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This paper will not present a case study of the historical development of a
virtual entity. Ratber, 1 will develop an outlook on virtual entities in the
sciences and propose a corvesponding method for studying them (bistorically).
In essence, my presentation can be considered a synthesis of different obser-
vations from the bistory and philosophy of science and has its roots in my
dissertational vesearch on the development of the virtual particle. Starting
with a veflection on the role of presentism for the study of concept formation
and development processes, I will show, through the example of the virtual
particle, how curvent debates and interpretations can inform our access 1o a
bistorical veconstruction. Following these reflections, 1 will argue for a prag-
matist account of concepts as tools for the scientific practitioners. According to
the approach presented in my article, concepts perform their functions through
representations, and 1 will lay special focus on verbal representations and
their different functions within scientific veasoning. In conclusion, 1 will
[frame the outcome of my discussion in terms of a proposal thatr might,
through further research, enrich our understanding of virtual entities in
the sciences.

When engaging, either philosophically or historically, with virtuality in
the sciences, the first thing to note is that we do not actually have to
engage with the abstract notion of virtuality. Most often, we encounter
something that carries the epithet “virtual,” i.e., the notion of a “virtual
X.” Even one of the most prominent accounts of the term “virtual” by
Charles Sanders Peirce, which regularly made its way into the discussion
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at the workshop, defines the term in respect to the entity it is connected
01
with:

A virtual X (where X is a common noun) is something, not an X,
which has the efficiency (virtus) of an X. This is the proper meaning
of the word. (Peirce 1902, p. 763)

Whether or not we want to follow Peirce in his definition in terms of
efficiency, we certainly have to acknowledge that the notion of a virtual X
includes, on the one hand, the notion of an X and, on the other, some
departure from it.”

Since one is often familiar with the X, attention is immediately drawn
to the still puzzling, to me at least, term of the virtual. What makes the
virtual X a virtual X? What are its defining features and in which respects
does it depart from X? Why did the actors name part of their conceptual
framework with this term? What were the resources they drew from: Were
they aware of any philosophical connotations or did they invoke an every-
day meaning of “virtually,” something along the lines “not quite, but close
enough?” How did actors who took the notion up interpret the term and
why would they still use it?

My dissertational research on the historical development of the virtual
particle concept is slowly coming to a close. But when I started my inves-
tigation some years ago, I posed exactly the questions mentioned above. I
tried to reconstruct the connotations the actors had in mind when using
the term virtual and tried to make it cohere with notions of virtuality I
knew of. In essence, I tried to give meaning to the term virtual through
characteristics and definition.

Although I deem such an approach still worthy of pursuit and included
it in my research, the fact that virtuality comes in the sciences mostly as a
concrete instantiation and in connection with a specific concept makes an
overarching definition seem spurious. Even when abstracting from the case
at hand, for the virtual particle such physical attributes as energy non-
conservation or unobservability, to more general definitions, such as
Peirce’s, or other connotations like hypothetical, provisional, or “not really,
but close enough,” things would not really match up when constructing a
historical trajectory for the notion I was interested in. Or at least they did
not match up as long as I tried to conceive of the virtual Xs I encountered
by defining them through necessary and sufficient conditions.

1. See also Friedrich Steinle’s contribution to this special issue.
2. Alexander Blum mentioned a similar observation in the final discussion, namely
that one often invokes negations when giving a definition of a “virtual X.”
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In the course of my research, I slowly shifted focus. Instead of looking at
the characteristic features of the virtual Xs, instead of trying to understand
the notion of the virtual in an overarching definition, I turned towards the
function the virtual entities had within their respective theoretical and
conceptual frameworks. The shift in perspective is a shift from the question
“what did the historical actors have in mind when calling an entity vir-
tual?” to “what did the actors use the virtual entity for? What function
did the virtual entity perform for the historical actor?”

I consider these questions complementary rather than mutually exclu-
sive. Certainly, the characteristics of the virtual entities are important for
performing their function. But with the second question in mind, empha-
sis is put on the concept’s role in the reasoning process, inviting closer
investigation.

In the following, my main concern will not be the historical develop-
ment of the virtual particle concept’ or of any other virtual entity used in
scientific reasoning. Rather, I want to discuss the challenges arising in the
historical analysis of concept formation and development and explain how
we can approach them with a pragmatist account of concepts. I will
develop a framework for the historical analysis of concepts, which, in
essence, constitutes a synthesis of different observations taken from the his-
tory and philosophy of science; the outcome might even be conceived of as
a proposal for how to understand the category of a concept in an historical
investigation in general terms. Yet, as indicated, my own shift in the
understanding of concepts originated in my research on a particular virtual
entity, the virtual particle, and it helped me to construct a coherent his-
torical trajectory for this concept. Throughout this paper I will indicate
how and why such an approach might also be helpful for our comprehen-
sion of other concepts that carry the epithet virtual.

First, I will turn to the starting point of an investigation of conceptual
development, to the question guiding the research, i.e., “how did the
notion of a ‘(virtual) X* emerge?,” to the person who poses the question,
namely the historian of science, and the role of presentism for conceptual
studies. Following these more general reflections, I will sketch the prag-
matically informed conception of concepts which I used in my historical
reconstruction of the virtual particle concept. Shifting the attention as laid
out above and following the HPS literature on concept formation and
development, I will conceive of concepts as tools that perform specific
functions for the historical actors and are accessible to a historical investi-
gation through their public representations. I will indicate how concepts

3. The interested reader is referred to Ehberger (2020, 2022) and to the contributions
in this special issue by J.P. Martinez as well as A. Blum and M. Jihnert.

