogical pur-
poses, as evidenced by the case of considering where the safest place might be to locate
the treasure of the pharaoh. Such a process would be based on two main factors: com-
mon sense and previous knowledge. For instance, the location of the treasure should
not be easily accessible, and the student should have prior experience of images depict-
ing narrow corridors in pyramids or analogous structures. Imagination thus functions
on a continuum of applications, ranging from its unrestricted, transcendent use to a
more constrained, instructive one (Kind & Kung, 2016, 5). Each application is then
displayed in a suitable manner in the context of different epistemic activities.

It is crucial to note that scientists do engage in imaginative activities. Scientific
practice indicates that imagining can be an epistemologically significant activity even
outside the scope of modal reasoning, provided that certain conditions are met. It thus
becomes necessary to determine the extent to which imagination must be constrained
in order for it to be considered reliable. This conception of imagination within sci-
entific practice is an instance of what the literature calls constrained imagination, or
“imagination under constraints” (Kind, 2018).

To illustrate, (Weisberg, 2020, 255) argues that “reality-proneness,” or the ten-
dency to constrain imaginings to what is perceived as “realistic” or “close to actuality,”
represents a default assumption for children when engaging in imaginative activities.
The imposition of real-world structures and causal connections serves to constrain
the imagined world, both in everyday situations and investigative contexts, with the
potential for specific biases to influence the result. This connection to reality implies

7See McAllister (2013) for a comprehensive discussion of the different approaches to this problem.
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that, should imagination prove unreliable, the resulting impact on our picture of real-
ity would not be as significant as one might initially assume. Conversely, Weisberg
contends that this significantly limits our capacity to envisage alternative scenarios
in counterfactual reasoning. Consequently, the identification of an appropriate set of
constraints becomes a pressing issue for the appropriate use of imaginings in any TE
that purports to maintain some connection with reality.

The question of which constraints should be selected remains open. A general
classification proposed by Murphy (2024) differentiates between logic-based and model-
based constraints. The former ensure that imaginings align with the principles of sound
reasoning, thus ensuring that all steps in the execution of a TE are constrained to be
logically admissible, despite being performed in the realm of imagination. In contrast,
the latter ensure that the imaginings accurately represent the target of the experiment
and that all its manipulations track its realistic evolution over time. In particular,
model-based constraints address the necessity of maintaining a degree of realism in
the imaginings in order for the TE to offer insights into the actual world.

Nevertheless, this is not always the case. In addressing the conditions under which a
TE may be considered externally valid, Sartori (2023) highlights that a TE may inten-
tionally deviate from realism, potentially failing to align with a concrete target outside
the realm of imagination or even misrepresenting it (for instance, through intense ide-
alisation). Consequently, in Sartori’s view, Murphy’s model-based constraints should
be refined to align with a more comprehensive framework of the representation of the
target within the TE.®

An additional set of constraints is proposed by Walton (1990) and accepted by the
so-called Waltonian accounts of imagination. In these approaches, the elements of the
TE are conceptualised as props in a make-believe game. These props are defined as
any object that can affect our senses and serve as prescription to imagine. Therefore,
they direct the course of imaginings and fix the content of a fictional world, namely,
the scenario described by the TE. In the TE’s domain, primary truths are explicit
conditions to be met and stated in the description of the experiment, whereas derived
truths follow from the former by principles of generation. The execution of the TE
(and similarly, the process of modelling) consists in the identification of the derived
truths that concern the modelled target.

In his analysis, Walton identifies two principles of generation that warrant partic-
ular attention. Firstly, it is crucial to maintain a close proximity between the fictional
and the real world (reality principle: (Walton, 1990, 145 f.)). In the context of scientific
TEs, this ensures that the performance and conclusion of the TE remains sufficiently
aligned with real-world scenarios to teach us something about the latter. Secondly,
the mutual beliefs held by a community can imply new truths within the narrative
(or, in the case of a TE, within its execution) that they generate (mutual belief princi-
ple: (Walton, 1990, 150 ff.)). In other words, the beliefs held by a community engaged
in a make-believe game can provide supplementary information that was not initially

8Sartori identifies this viewpoint in the so-called DEKI account (see Frigg and Nguyen (2020), especially
ch. 8). Here, TEs are taken to describe fictional scenarios that denote a target and exemplify its relevant
properties in a chosen context. These properties are keyed-up, i.e. mapped onto those of the material target
via a “key.” The key allows re-adapting the conclusions of the TE to the real target by removing the
approximations involved in its execution. Finally, the keyed-up properties can be meaningfully imputed to
the material target.



specified. This highly constrained structure, as outlined by Salis (2020), renders the
Waltonian account of TEs extremely successful in science.

However, as Todd (2020) points out, the Waltonian account is lacking in details.
Nevertheless, he concurs that when dealing with models and imaginings, one is ulti-
mately engaging in a type of surrogative reasoning with the aim of gaining insight
into the target through the application of principles of generation. These principles
function as constraints on the model or imagining. However, the provenance and justi-
fication behind these principles remain unclear. For Todd, the constraining principles
must precede the imagining process; otherwise, they would be products of that same
process. Furthermore, these principles are not discovered, in the sense that discovery
might entail the very imagining that they intend to constrain. Rather, their function
is to restrict the potential direction of investigation.

In contrast, Stuart (2020) advocates the concept of epistemological anarchy in
the utilisation of constraints on imagination. Upon examination of the current epis-
temology of imagination, he notes that these constraints predominantly pertain to
either rules of good reasoning or the necessity for an accurate representation of the
target system. Nevertheless, constraint-based perspectives ultimately offer principles
that are either excessively permissive or unduly restrictive. The danger is that a set
of norms will be imposed on scientific practice without allowing for free (“anarchic”)
investigation. The limitation arises from the aspiration for exhaustive coverage, which
substantiates attempts to categorise all forms of scientific imagination as constrained
by these two families of principles. In contrast, Stuart highlights instances where scien-
tists have challenged these constraints to facilitate advancements. While this violation
of constraints may introduce potential for error, he asserts that such missteps can also
foster epistemic growth.