¥20Z 8unf 0 U0 THYM NI3113 Aq Jpd" 20900 B 080d/L£0ELEZ/81Z/E/ZE/PA-BI0IE/OS0d/NPE HIWI08IP//:dRY WOl pepeojumoq



Perspectives on Science 281

and their representations can be connected to inferential techniques and
discern between different kinds of (verbal) representations in terms of their
use by historical actors. Finally, I will synthesize the essence of this discus-
sion into a proposal of how to perform a historical analysis of concepts and
point out why I deem it particularly fruitful in the historical study of con-
cepts that carry the epithet virtual.

1. Presentism and Iterations

I think that there is little doubt about the fact that reference to the present
is unavoidable when engaging with the history of science” and that we
should not confound presentism with Whiggism or anachronism. Being
aware and making explicit one’s own views on (the history and philosophy
of) science, is often practiced and part of most historical endeavours. Here,
I want to advocate for such an approach.

Certainly, the inclusion of a presentist perspective requires some care,
and we should avoid the pitfalls of Whiggism and anachronism.” But
the idea that the past (and our reconstruction of it) is structured by the
present (state of science) has to be acknowledged. As, for example,
Hans-Jorg Rheinberger put it, the historian who is interested in the epi-
stemic process has to take a “position of reflected anachronicity,"6 and we
have to acknowledge that, since our conception of the past is (partly) struc-
tured by the present (and vice versa), history has to be rewritten from time
to time in the “iterative business of the historian.”’

A presentist perspective and the explication of the historian’s own
stances towards the history and philosophy of science becomes particularly
relevant in studies of concept formation and development processes. To fill
this statement with meaning, I want to draw the reader’s attention to the
short, but very insightful quote by philosopher of science Vasso Kindi:
“How we understand concepts affects the way we study them historically”
(Kindi 2012, p. 37).

In the initial question guiding the historical research, namely “How did
the concept X emerge?,” the notion of a concept occurs twice: once in the

4. For very convincing arguments about the necessity of presentism and its possible
fruitfulness in the history of science, see for example Alvargonzélez (2013) or Loison (2016)
and the references therein.

5. For a definition of Whiggism, anachronism and positivism as misuses of in prin-
ciple acceptable forms of presentism, see Loison (2016, Section 3).

6. “Position einer reflektieren Annachronizitit” (Rheinberger 2002, p. 202).

7. ‘“iterativen Geschift des Historikers” (Rheinberger 2002, p. 194). I do not consider
it a coincidence that the work of some of the historian-philosophers Rheinberger builds his
insights on was concerned with the history of concepts (Canguilhem) and a representational
format (the written word and the connected notion of a trace of Derrida).
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concrete form of X and once in the category concept itself. Similarly, we
can understand the “understanding of concepts” mentioned in the quote in
two different ways.

On the one hand, we need to be clear about how we think of the inves-
tigated concept X within the practice of science.” Although the historian’s
job is to unravel the understanding and use of the studied notion by the
historical actors as well as its trajectory, having an own understanding of the
notion under study is unavoidable. Instead of sweeping such personal con-
ceptions under the rug, making them explicit helps the audience of the his-
torian to understand his or her choices. In addition, we might actually use
them to help understand the notion: their features and applications can give
indications of the relevant lines of the concept’s historical development and
even point to a suitable understanding of the category of a “concept.”

This understanding of the category “concept” is relevant for the story to
be told. This is the sense which Vasso Kindi (Kindi 2012, pp. 37-42)
intended. For example, if an author understands concepts to be elastic
things, formed through their use by historical actors, he or she will prob-
ably arrive at a different historical reconstruction than an author who is
convinced that a concept needs some hard core, some sort of stable mean-
ing throughout its development. Although the two authors might use the
same historical resources, the emphasis put—in this example, on either
change or continuity—will always be implicit in the work that emerges
from the historical investigation.

Although the above two paragraphs may suggest a one-way street from
the contemporary understanding of the author to the historical reconstruc-
tion, it is important to note that this is far too simplistic. Rather, my own
work on the notion of the virtual particle suggests strong interrelations
between the historian’s (in this case my) understanding of: (i) the modern
version of the concept under study, (ii) historical versions or what we con-
struct as concepts connected to its historical development, (iii) the histor-
ical development with all its intricacies, and (iv) the category “concept”
itself.

As already described, I am convinced that our modern understanding of
the concept under study and the category of a concept we initially have in
mind will unavoidably inform our historical analysis. But, conversely, the
historical versions of the concept under study, their geneses, and their

8. I consider this stance particularly important for a notion that is still used in the
respective field, as for example the virtual particle. Also, for concepts which are no longer
part of scientific practice, there is some end point of the formation and development pro-
cess, set by the historian. Most probably the historian has an understanding of the concept
in the respective conceptual framework at this moment. If not, I propose to reflect on it.
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places in the scientific discussions and practices unravelled in our historical
investigation will be reflected in our modern day understanding of the
(category of a) concept. I consider it necessary for an historian to pay great
attention to finding some kind of balance between these aspects of the his-
tory to be written. In essence, this balance is constructed iteratively by the
author in revisiting and questioning all of these aspects in the course of his
or her investigation.