3 Bronstein’s thought experiment: A case study

Stuart identifies a pivotal issue for present research in modern physics. To illustrate,
consider the following quote by (El Skaf, 2021, 6132):

Recently, many TEs have been used in black hole physics (since the 1970s). In these TEs,
statements from QM, GR and thermodynamics, our best current theories, are grouped
together. Their aim is precisely to reveal an inconsistency between these well-established
theoretical statements; the “information paradox” [...]. These TEs are an important tool
in contemporary foundational (philosophy of) physics, seeing that the object of inquiry
is inaccessible — which renders any direct investigation impossible, at least for the time
being. In addition, these theoretical statements come from theories with different objects
and scales of applicability and thus are not easily grouped together.

El Skaf then proceeds to recognise that “we now need an account of TEs which
appraises both their theoretical and experimental character” (ivi). This is evidenced
by many research programmes in frontier physics and, in particular, by the case of
quantum gravity (QG).

Historically, research in QG has not been driven by the presence of inconsistencies
within the available data, in contrast to other theoretical frameworks. Instead, it has
emerged as a consequence of a theoretical inconsistency between two of the primary



theories of modern physics: QM and GR. The need to reconcile these theories has
been substantiated by numerous TEs published since the 1930s. The objective of
these efforts was to emphasise the necessity of formulating a novel quantum theory of
gravity, with the aim of studying regimes of significant spacetime curvature. As will be
discussed in the subsequent sections, these TEs operated by indicating an inconsistency
between two sets of principles, one for each theory. They concluded that the resolution
of the inconsistency necessitates the elimination or reformulation of some principle.
However, given the absence of a theory of QG, or even a conceptual framework for
what such a theory should entail, numerous alternative principles emerged, which
may or may not interact with each other. Furthermore, these same principles may
assume different roles in each account to QG, thereby acquiring a different status in
the processes of building or assessing a theory (see e.g. Crowther (2021)).

Research in QG heavily relies on TEs, leading to the exploration of these strategies
for theory construction by philosophers of science. For instance, Shumelda (2013)
examines a renowned TE by Eppley and Hannah (1977), which has motivated the
pursuit of a novel theory of quantum spacetime. In this regard, Shumelda contends
that Eppley and Hannah’s TE is intended to restrict the possible future theories of
QG, even in the absence of empirical evidence.’

Among these TEs, Bronstein (2012/1936) offers a noteworthy study case. In his
seminal paper, Quantum theory of weak gravitational fields, Bronstein argues in favour
of the construction of a quantum theory of gravitation for high-energy regimes, in
contrast to the success of GR at low energies. Despite the limited influence and circu-
lation of the paper at the time, it was among the first to contemplate the possibility of
a quantum spacetime structure. Bronstein’s most significant contribution to the sub-
ject of this work is a TE that demonstrates, under specific operational assumptions,
that the accuracy of measurement procedures in spacetime is bounded at high-energy
scales. The limitations imposed by the operational definition of spatiotemporal objects,
in accordance with the measurement-oriented approach of the time, intersect with the
construction of the spacetime structure at those regimes.

Bronstein’s TE poses an interesting challenge to current philosophical debates on
the epistemology of TEs. Despite that, recent theoretical developments in physics
have had little impact on the existing philosophical literature, which continues to
prioritise older TEs and speculative inquiries. In contrast, there is a growing necessity
to examine the role of TEs in shaping the contemporary research landscape of physics,
with QG serving as a privileged example. To this end, I present a detailed account
of Bronstein’s TE and its implications. This preliminary study paves the way for a
precise investigation into the function of imagination in deriving its conclusion.

3.1 The thought experiment

(Bronstein, 2012/1936, 274) proposes his TE “[ijn order to understand somewhat
better the physical content of the quantum theory of the gravitational field” he intends
to promote. To this end, he seeks to establish the experimental scenario, imposing two
metatheoretical constraints:

9However, it is important to note that the results of this TE have been criticised by Mattingly (2006).
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(B1) GR provides an accurate description of spacetime at all scales.
(B2) Tt is always possible to find a probe that is adequate for measuring the desired
quantity of a system.

(B1) validates the extension of GR’s domain of applicability beyond its intended
macroscopic regime. This allows its application to microscopic regimes where quantum
effects are anticipated to become relevant for our description of spacetime geometry.
Consequently, all the laws of GR are incorporated into the experimental scenario as
governing the possible behaviour of the systems involved.

Conversely, (B2) postulates the satisfaction of an operationalist methodology,
which Bronstein shares with numerous other physicists working on the problem of
localitation at high energy at that time.'® In this context, the term “adequate” is used
to describe a probing procedure that yields a precise measurement of the quantity
under scrutiny. Consequently, (B2) introduces an additional constraint on the accept-
ability of possible conclusions. Should a conclusion violate operationalism, it would be
rejected in order to maintain the consistency of the scenario of the TE.

The TE invites the reader to imagine performing a measurement of the Christoffel
symbols of the gravitational field. The Christoffel symbols encode information regard-
ing the curvature of spacetime, thereby providing insight into the gravitational effects
within a general relativistic framework. All additional details are irrelevant; the TE
is conducted in a vacuum, wherein the sole objects under consideration are the clas-
sical gravitational field (the target of the imagined measurement, described by GR
according to (B1)) and a quantum probe. Such a probe is a particle that is sent into a
region of interest and subsequently detected at the end of the experiment. This process
enables the indirect acquisition of information regarding the properties of spacetime
within that region.

(B2) necessitates the properties of the probe to enable an extremely rapid measure-
ment of its momentum. This requires the minimisation of two uncertainties affecting
the particle. The first term stems from Heisenberg’s uncertainty principle, which arises
from the measurement of the probe’s momentum. The second uncertainty is attributed
to the recoil of the probe subsequent to its interaction with the gravitational field. In
order to minimise these two uncertainties, it is necessary to increase the mass of the
probe. This is permissible within the context of a weak gravitational field, wherein
spacetime is governed by special relativity. In a strong gravitational regime, however,
the dominant theory is GR. In particular, GR imposes a bound on the mass density
(p) of the probe based on its volume (V):

2

P GV .
where c is the speed of light and G is Newton’s gravitational constant.

It can be shown that the increase of mass required to eliminate the uncertain-
ties exceeds the upper bound. As a result, GR predicts that spacetime will react by
forming a black hole in the region of interest, thereby preventing information from
escaping the event horizon. This outcome invalidates the operationalist motivation of

OFor an extensive investigation into this methodology, see Hagar (2014).
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(B2), as precise data regarding the value of the Christoffel symbols in that region
cannot be transmitted to the observer. Conversely, if the aforementioned bound is
not exceeded, this result will inevitably be uncertain, thereby violating the primary
motivation behind the TE.

In conclusion, the TE gives rise to a paradox due to the conjunction of three con-
straints: operationalism (as required by (B2)); strong gravity (as required by a choice
of setting); and the arbitrary extension of GR (as required by (B1)). This results in
a failure of operationalism and an incompatibility between the quantum nature of the
probe and the classical description of spacetime.!! In this sense, Bronstein’s TE is
destructive, as it illustrates the inconsistency of special combinations of constraints.

3.2 Assessing the conclusion

Bronstein’s TE demonstrates that a fundamental quantity bounds the regime of appli-
cability of GR. This bound plays a pivotal role in the TE, although it is never
calculated explicitly. Instead, it can be evaluated through the comparison with other
analogous TEs produced between the 1930s and the early 1990s and identified with
the Planck length. This fundamental scale is demonstrated to coincide with the
Schwarzschild radius of the black hole, that is to say, the size of the expanding probe
beyond which the mass collapses and forms a singularity.

It is noteworthy that the TE bears resemblance to Heisenberg’s microscope exper-
iment (see Heisenberg 1927). This parallel is substantiated by the recent literature.'?
Both TEs rely on operationalist assumptions with analogous settings and both address
the uncertainty of the probes. However, the conclusions that are reached are differ-
ent. Bronstein emphasises a limitation of the classical theory of gravitation, whereas
Heisenberg is concerned with the limitations of the classical theory of particles. Fur-
thermore, the uncertainties involved in Bronstein’s setting are not limited to the
quantum nature of the probe, as in Heisenberg’s, but have also gravitational origin.

Stuart (2016) offers a commentary on Heisenger’s TE, arguing that its objective
is to underscore a limitation of the classical theory in defining localisation within
quantum regimes. The TE, therefore, has the potential to facilitate a more profound
understanding of the behaviour of systems at these scales. The extent to which our
understanding of this uncertain behaviour is enhanced by this approach is unclear.'?
Nevertheless, it is indisputable that some understanding is gained by reproducing this
TE, even in an imaginary setting. A similar conclusion may be reached in relation
to Bronstein’s TE, which may facilitate a comparable deeper understanding of the
spacetime structure at high-energy regimes.

It is also noteworthy that Bronstein’s result extends beyond the scope of a single
theory. The closest analogy to Heisenberg’s case is to argue that Bronstein’s TE helps

11 A similar argument has been made in the opposite scenario, namely when a classical probe interacts
with a quantum spacetime. In this case, the main problem addressed by the TE is the possibility of having
sharp localisation of systems within regions of arbitrarily small size. The paradox suggests that classical
probes are inadequate to localise systems in quantum spacetime, hence they should be replaced by quantum
probes. See Doplicher, Fredenhagen, and Roberts (1995).

12See e.g. Lizzi (2019); Maresca (2015), and the similarities of Bronstein’s TE with Mead (1964) and
Doplicher et al. (1995).

13See e.g. Hilgevoord and Uffink (2016) on the interpretations of the Heisenberg uncertainty principle.
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to facilitate a more nuanced understanding of GR.'* This is evidenced by premise
(B1). By extending operationalism as a metatheoretical constraint (via (B2)) and
extending the domain of applicability of GR to new scales, the TE demonstrates that
the new systems cannot be meaningfully described by GR. This establishes a lower
bound to the domain of applicability of the former theory. However, this interpretation
of the conclusion of the TE provides no details regarding the structure of spacetime in
high-energy regimes, which after all was the primary goal of Bronstein. In light of the
original objective of the experiment, it is unclear how further understanding could be
gained without extending the conclusion.'®

While Bronstein may be delineating precise thresholds within the domain of GR,
claiming that this was the precise goal of his TE would be an overstatement of the
conclusion. The TE does not provide a precise value for the fundamental bound,
and there are several alternative methods for circumventing the paradoxical scenario,
each stemming from a slightly different interpretation of the conclusion. Of greater
significance is the absence of epistemic evidence that would allow for the preferential
selection of one option over another, given the current lack of empirical support for or
against any alternative theory of QG.'6

It is crucial to emphasise that Bronstein’s TE does not provide guidance on which
assumption should be dismissed to circumvent the conclusion. Three main options can
be identified.

Firstly, one may reject (B1) and instead limit the domain of GR to low energies.
This option necessitates the development of a novel theory of spacetime at high ener-
gies that accounts for quantum effects. Put differently, it brings forth the construction
of a theory of QG.

Secondly, (B2) may be rejected. This would render operationalism unsuitable as
a theoretical framework at high-energy scales. Consequently, this option would entail
the identification of alternative criteria of physicality and the investigation of the
persistence of the paradox in a different metatheoretical framework.