In the following discussion, this iteration should be kept in mind.
What I propose in the end had neither been my starting point in doing
my historical work nor was it a simple outcome of a purported objective
historical investigation. What I came up with is a way to study concepts
that proved to be suitable for a coherent reconstruction of the development
of the virtual particle concept by (iterative) construction. During the his-
torical research that led me to the conception of concepts spelled out
below, I tried to avoid any kind of dogmatic stance towards the modern
notion or towards the understanding of the category of a concept. Rather, I
tried to keep my own stances flexible while keeping in mind that my his-
torical reconstruction is informed thereby.

2. Using Current Debates in Historical Reconstructions: The Example of the
Virtual Particle

At first, I considered it a hindrance for a historical study that the notion of
the virtual particle is still in use and actively discussed in the philosophy of
physics. Yet, I realized that I could make use of this literature to create a
conception of concepts that might be applicable for the given case study. I
want to briefly show how such a perspective can inform the historical
reconstruction.

First, and quite basically, the virtual particle is, in contemporary dis-
course, a concept of theoretical physics, and it is closely connected to a
calculational technique: it is a theoretical or, more adequately, a
physical-mathematical concept. Furthermore, the virtual particle is an
unobservable entity, not merely a hidden one: what we can observe are,
by definition, real particles and not virtual ones. A possible future detec-
tion of virtual particles, which the notion of a hidden entity would entail, is
ruled out from the start. In addition, virtual particles are never conceived
of in isolation but are always embedded in larger complexes (as for example
in Feynman diagrams). Connecting these lines of thought, the virtual

9. Here, I have something in mind like the relation between history and philosophy as
it was proposed by Hasok Chang (Chang 2011, especially Section 8.4). When put to work
several times and by the same person, this can be conceived of as coming close to the iter-
ation process mentioned above.
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particle is often considered not to be a fundamental concept of quantum
field theory but rather one of practice.'”

Even though the philosophical literature is divided between realistic
and non-realistic readings of the virtual particle (with a strong tendency
towards the latter), there is essentially a consensus that the virtual particle
is useful; it has a tool-like character. In his defence of a model-like inter-
pretation of Feynman diagrams, Adrian Wiithrich (2012) showed how one
can draw qualitative conclusions on cross-sections by reasoning with one of
the features of virtual particles, namely their off-shellness. Mario Baccelar
Valente (2011) titled his pragmatist response to non-realistic interpreta-
tions of the virtual particle with the question: “Are Virtual Quanta
Nothing but Formal Tools?” Philosophers who deny the virtual particle
any kind of reality or even representational function still hold that virtual
particles are “pure instruments” that “give an intuition of mathematical
rules” (Fox 2008, pp. 36, 48) or “formal tools in the calculation of the
interactions of quantum fields” (Falkenburg 2007, p. 237). The recogni-
tion of the fruitfulness of the application of the virtual particle concept is
to some degree independent of any ontological commitment.'' In this
manner, the centrality of the virtual particle in the everyday work of many
quantum field theorists, as well its utility in that work, is mostly
unquestioned.12

Consequently, the virtual particle is a physical-mathematical concept,
and is often not considered fundamental but rather something that shows

10. To give just one example of such reasoning, consider the following quote by Josef
Jauch: “The pragmatic tendency of modern research has often obscured the difference
between knowing the usage of a language and understanding the meaning of its concepts. There
are many students everywhere who passed their examinations in quantum mechanics with
top grades without really understanding what it all means. Often it is even worse than that.
Instead of learning quantum mechanics in a parrot-like fashion, they may learn in this
fashion only particular approximation technique (such as perturbation theory, Feynman dia-
grams or dispersion relations), which then lead them to believe that these useful techniques
are identical with the conceptual basis of the theory.” (Jauch 1968; as cited in Brown 2018,
p. 440).

11. To be clear, this does not mean that the explanatory power ascribed to or the realm
of effects assumed to be explained by the concept is independent of any ontological com-
mitment. For example, a philosopher or physicist might be convinced that only existing
entities should be involved in physical explanations, and that the virtual particle does not
exist. Nevertheless, he might use the notion in constructing the terms of the perturbative
expansion to be calculated and thereby fruitfully apply the notion (this is what the quotes
by Fox in the above paragraph allude to).

12, For full disclosure, there are philosophers who argued that the non-realistic inter-
pretation of virtual particles should entail an exclusion of the notion from physical theory
(Bunge 1970; Shrader-Frechette 1977; Arthur 2012). But such stances are rather rare and
seem not to have made a big impact on teaching and reasoning in physics.
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up in particular practices and only within larger theoretical structures.
Although views on the reality of the virtual particle diverge, ontological
commitments generally do not interfere with the recognition of the virtual
particle’s tool character and its fruitful application.

From this perspective, an approach to concept formation processes that
highlights the use of the concept in the scientific reasoning of historical
actors seems most fitting. Therefore, in deriving an understanding of con-
cepts and their development, I turn to historical studies on concept forma-
tion which are connected to the practice turn.