Thirdly, operationalism may be restricted to low energies, where the paradox does
not arise. This would be the case, for example, in the context of special relativity.
Conversely, operationalism would be untenable in the vicinity of the Planck length,
as this defined the domain of classicality.

It is important to note that these options are not mutually exclusive, but the first
can be considered in conjunction with either the second or the third. Furthermore,

14The extension of this result to an interpretation of GR is an open question: see e.g. Curiel (2009).

15An interesting parallel here is provided by the Einstein-Bohr debate concerning the double-slit TE.
(Lupacchini, 1995, 158-168) highlights that this debate reveals two different attitudes towards the use of TEs
in physics. On the one hand, Einstein assumes a set of principles and builds the TE in order to display their
contradictions. Consequently, the TE is destructive and intended to motivate research for an alternative
solution. On the other, Bohr builds on a preliminary phenomenological analysis of concepts and designs his
TEs to illustrate experimental settings which may be in accordance or not with the initial set of principles.
Consequently, his TEs are constructive, insofar as the experimental setting substantiates the new principle.
If this conclusion does not follow, then the experimental setup is deemed inadequate with respect to the
theoretical framework. In this context, Bronstein’s TE seems closer in spirit to Einstein, whereas, as will be
discussed, any attempt at converting his conclusion to a constructive TE may align with Bohr’s attitude.

16 Although several approaches have tried to tie the theory back to experimental situations by pointing
out how they would be explained, were their theory of QG to be true. This is especially the case in the field
of QG-phenomenology.
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additional options may be identified. Historically, different approaches to QG have
responded to these kinds of arguments by advocating different clusters of them.

4 Imagination at work

As outlined in Section 2.1, the epistemological status of several forms of imagination
remains an open issue within the epistemology of science. Nevertheless, TEs in frontier
physics solicit the identification of appropriate types of imagination for the derivation
of their conclusions. This is a primary concern to address, yet each proposal is already
open to questions. In particular, an answer must align with the TE’s goal and narrative.
Furthermore, it must be compared with the relevant literature to assess its epistemic
gains and weaknesses.

Bronstein’s TE constitutes an interesting case study in this regard. Section 4.1
delineates the contribution of imagination in the experiment, as opposed to the role of
mere supposition. Section 4.2 then proposes to analyse Bronstein’s TE as an example
of operational imagination, emphasising its operative nature and bringing the TE
closer to simulative accounts of scientific imagination. Finally, Section 4.3 reconciles
operational imagination with the imposition of constraints on its use in the TE.

4.1 Imagination vs supposition

A fundamental concern with Bronstein’s TE, as with many others, is whether it truly
relies on the use of imagination. In other words, a philosophical investigation raises the
question of whether imagination is epistemically significant for reaching the conclusion
of the TE. The rejection of one of the constraints at the conclusion of the experiment,
unless one is to fall into a paradox, may indeed prompt a reinterpretation of the entire
setting in accordance with the notion of supposition, as opposed to imagination. In
this section, I address the issue and argue that interpreting Bronstein’s TE in terms
of supposition is inadequate.

The so-called common nature thesis (CNT) posits that imagination and supposi-
tion represent distinct instances of the same cognitive capacity. However, while these
faculties may share a common origin, this does not inherently entail a similar use.
In fact, Jackson (2016) has contended that imagination and supposition fulfil distinct
epistemic roles. He posits that the CNT is invalid in regard to imagination and supposi-
tion, as the latter does not necessitate the simulation of belief, in contrast to the former.
In other words, supposition permits a sentence p to be accepted as true temporarily
for a specific purpose. This enables the individual to engage in an inference-making
task, which ultimately justifies the belief in a final conclusion that has already been
discovered but is not yet justified.'” This is achieved without explicitly committing to
believing p’s truth.

In contrast, imagination is characterised by a certain simulative quality. When an
individual engages in imaginative activities, she interacts with the image in question as
if it were true, thereby simulating the corresponding belief. This allows her to control
and manipulate the content of her imagination, facilitating the execution of the TE.

17Paradigmatic examples of supposition are proofs by contradiction. In this case, one wants to prove that
a sentence p holds. To this end, she supposes that —p and derives, by contradiction, p.
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The conclusion of the TE is thus reached and justified on the basis of the constraints
and setting, rather than being known prior to their investigation.

In Bronstein’s TE, the conclusion is a negative statement: there is an incompat-
ibility between the constraints, namely (B1-2), and strong gravity. In other words,
the TE yields an impossibility result. Should a positive conclusion be sought, a num-
ber of potential investigative paths can be pursued, yet, as previously outlined, the
experiment points to none in particular. In other words, the extension of Bronstein’s
TE to a constructive one is not unique.

Consequently, it appears that positing the premises as suppositions does not align
with Bronstein’s original intent. The negative conclusion has not been derived from
other arguments; thus, it is not possible to suppose that one of the three premises
is true, contrary to previous knowledge, in order to arrive at its paradoxical conse-
quences. Instead, we imagine a scenario with constraints that are arguably plausible
and demonstrate how these constraints lead to the negative conclusion. The conclusion
is justified by the derivation itself, in contrast to the case of supposition.

Nonetheless, one may still attempt to reverse the TE. It is not possible for the three
constraints to be compatible; however, suppose that they could. This possible inquiry
appears promising for further investigation. However, a potential TE of this nature
would diverge from Bronstein’s original one and from his intention, as previously out-
lined. It is important to recall that Bronstein proposed his TE in an attempt to make
his mathematical insight physically perspicuous. He highlighted the necessity for a
theory of quantum spacetime by developing a fictional scenario (i) that exemplifies the
mathematical structures underlying spacetime physics and (ii) where the incompati-
bility of constraints can be elucidated through an imaginative, thought-experimental
process.

Supposition rather pertains to the possible extensions of GR to high-energy theories
of QG. In that case, it is unclear what form this theory would take. In this context,
supposition and imagination cooperate in order to investigate an unknown regime,
where certain constraints of our currently successful physical theories may be violated,
as anticipated by some physicists.'®

It is noteworthy that Salis and Frigg (2020) also distinguish supposition from a
specific instance of imagination, namely Waltonian make-believe. In their view, TEs
fall under the latter category, but share with supposition their origin as instances of
imagination. The authors trace the distinction between supposition and make-believe
back to the use of props. This alternative may help to reconcile the aforementioned
divide in Bronstein’s case. Nevertheless, it also requires the advocate of Salis and
Frigg’s proposal to provide a more detailed account of the type of imagination involved
in the TE. In other words, does the TE constitute an instance of supposition or one
of make-believe? Put in yet another way, this alternative still permits a hypothetical
objector to reiterate her argument that imagination may not be implicated.

18For example, Lorentz-invariance has been questioned based on its incompatibility with the introduction
of a fundamental length scale. See Maresca (2015) for a reconstruction of the problem.
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4.2 Operational imagination and mental models

At first glance, Bronstein’s TE can be considered as a particular instance of proposi-
tional imagination. In essence, the experiment is rehearsed mathematically, whereby
an appropriate description of the scenario is defined and the relevant equations are
followed. The execution of the experiment is not informed by any mental image of the
actual performance, nor is it influenced by any reference to perceptual experiences,
such as hearing, touching, etc.

While a propositional reading of the TE may appear plausible, at first, I contend
that it is ultimately insufficient and overly broad in scope. This approach is inade-
quate for explaining the fundamental constraint of the TE, namely the operationalist
requirement. Indeed, confining the epistemic content of the experiment to its propo-
sitional aspect at best makes the operationalist requirement a constraint on a par
with the others. However, Bronstein clearly places a higher value on the operationalist
requirement, regarding it as some kind of “higher principle” or “meta-principle.” The
propositional reading is unable to adequately account for the narrative’s emphasis on
the experimental performance and the selection of an appropriate setup. The crucial
aspect is not that the probe has this and that property, or that its position is uncer-
tain; rather, it is how the probe interacts with the gravitational field and how the
uncertainty can be dealt with by increasing the mass. In summary, the propositional
reading is too broad to make any specific claim about the functioning of this argu-
ment. If there are propositional elements in the TE, which could be easily accepted,
they cannot do all the work.

Conversely, a phenomenal, non-propositional account of imagination also fails to
address the core issue. It is possible to imagine that the probing particle is blue or red;
however, these perceptual features are irrelevant for reaching the conclusion. Further-
more, the experiment does not make any mention of a human or human-like observer.
As beings capable of perception, we do not engage with the execution of the experi-
ment within the fictional world, unless one wishes to revisit long-gone debates about
observers and consciousness. The sole reference to an observer is directly linked to
the operationalist assumption. Nevertheless, this is a remarkably broad conception of
observer, as it can readily accommodate a secondary measurement apparatus capa-
ble of detecting the probing particle post-experiment and displaying the momentum
value of the particle on a screen. This ability to detect the uncertainty carried by the
probe after its interaction with the spacetime region is all that is required by the TE
to reach the conclusion.

Finally, there is a possibility that the TE engages in objectual imagination, which,
I maintain, is an overly restrictive interpretation. Naturally, visualising the rehearsal
of the TE has a certain degree of cognitive value, as it helps the individual to gain a
deeper understanding of the process. The creation of a mental image of the trajectory
of the probe, represented for example by a series of coloured lines on a screen, facilitates
a more accurate visualisation of the TE. However, it is not the visualisation component
of this mental image that facilitates understanding of the conclusion; rather, it is
the fact that, in principle, we are unable to form such a visual representation of the
trajectory, unless we contradict the conclusion of the TE. The position uncertainty
precludes us from doing so.
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In light of the aforementioned considerations, I suggest to regard Bronstein’s TE
as an instance of a novel form of non-propositional imagination, which may be termed
operational imagination. This is set forth in two stages. Firstly, it involves the cognitive
ability to imagine and design a mental setup for an experiment (design function).
This setup is distinguished from the set of principles and constraints in that, whereas
the former involves the disposition and establishment of the properties of the pieces
of the experiment, the latter defines what is nomologically possible in that scenario
and what is not. Furthermore, the design of the setup may exclude certain details and
specifics that are deemed irrelevant for the TE. In other words, it can “quarantine”
specific aspects of the real world without concern for the reality principle.

Secondly, operational imagination involves the capacity to imagine the progression
and performance of the experiment’s operations, step by step, ultimately resulting in
the desired outcome (performance function). This also permits intervention on the
imagined parameters of the experiment through the implementation of arbitrary mod-
ifications. To illustrate, the momentum of a particle may be modified to accommodate
adjustments to the experiment, or the curvature of a specific region of spacetime may
be increased to prompt the particle to generate ad hoc singularities within the scenario
of the TE.

Operational imagination differs from manipulative imagination, in that the latter
is concerned solely with the performance of operations in the experiment, whereas the
former also encompasses the preparation of the setup. Moreover, operational imagi-
nation differs from interventionist imagination, in that it is not necessarily linked to
counterfactual scenarios. Additionally, operational imagination is distinguished from
abductive imagination, in that it is not exploratory; it does not imagine a solution to
an established problem (a backward-looking process), but rather is forward-looking.
Finally, operational imagination is distinct from propositional accounts, in that it
involves the active imagining of the preparation and performance procedures of the
experiment, whereas propositional imagination is better conceived of as tracking its
different steps.