3. Studying Concepts after the Practice Turn

3.1. Concepts as tools

A focus on the practices of scientists, that is, on how science is and was
actually performed, was advocated by historians and philosophers of sci-
ence'” even before the advent of what is today called the “practice turn.”
But since the early 1980s, this particular way of looking at the history,
sociology and philosophy of science has gathered force. Although initially
the focus was placed most prominently on experimental practices, in more
recent years both theoretical practices and historical studies on concept for-
mation and development have attracted more attention from researchers
who highlight the various aspects of the production of knowledge and
its social characteristics.'*

When we try to conceive of concepts as embodied in the practices of a
historical community, we have to conceive of them as fundamental actors’
categories. In studying concepts and their development, they and the
actors who use them have to be embedded in the proper historical and
epistemological situation. I emphasize this point here because concepts
have the peculiar feature that, once they are established and accepted,
“they disappear as possible objects of revision, and tend to appear as
unproblematic or even ‘natural’” (Steinle 2002, p. 423).

13. Notable examples would be Ludwik Fleck (1896-1961), Gaston Bachelard
(1884-1962), Stephen Toulmin (1922-2009), and Georges Canguilhem (1904-1995).
The practical side of Thomas Kuhn’s (1922-1996) theoretical framework has also been
expounded by focusing on the idea of a paradigm as an exemplar.

14.  For sketches of the historical development of the practice turn and an attempt at
arriving at its defining features (see, e.g., Soler et al. 2014); for a short introduction of
possible modes of conceptual analysis (see, e.g., Feest and Steinle 2012); for an introduction
to the historical development of studies on concept formation in the history of science (see
Borrelli 2017, Section 1.2). The proposed conception of concepts has a strong overlap with
but is not equivalent to Borrelli’s views and has profited largely from her work. A very
accessible account of how a scientific concept can be understood was recently given by
Arabatzis (2019). The following sections will draw heavily from these accounts.
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The pitfalls of anachronism must be kept in mind when we enter the
historical development through our modern-day lenses. Especially so, since
not only are the actors embedded in a historically situated epistemic con-
stellation, the concepts they use are also always connected to the then cur-
rent and developing conceptual framework. As Ian Hacking expressed it:
“a concept is no more than a word or words in their sites in which it is
used.” (Hacking 2004, p. 35; see also Kindi 2012) A concept gathers
meaning (only) through its connection to other concepts. And this connec-
tion is established in the practice of science. Every time a concept is used,
it is used within a specific explanation, derivation, classification, etc.. A
concept, or a modification of it, has to fit into, extend, or even limit the
conceptual and methodological framework such that the scientific commu-
nity is able to acknowledge its fruitfulness'” for current and future
research, for the goals the historical actors had in mind.'®

The above points and the turn to practice within conceptual studies go
hand in hand with a specific conception of concepts, namely as tools for
scientific research.'’ The analogy, like any other, certainly has its limits,'®
yet it carries with it the important insight that concepts are used deliber-
ately by scientists for a specific purpose. Similar to tools we know from
everyday experience, concepts may be appropriate or not in a specific sit-
uation, for particular research questions. Within their conceptual and
methodological environment, they have functions: they perform work for
the scientists, e.g., by creating new accounts of otherwise not, or scarcely,
solvable or even expressible problems. At the least, they facilitate the tasks
a historical actor is faced with."?

But concepts are not only used as tools. Their formation and their usage
structure the way we think of the world as well as the way problems are
perceived and may be approached. Concepts, nearly by definition, govern

15. As was regularly stressed by Friedrich Steinle (see e.g., Steinle 2009, pp. 309—
310; or Steinle 2012, pp. 106-107) concepts are neither explanatory as such nor do they
have a truth-value on their own. Yet, they can (and must) be usefully and appropriately
applied in explanations.

16. Especially Ingo Brigandt (2010, 2012) and Friedrich Steinle (2009, 2012) have
highlighted the role of the goals of the historical actors and communities for a coherent
historical reconstruction.

17. For explicit denotations of concepts as tools (see, e.g., Feest 2010; Steinle 2012; or
MacLeod 2012).

18. For a discussion of the analogy with specific focus on experimental research in
psychology, see Feest (2010, Section IV).

19. The list of things a concept might do for a researcher is long and I refrain from a
delineation of specific epistemic functions since it may unnecessarily narrow down the role
of concepts within research practices. For a possible list of (in total seven) different functions
of concepts, see Arabatzis (2019, p. 86).
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what is conceivable, both in terms of questions to be asked and answers to
be given. As, for example, Friedrich Steinle put it:

Once formulated and stabilized, they [concepts, classifications and
laws} shape all subsequent research at a fundamental level ... The
formation, establishment, and stabilization of concepts and
conceptual schemes establish the framework within which the
direction of future research may range. (Steinle 2016, p. 319)

Concepts have an active role in the research process, they have “agency”
but also “recalcitrance.” (See Arabatzis 2006, Chapter 2) They can be
manipulated, but not at will. They propose new research questions and
are formed thereby.

3.2. Concepts and their (public) representations

All of the above observations could be argued for on the basis of a concep-
tion of concepts as elements of thought or mental representations,
although necessarily shaped by the historical situation. But as such, they
would be inaccessible to a historical reconstruction. Hence, the question
arises: how can we gain access to concepts in a historical study? To some
extent, I have suppressed this question so far. For instance, Theodore
Arabatzis did not locate the agency of the electron in the entity itself or
some disembodied “element of thought” but he explicitly located it in the
representations of the electron.”

The notion of representations and the investigation of their functions
and their connection to scientific practice have been primary themes of
the practical and the social turn in the history and philosophy of science
right from the beginning. For example, in Ian Hacking’s Representing and
Intervening the distinctive feature of humans was framed as their capability
and their need for creating representzltions.21 In the most general terms, in
this line of research, representations, whatever form they might take, are
no longer conceived of as epistemologically innocent depictions of the
world. Rather, they are studied under the premise that they take an active
role in the research process: “The move is from representations as descrip-
tions of the world to representations as means for doing things, tools for
intervening, and material artifacts for transforming the world” (Soler et al.
2014, p. 23).

20. The complicated interrelations between the electron as (theoretical) entity, its con-
cept, and its representation have been discussed in Borrelli (2017, Section 1.3). I want to
point out that I do not consider Arabatzis’ use of biographical terms suitable for a historical
reconstruction of concept formation processes. See my critique (Ehberger 2020).

21.  “Not homo faber, 1 say, but homo depicror. People make representations” (Hacking
1983, p. 132).
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Recent notable examples of historical studies that focus on the practice
of theory and what we might call modes of representations include Ursula
Klein’s framing of Berzelian formulas in the research in organic chemistry
from roughly 1820 to 1840 as “paper tools” (Klein 2001), David Kaiser’s
study on the dispersion of Feynman diagrams as “calculational techniques”
(Kaiser 2005), and Adrian Wiithrich’s investigation of the genesis of
Feynman diagrams (Wiithrich 2010).% Although conceptual issues are
at stake in each of these studies, the unit of analysis is not a single concept
but a mode of representation, its genesis, the action it allows for, its
modifications, and its active role when embedded in different cultures of
theory.

The inclusion of the notion of representation in the historical study of
theoretical or physical-mathematical concepts has most notably been
argued for by Theodore Arabatzis, Arianna Borrelli and Emily Grosholz.
In the first place, there is a simple methodological motivation behind this.
Instead of engaging with “hidden psychological entities” (Arabatzis 2019,
p. 86), the historical study of concepts should be assessed through the
concepts’ (public) representations, whether they be verbal, mathematical
(and within the realm of mathematics there are again diverse possibilities
of representation), diagrammatic, or otherwise:

Like experimental practices, physical-mathematical concepts, too, are
accessible to historical and philosophical analysis only insofar as they
are expressed and communicated in specific ways in situated
contexts, and as such possess a material and performative component
which can only be neglected at the risk of analysing not science as it
is practiced, but its idealized, disembodied reconstruction. (Borrelli
2017, p. 6)

Grosholz (2007) and Borrelli are specifically concerned with seemingly
abstract representations of concepts, as through mathematical formalism.
Both, coming from different perspectives and using different historical case
studies, argue convincingly for the hands-on, performative dimension of
the mathematical apparatus and its representations. Drawing on Ursula
Klein’s work on Berzelian formulas, they argue that the mathematical for-
malism should be considered one amongst many representational formats
and that it functions as a “paper tool.”

In the case of virtual entities, we should be aware that the abstract
formalism and diagrammatical techniques are not the only forms of

22. For a comprehensive account of representations in science studies, the interested
reader is referred to Borrelli (2017, Sections 1.4—1.6).
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representations: verbal expositions and the terminology used to refer to a
concept function as representations as well. Terminology can carry a lot of
information about the actors’ understanding of the concept, about its
role in the conceptual framework and even about the involved practices.
Borrelli highlights “the extreme, at times obsessive, care taken by
mathematicians to develop and employ a very exact terminology” (Borrelli
2017, p. 55). Mauricio Sudrez similarly states that “emblems and names
are not merely denoting arbitrary signs but also play a connotative func-
tion and can exhibit the objectivity of cognitive representations.” (Sudrez
2004, p. 772n6)*? In this sense, we can conceive of the naming of a con-
cept by historical actors as an active and careful abstraction process.

Although the stabilization of a notion often comes with an appropri-
ately chosen name, this is not necessarily the case. The stable reference
point for the identification of a concept by historical actors might as well
be another representational format, while the terminology used is still in
flux (if any exist at all). Terminology, like any other representational for-
mat, is a historical object. It changes over the course of time.

For the historical analysis of a virtual X, an investigation of the different
terminological variants and their relation to practice and the conceptual
framework is advisable, especially since we encounter a composite structure
(virtual and X). Terms other than virtual might have been used to refer to
the notion, and the X might interchange during the historical develop-
ment while other representations remain stable. When analysing such ter-
minological variants, one often provides a snapshot of the meaning in a
given instance by providing definitions through characteristics. Although
this is at odds with a purely pragmatic account, as indicated above, I
believe that such an analysis can complement this mode of historical
investigation.

At this point, one might worry that the conception of concepts
described above would result in a historical study not of the concepts in
question but of different representational formats as the concept is not
defined by other means.>* But we know that over the course of the devel-
opment, the different representations acquired a stable meaning for the

23. Sudrez uses the word “objective” as equivalent to informative regarding the target
of the representation.

24. Borrelli uses this concern and the conception of a concept as a “network of rep-
resentations” for taking into account the “productive ambiguity” of concepts in scientific
practices (Borrelli 2017, p. 53). When it comes to the usefulness and productivity of con-
cepts, I diverge from Borrelli at this point and tend to locate them not in the “ambiguity”
of the abstract concept but in the concrete features of the specific and often sharply defined
representations and the thinking possibilities they allow for.
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historical actors and were understood to refer to one and the same object
(Borrelli 2017, pp. 54-55). Retrospectively, we know that such an iden-
tification will take place as it formed the original motivation for the his-
torical investigation.