Moreover, operational imagination is compatible with TEs that purport to demon-
strate the ultimate impossibility of certain scenarios in reality. This is exemplified
by Bronstein’s TE. The experiment may be interpreted as ultimately suggesting that
operationalism in high-curvature regimes is meaningless and does not properly apply.
Therefore, any suggestion to operationalise within that regime should be rejected
outright. Nonetheless, in order to arrive at its paradoxical conclusion, the TE does
invite us to imagine the possibility of such operations being performed. The absence
of material constraints allows for the step-by-step execution of imaginary operations
and ultimately demonstrates their inconsistency with the constraints. This can be
employed as a means of establishing the impossibility results, despite the potential
self-defeating nature of operationalism.

At this juncture, it is necessary to compare the use of operational imagination with
the alternative accounts of TEs presented in Section 2.1. The primary objective here
is to ascertain whether these accounts can accommodate operational imagination as
an epistemically significant concept for Bronstein’s TE.
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It can be argued that a Waltonian account can be developed in this direction. In its
design function, operational imagination is concerned with the selection of appropriate
mental constructions, which may be conceived of as props. To illustrate, the probe
may be conceived of as a prop endowed with a specific set of properties, such as
being a quantum object or being able to attain progressively greater energy without
divergence in the underlying equations. Spacetime will be another prop with classical
features described by GR (due to constrain (B1)). The experiment will be conducted
in a fictional scenario, wherein the probe will be isolated in a vacuum, interacting
solely with the specified spacetime region.

In this setting, the constraints and laws of the theories involved (QM for the probe,
GR for spacetime) serve as principles of generation. In accordance with these prin-
ciples, the TE can be performed in its entirety. The experimental steps may involve
increasing the mass of the probe or detecting the final uncertainty in order to make
sense of the operationalist constraint; any such step falls under the performance func-
tion of operational imagination. In other words, this type of imagination enables the
implementation of abstract principles of generation into mental manipulations of the
props. The TE demonstrates that, in accordance with the established laws and con-
straints, the act of imagining specific operations and properties of the props in question
contravenes the aforementioned constraints. The epistemic reach of the TE lies in the
actualisation of these operations within the experimenter’s cognitive domain, up to
the requisite level of details.

It is important to note that this Waltonian account is subject to two significant
limitations. Firstly, the association of the props with material systems is weak. It
would be exceedingly difficult, if not impossible, to isolate a probe with the requisite
properties. Furthermore, it would be unfeasible to increase its mass up to the desired
value. Secondly, the Waltonian account is typically articulated in terms of propo-
sitional imagination, which, as previously argued, is too general to account for the
specifics of Bronstein’s TE.

I contend that the simulative model-based account put forth by Nersessian is more
promising to study Bronstein’s experiment. This account is sufficiently comprehensive
to encompass the design function of operational imagination, as well as to facilitate
the execution of all operations falling within the performance function. Indeed, once
the mental model has been constructed, it can be manipulated so that it aligns with
the conclusion of the TE, with the narrative providing the necessary constraints.

Notably, these constraints originate from already accepted theories, namely GR and
QM, as evidenced in Bronstein’s original paper. The discrepancy between the mental
model and the actual physical system is permitted by the simulative nature of the for-
mer: the probe and the spacetime region can be isolated from further interactions with
the rest of the fictional environment. Consequently, additional negligible information
is not required for the TE. Furthermore, the non-iconic account of non-propositional
imagination accounts for the operational imagination involved in Bronstein’s TE, while
avoiding the aforementioned criticisms.
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4.3 Internal validity and coherence

Nersessian’s simulative model-based account facilitates the focus on the “operational”
aspect of the TE. Following the construction of the mental model of the setting, the TE
progresses by executing operations and transformations on the setting and deriving a
conclusion from its final configuration. At each operational stage, the setting undergoes
a transition from one configuration to another. To elucidate the stages of Bronstein’s
TE, I suggest the following classification.

Firstly, it is possible to isolate a set of principles of the setting. These are conditions
pertaining to the possible configurations of the setting. A subset of these principles
includes the constraints on the possible configurations. These constraints are designed
to restrict the range of operations that can be mentally performed on the setting at
each stage. The setting must transition from one permitted configuration to another,
and thus must always satisfy the constraints. In Bronstein’s case, the setting must
always satisfy (B1-2).

An additional subset of these principles is predetermined by the initial configura-
tion of the system. To illustrate, Bronstein’s TE necessitates the existence of probes
and spacetime regions, as well as the location of the TE in a regime of strong gravity.

Secondly, it is possible to identify a set of rules of experimenting. These principles
resemble those of the Waltonian accounts. The rules of experimenting delineate the
methodology for performing the experimental steps within the TE. In particular, they
illustrate how the setting can evolve from one possible configuration to another, con-
tingent on the satisfaction of the constraints. It is important to note that these rules
of experimentation must explicitly incorporate the act of performing an operation;
otherwise, they are inconsistent with the underlying operational imagination that is
being employed.

To illustrate, in Bronstein’s TE, a rule of experimenting states that the mass of
the probe can be increased arbitrarily. Consequently, it permits the transition from a
low-energy to a high-energy configuration of the setting. Similarly, another rule posits
that the probe can be detected and its momentum measured, although no specification
regarding the sharpness of the outcome is necessary (otherwise the experiment is
automatically invalid).

Finally, the TE requires the introduction of a set of laws derived from the theories
under examination. In Bronstein’s case, these are the laws of GR and QM, which
regulate the evolution of the systems under examination at each configuration of the
setting.

It is noteworthy that, in contrast to the rules of experimenting, the laws do not
require operational imagination to be applicable; rather, they function as instances of
propositional imagination. Following the application of the rules of experimenting, the
system is allowed to evolve according to its laws before applying the subsequent rule.
To illustrate, the laws of Bronstein’s TE may be defined as follows: an increase in the
energy of the probe is equal to an increase in its mass; additionally, a mini-black hole
is formed beyond the Schwarzschild radius.