3.3. Concepts, their role in the reasoning process and their
embedding in the conceptual framework

Besides the dissolution of the object under study, namely the concept,
another worry might have occurred to the reader who is interested in treat-
ing the history of a virtual entity: how can we speak about representations
in a sensible manner when the concept we are interested in might not have
a real referent”> and how can we account for its use in inferential tech-
niques? Luckily, the philosophy of science provides us with diverse possi-
bilities. A first step towards the solution of this problem is to distinguish
between denotation and representation, as was proposed by Letitia Meynell
(2008), following Kendall Walton’s theory of representation, in her discus-
sion of the representational features of Feynman diagrams. This is certainly
necessary, but on its own it does not enable us to connect the representa-
tion of possibly non-existent entities to epistemic practices.

We might associate the investigation of virtual entities in the sciences
with the line of philosophical research that (re-)evaluates the deliberate use
of fictions in what scientists themselves consider to be explanations.?
Alisa Bokulich’s notion of “explanatory fictions” rests on this idea
(Bokulich 2009, 2012). Letitia Meynell’s recent account of the epistemic
success of Feynman diagrams (Meynell 2018) heads, through the work of
Catherine Elgin, in a similar direction by distinguishing between the non-
factive category of understanding and the factive category of knowledge.
But virtual entities are not necessarily fictitious, although they might be. I
personally favour approaches, such as the deflationary or inferential account
of scientific representation by Mauricio Sudrez (2004, 2015), which remain
agnostic about the reality of the represented system by construction and
invoke the capacity “of competent and informed agents to draw specific
inferences” (Sudrez 2004, p. 773) as a prime characteristic of a scientific
representation.

25. At least, this is one of the connotations the term “virtual” can have. For the notion
of the virtual particle in particular, the philosophical literature points towards the non-
existence of these entities.

26. The introduction to Sudrez (2009) can form a good start for the interested reader.
This research constitutes a re-evaluation, as its historical backdrop is the philosophy of the
“as if” [Die Philosophie des Als 0b} of Hans Vaihinger (1911).
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Whatever stance one might favour, at this point, we must be careful not
to confound the two different notions of “representation” that have been
used so far. The first one denotes the representational features of a scientific
model in reference to a real-world system. The second one, which under-
lies the discussion in Section 3.2, denotes the concrete and manifest rep-
resentations, be they verbal, diagrammatical, mathematical, tabularic, or
otherwise constructed, in reference to a scientific model. This distinction
is not only important in order to avoid the possible confusion arising due
to the doubling of the term “representation,” but it is important in order
to historically and philosophically study the scientific techniques which
are used in inferential accounts to connect the model and the real-world
system.

Historians encounter models, just like concepts, always in a concrete
form, written down or represented in a specific format. Following the
authors referenced in Section 3.2 and Marion Vorms (e.g., Vorms 2012),
this is not only the sole material we can base our reconstruction on. The
concrete instantiations are also the things scientists reason with, which
they manipulate, put into different contexts, or, to use a term by David
Kaiser, improvise with to draw conclusions. Within these larger represen-
tational structures, we encounter the representations of the concepts we try
to write the history of. And thereby, not only is the already invoked
connection of concepts to the surrounding conceptual framework made
concrete by the connection of their representations, but their tool character
becomes manifest as well by the reasoning processes and the manipulations
they allow for through (and in) the concrete representation.

In actual scientific practice many different representational formats of
particular models are used side-by-side. Mathematical, diagrammatical,
tabular or verbal representations structure, facilitate, or, as an often over-
looked possibility, restrict the inferential possibilities of the practitioners.
But all of these representations are thought of by the actors to refer to
one and the same model (and, often, real-world system). The different
representations thereby muctually interact. This process thus (trans-)forms
not only the conception of the model but also of the concepts figuring
in it.

The above points have focused on the inferential techniques connected
to a concept, and the connection thereby established to its conceptual sur-
rounding. But scientists do not only argue for a specific model on the
grounds of empirical adequacy and fruitfulness with respect to the research
process. Scientists also try to motivate specific models and concepts by
embedding them into the conceptual framework, by connecting them to
general principles of theory. They argue for the plausibility of the model in
a given instance or in connection to the more general principles.
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Although I know that the notion of a narrative has been further devel-
oped and applied27 in the evaluation of the physical sciences,”® I want to
point the reader to one of the first occurrences of the notion of a narrative
in the history and philosophy of physics given by Stephen Hartmann
(1999). According to Hartmann, the story or narrative told around a
model

is not a deductive consequence of the model nor of the underlying
theory. It is, however, inspired by the underlying theory (if there is
one). [It} takes advantage of the vocabulary of the theory ... and
refers to some of its features ... Using more general terms, the
narrative fits the model in a larger framework (a “world picture”) in a
non-deductive way. (Hartmann 1999, p. 344).

Although a narrative as defined by Hartmann might have calculational
merit, I consider it advisable for historical and philosophical analysis to
further differentiate in terms of the use the historical actors made of such
storylines, mostly comprising verbal statements but also including
mathematical, diagrammatical, or other formats. On the one hand, verbal
representations of models are often used in derivations and serve in
quantitative analysis of a specific model.”” On the other hand, narratives,
in my narrower definition, motivate a model or a concept. And they do so
not by pointing to the inferential fruitfulness of the concepts or models,
but through their explicit connection to the conceptual and theoretical
framework, by showing how the concepts and models fit into and can
be explained within in this larger conceptual surrounding.’®

27. See, for example, the recently published special issue of Studies in History and Phi-
losophy of Science. Part A on Narrative in Science (Morgan and Wise 2017).