This distinction provides greater insight into the relationship between constraints,
rules of experimenting and laws. Constraint (B1) imposes the laws of GR on the set-
ting at each stage, whereas the laws of QM originate from the initial configuration of
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the setting, which includes a quantum probe. Furthermore, the setting must permit a
rule of experimentation according to which the system can evolve from a low-energy to
a high-energy configuration as the mass increases. This is a crucial aspect of the TE.
The absence of this rule renders constraint (B1) trivial in a low-energy, special rela-
tivistic setting, thereby preventing the formation of a black hole (or the minimisation
of the gravitational uncertainty).

Conversely, constraint (B2) restricts the possible designs of the setting to those
that satisfy the operationalist requirement. In light of this, it can be posited that the
setting must include a probe. Therefore, the presence of a probe in the initial setting
necessitates the establishment of its own set of rules of experimenting that govern
functioning.

In its final stage, Bronstein’s TE considers a fized configuration of the setting,
specified by its high-energy regime. In this configuration, an incompatibility of laws is
established. This incompatibility of laws in turn translates into an incompatibility of
the original constraints, since the latter allow for inconsistent settings. Specifically, the
latter are such that either (i) the uncertainty is completely eliminated by arbitrarily
increasing the mass of the probe, thus satisfying the operationalist requirement but
violating GR, or (ii) a black hole is formed, violating the operationalist requirement
while GR is satisfied. In this sense, the TE is destructive: not of the laws, but of the
conjunction of constraints. By following the evolution of the setting from its initial
allowed configuration to the final one, it is diagnosed that the original set of constraints
is inconsistent, i.e., the TE exhibits a case of internal inconsistency. This diagnosis
provides a rationale for the range of possible responses to the conclusion, as outlined
in Section 3.2: all proposals reject or reformulate either (B1) or (B2).

Two specifications are necessary. First, I speak of internal consistency (or lack
thereof) as opposed to internal validity. As Sartori (2023) correctly points out, there
is no agreed notion of internal validity for a TE. This is a significant point of con-
tention between different positions, whether they seek to reduce TEs to arguments or
not. Sartori proposes a Waltonian characterisation of internal validity, whereby the
steps of the TE must proceed from primitive to derived truths, or from derived to
derived truths, by means of principles of generation. In contrast to the situation pre-
viously outlined, this condition is imposed on the steps of the TE, rather than on its
initial design. In the classification established above, it is a condition imposed on the
rules of experimenting and the laws of the TE, rather than one imposed on the con-
straints. Consequently, the issue of internal validity does not arise in Bronstein’s TE;
the problem is more profound.

Second, the paradoxical conclusion may not be due to an inconsistent set of con-
straints, but rather due to an issue with the rules of experimenting. Admittedly, at
least one of these rules is unrealistic, namely, allowing an arbitrary increase in the
mass of the probe. This observation alone may suffice to cast reasonable doubt on the
adequacy of the rules of experimenting with respect to their ultimate goal.

While T agree that arbitrarily increasing the mass of a probe is unrealistic, I do not
believe that this constitutes an issue for the TE. Put in another way, the proximity of
the rules of experimenting to real-world scenarios does not impinge upon the internal
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consistency or validity of the TE. Conversely, it must be carefully considered for the
replicability of the TE as a material experiment, i.e., as an issue of external validity.
External validity is frequently discussed as a necessary condition for TEs to acquire
physical significance, a point particularly emphasised by the Neokantian account
within the epistemology of TEs. This account claims that TEs work as anticipations
of material experiments. The fundamental difference between this account and its
alternatives lies concerns the objectives: Neokantians focus on the possibility of con-
ducting material experiments, while the others are frequently concerned with the issue
of the actual realisation of the TEs. In this sense, Neokantians regard TEs as paradig-
matic cases of counterfactual reasoning, and external validity imposes the resuirement
that the results of a TE coincide with those obtained by the execution of a material
experiments. This relation is summarised, for example, by (Buzzoni, 2010, 15; 18):

A thought experiment is both the project in thought of a real experiment that is in princi-
ple realisable, and the linguistic-discursive anticipation of nature’s specific answer to the
question implicit in that real experiment. [... A]ll thought experiments must be thought of
as translatable into real ones, and all real experiments as realisations of thought ones.
Thought experiments are conceivable as preparing and anticipating real ones: they antici-
pate a conmection between objects which, when thought of as realised, makes the concepts
of experiment and thought experiment coincide completely. (italics in the original)

Whilst concurring that external validity is a crucial aspect for many TEs that
have been proposed over time, I contend that its characterisation as necessary for the
epistemic significance of a TE is overly restrictive. This necessity can be questioned
in two contexts.

Firstly, external validity may be impossible to assess. This is the case of TEs that
involve increasing degrees of idealisations. The consequence of this idealisation is the
absence of substantial guidance in the realisation of a material implementation of the
TE. In such instances, the challenge in assessing external validity between the TE and
its material implementation has no bearing on the epistemic support provided by the
TE’s setting for its intended conclusion.

Secondly, external validity is inapplicable in cases where there is no empirically
accessible counterpart to the domain of application of the TE. If the intended regime is
inaccessible by material experimental means, then it is not possible to assess whether
the conclusions of material and TE coincide, since we were never capable of per-
forming the material experiment in the first place. Instead, the TE is intended to
replace a possible material experiment in response to the impossibility of the latter.
While the legitimacy of this research task may be contested, it is evident that numer-
ous investigations in QG employ TEs as epistemic resources to a significant extent,
given the absence (by definition) of material counterparts. Consequently, confining
TEs exclusively to anticipations of material experiments, and thereby imposing exter-
nal validity as a prerequisite for their epistemic significance within scientific research,
is a restrictive perspective.