28. See, for example, (Stdltzner 2017; Borrelli 2019). Although I would agree with
Stélezner and Borrelli in including other representational formats than verbal ones in the
narrative, I use it differently than they do. Borrelli, especially, shows how single concepts
can be understood as accessible through narrative knowing. I myself do not structure a
concept through this kind of reasoning. Rather, I want to highlight the concept’s role
within such an argumentative structure and the ways in which such arguments were used
by historical actors.

29. See my account of the genesis and initial reception of the verbal model of quan-
tum electrodynamics and its use in the quantitative analysis of scattering process during the
late 1920s and early 1930s (Ehberger 2022).

30. During the 1930s a narrative connecting virtual transitions and virtual particles
with the basic principles of the interpretation of quantum mechanics emerged. Specifically
in meson physics, the connection between virtual transitions, the time-energy uncertainty
relation and the measurement process through counterfactual reasoning gathered promi-
nence (see for example Wick 1938; Heitler 1941).
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I deem such narratives especially important for the history of virtual
entities. A virtual X shows some digression from the regular X and might
not even be real or an X. Due to the virtual character of the X, the ques-
tion of how its use might be argued for and how it can be connected to the
broader conceptual and theoretical framework—to the “world picture,” as
Hartmann has framed it—takes on specific relevance. If the X is not
actual, the questions “why should we use it in (and how can we connect
it to) our description of the world?” and “why and how can we still identify
the ‘virtual X’ as an ‘X’?”?' become pressing. If the actors provided more
arguments than mere fruitfulness and empirical adequacy (which I person-
ally deem most important), then these argumentative structures (and
possibly their negation) might help us in deciphering the notion of
“virtuality” in the sciences.

4. Conclusion

Having laid down my suggestion of a pragmatist conception of concepts,
let me recap and frame the essence of it as a proposal of how to access the
historical development of virtual entities. I argued for conceiving of
concepts as tools embedded in historically situated constellations and
practices, which in turn means that their application, fruitfulness, and
epistemic power depends on the framework in which they are put to
use. Concepts should not be understood as disembodied (and in fact inac-
cessible) ideas located in the brains of the historical actors, but as mani-
fested through their manifold representations, the terminology being a
particularly interesting one for the history of virtual entities. As an upshot
of this conception, breaks and continuities in the conceptual development
can be thought of simultaneously as they are manifested in the historical
development of the diverse specific representations.

We should understand the manipulations these representations allow for
and their diverse possible combinations as the things with which scientists
think and work. They are the things scientists use to draw conclusions on
possible real-world systems. Since often more than one concept is actually
represented in one representation, e.g., in the concrete representation of a
model, the connection between the concept under study and its conceptual
surrounding becomes manifest and accessible to a historical reconstruction.
Shifts in the conceptual framework can thereby be traced and will possibly
reflect back on the concept we are interested in. Yet, scientists not only use
concepts for drawing quantitative conclusions, but they might motivate
the concepts and models they use by connecting them to the principles

31. I want to thank Friedrich Steinle for pointing out that the question used in the
introduction of this article is as well put to the forefront.
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of the respective theory or its interpretation. These motivational structures,
which I called narratives, might become particularly fruitful in respect to
the question what makes the virtual X a virtual X in comparison to the
regular X.

Although the above discussion was mostly concerned with making the
abstract notion of a concept accessible to a historical reconstruction, the
particular conception of concepts I propose brings to the fore two historical
entities which were nearly absent in the discussion so far: the actor and the
scientific community. To understand the introduction of any concept, or
better yet, any representation, we need to know the background of the
practitioners quite well: we have to be aware of the resources they draw
from, their epistemic (and possibly ontological) commitments, and their
preferred scientific methods. The community of the practitioners regulates
which questions are deemed worthy to ask and sets the standards against
which a possible solution to a problem or the introduction of a new con-
cept have to be measured. The focus on representations further brings the
community into the focal point: after all, representations are not only a
means of reasoning but also of communication. And whether the commu-
nication is successful also depends on the recipients of the message, i.e., the
fellow scientists. Without a close investigation of the background of the
community of practitioners we will not be able to answer our prime ques-
tions when studying virtual entities historically: “why was the virtual
entity, or better, a representation of it introduced in the first place?” and
“why would the community accept this virtual entity in its conceptual
framework?”

Whether or not the proposed conception of concepts, its environment,
and its connection to scientific practice can be fruitfully applied to the his-
torical development of other virtual entities is an empirical question. I can
even imagine that the iterative procedure for constructing a suitable
understanding for a given concept, which I described in section 1, might
lead to a different outcome than in the case of the virtual particle. All T can
say is that the proposal I've laid out allowed me to create a coherent recon-
struction of the concept I was interested in my dissertational research.
Focus on the stability and change in specific representational formats
and conceptual frameworks as well as on the application and the function
of the relevant (representations of the) concepts, allowed me to draw a tra-
jectory from virtual oscillators over virtual transitions to virtual particles,
although the meaning of the term virtual surely changed in the course of
time. Whether these concepts were conceived of as obvious fictions or
whether they were understood (nearly) realistically, they always had spe-
cific functionalities for the historical actors, for example, serving as bridg-
ing elements in calculational practices.