To further illustrate this point, it is noteworthy that Bronstein does not address
external validity. Consequently, once it is agreed that external validity should be inves-
tigated, one could attempt to replicate the TE as a material experiment and look for
discrepancies. It is only in the material experiment that we will have a constraint on
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the arbitrary increase in the mass of the probe, and hence a limitation on the rules
of experimenting, if the TE is to be externally valid. However, this is left as future
work, and the very possibility of finding such material experiment can be questioned
on physical grounds.

5 Three possible objections

In the preceding sections, I proposed an interpretation of Bronstein’s TE based on
the notion of operational imagination. In particular, I emphasised similarities and
differences with both the Waltonian account and Nersessian’s simulative model-based
account. In this concluding section, I will address three potential objections to my
analysis.

Firstly, the definition of operational imagination may be criticised due to its gen-
erality. It may be contended that operational imagination is epistemically significant
within a TE only if it is associated with an appropriately detailed specification of
the setup. In this sense, the performance function is, in itself, insufficient for sup-
porting the conclusion of the TE under examination. This specification is required
to account for the methodology of the experiment, the details of the setup, and so
forth. In Bronstein’s case, for instance, one might inquire about the type of particle
employed as a probe. The fewer specifications in the setup of the TE, the more distant
it becomes from material experiments, thereby diminishing the epistemic significance
of the conclusion.

In response to this objection, it can be contended that such a requirement of
specificity is unduly stringent and rarely applicable to well-accepted TEs. It is not
uncommon for TEs to rely on approximations and idealisations included in the prepa-
ration of the setup, given that some information may be irrelevant or counter-effective
with respect to the fictional scenario. This is also evidenced, for example, by Salis
and Frigg’s quarantining or by specific conditions that Nersessian imposes on the
appropriate narratives.

Moreover, in the case of Bronstein’s TE, the information regarding the type of
particle employed is redundant. Indeed, the specifics contribute nothing to the impos-
sibility result that the TE aims to conclude; they are irrelevant in terms of achieving
the internal consistency of the constraints. Conversely, the reach of the TE is guar-
anteed by its generality, as it attempts to tackle a universal problem concerning the
compatibility between GR and QM at high energies under operationalist assumptions.
It is evident that the specification of the type of particle employed as a probe would
serve to restrict the scope of the TE, in contrast to its original objective.

A second potential objection may be raised by the advocates of Norton’s account. It
is indeed possible to question whether internal consistency is not merely an euphemism
for the logical consistency of the premises of an argument. Accordingly, the manipula-
tions of the mental setup in Bronstein’s experiment would be reconstructed as logical
steps in a stream of reasoning.

However, it must be noted that a purely argumentative reconstruction would fail
to achieve the objective of the TE. Norton’s position effectively reduces the epistemic
use of the TE to that of an argument. This is incompatible with Bronstein’s original
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goal, which, as previously stated, is to elucidate the physical picture underlying the
mathematical construction of a quantum theory of spacetime. It is open to question
whether arguments contribute to the understanding of a physical theory. While one
may make a case for their contribution, it is important to note that understanding may
demand a more nuanced approach than a straightforward delineation of the logical
progression of a physical theory. Furthermore, as previously highlighted, the applica-
tion of rules of experimenting bears only a vague resemblance to the use of admissible
inference rules in an argument. Such a reduction would, in fact, eliminate any ref-
erence to operational imagination, thereby rendering the main epistemic endeavour
behind Bronstein’s manipulation of the setup meaningless.

Thirdly, it may be possible to transform Bronstein’s TE (a destructive experiment)
into a constructive experiment, concluding with a conjecture to be further explored.
While this conversion is undoubtely feasible, the identification of a positive conclusion
is a contentious matter. As discussed at the end of Section 3.2, there is no consen-
sus among physicists on how to develop the conclusion into a positive conjecture for
investigation. It is the burden of the objector to formulate this positive conclusion.
Furthermore, such a positive conjecture would not have the same epistemic reach. It
is unclear how this constructive conclusion would contribute to the original goal of the
TE in question, especially in light of the controversies between approaches to QG.

6 Conclusion

The existing literature on TEs and the epistemic function of imagination is extensive,
yet the absence of consensus on a common ground remains evident. A substantial por-
tion of the literature has sought to generalise specific findings in order to characterise
the entire class of TEs. However, this approach has frequently been shown inadequate.
The diversity of TEs proposed throughout the history of science appears to contradict
any attempt to find a common ground. Indeed, it is even open to question whether
the cognitive and epistemic processes that underpin their conclusions are identical in
all cases.

Conversely, it would appear that different kinds of TE require the use of imagi-
nation as an epistemic means of reaching a conclusion in different ways. This finding
aligns with the recent epistemological shift in philosophy of science towards pluralism.
As Murphy (2020) has argued, TEs appeal to a variety of imaginative capacities and
invite different types of cognitive activity. The plurality of functions associated with
a given TE evokes a spectrum of imaginative engagements and diverse imaginative
capacities. A pluralistic approach is the most appropriate to account for this. I propose
that those TEs, which purport to contravene a set of constraints by demonstrating
reciprocal inconsistency, are distinct from other forms of constructive TEs and point
towards pluralism.

Bronstein’s TE is an example of such destructive TEs. In this case, I argued that
the execution of the experiment involves a novel form of non-propositional imagina-
tion, termed operational imagination, which aligns well with simulation model-based
accounts. In contrast, the epistemic content of the TE cannot be reduced to arguments
or to propositional imagination. The experiment consequently arrives at a paradoxical
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conclusion, whereby the laws of GR and QM appear to contradict each other. This
TE therefore demonstrates the inherent inconsistency of the set of constraints from
which these laws were derived. It is reasonable to hypothesise that many other similar
examples will be found over time.
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