¥20Z 8unf 0 U0 THYM NI3113 Aq Jpd" 20900 B 080d/L£0ELEZ/81Z/E/ZE/PA-BI0IE/OS0d/NPE HIWI08IP//:dRY WOl pepeojumoq



Perspectives on Science 295

I certainly believe that there are many other functions virtual entities
can perform. But shifting attention from the characteristics of virtual enti-
ties to their functions and the way in which the representations of concepts
are put to use might prove fruitful in any case. Looking at virtual entities
through the lenses of practice and representations, we might find concep-
tual overlaps of different virtual entities in the sciences through the role
they perform in the reasoning process. Whether these will cohere, or we
will end up with a plethora of functionalities is, again, an empirical ques-
tion. Whatever we might come up with, it will certainly enhance our
understanding of the class of virtual entities in science.

References

Alvargonzélez, David. 2013. “Is the History of Science Essentially Whig-
gish?” History of Science 51(1): 85-99. https://doi.org/10.1177
/007327531305100104

Arabatzis, Theodore. 2006. Representing Electrons: A Biographical Approach to
Theoretical Entities. Chicago/London: The University of Chicago Press.
heeps://doi.org/10.7208/chicago/9780226024226.001.0001

Arabatzis, Theodore. 2019. “What Are Scientific Concepts?” Pp. 85-99 in
What Is Scientific Knowledge? An Introduction to Contemporary Epistemology of
Science. Edited by Kevin McCain and Kostas Kampourakis. New York:
Routledge. https://doi.org/10.4324/9780203703809-6

Arthur, Richard T. W. 2012. “Virtual Processes and Quantum Tunnelling
as Fictions.” Science & Education 21(10): 1461-1473. hteps://doi.org/10
.1007/s11191-012-9439-7

Bokulich, Alisa. 2009. “Explanatory Fictions.” Pp. 91-109 in Fictions in
Science. Philosophical Essays on Modeling and ldealization. Edited by
Mauricio Sudrez. New York, London: Routledge.

Bokulich, Alisa. 2012. “Distinguishing Explanatory from Nonexplanatory
Fictions.” Philosophy of Science 79(5): 725-737. https://doi.org/10.1086
1667991

Borrelli, Arianna. 2017. “Introduction and Plan of the Work.” Pp. 1-76 in
Formulating Phenomena: Concept Formation and the Materiality of Theory in
the Early Modern and Modern Period. Habilitation Technische Universitit
Berlin.

Borrelli, Arianna. 2019. “Between Symmetry and Asymmetry: Sponta-
neous Symmetry Breaking as Narrative Knowing.” Synthese 198:
3919-3948. https://doi.org/10.1007/s11229-019-02320-8

Brigandt, Ingo. 2010. “The Epistemic Goal of a Concept: Accounting for
the Rationality of Semantic Change and Variation.” Synthese 177(1):
19-40. https://doi.org/10.1007/s11229-009-9623-8

d/L£0€LE2/8.2/E/2E/)PA-B]01E/OS0d/NPS }WI0BIP//:dRY WOy papeojumoq

| B 0SO!

%20z dunf $0 uo THYM N337113 Aq ypd° 20900


https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.1177/007327531305100104
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.7208/chicago/9780226024226.001.0001
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.4324/9780203703809-6
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1007/s11191-012-9439-7
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1086/667991
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-019-02320-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8
https://doi.org/10.1007/s11229-009-9623-8

296 How to Study Virtual Entities Historically?

Brigandt, Ingo. 2012. “The Dynamics of Scientific Concepts: The
Relevance of Epistemic Aims and Values.” Pp. 75-104 in Scientific
Concepts and Investigative Practice. Edited by Uljana Feest and Friedrich
Steinle. Berlin, Boston: De Gruyter. https://doi.org/10.1515
/9783110253610.75

Brown, James Robert. 2018. “How Do Feynman Diagrams Work?” Perspec-
tives on Science 26(4): 423—442. https://doi.org/10.1162/posc_a_00281

Bunge, Mario. 1970. “Virtual Processes and Virtual Particles: Real or
Fictitious?” International Journal of Theoretical Physics 3(6): 507-508.
https://doi.org/10.1007/BF00672455

Chang, H. 2011. “Beyond Case-Studies: History as Philosophy.” Pp. 109-124
in Integrating History and Philosophy of Science: Problems and Prospects.
Edited by S. Mauskopf and T. Schmaltz. Dodrecht, Heidelberg,
London, New York: Springer. https://doi.org/10.1007/978-94-007
-1745-9_8

Ehberger, Markus. 2020. “I'm Not There. Or: Was the Virtual Particle
Ever Born?” Pp. 261-280 in Biographies in the History of Physics: Actors,
Objects, Institutions. Edited by C. Forstner and M. Walker. Cham:
Springer. https://doi.org/10.1007/978-3-030-48509-2_15

Ehberger, Markus. 2022. ““The language of Dirac’s theory of radiation’:
The Inception and Initial Reception of a Tool for the Quantum Field
Theorist.” Archive for History of Exact Sciences 76: 531-571. https://doi
.0rg/10.1007/s00407-022-00293-8

Falkenburg, Brigitte. 2007. Particle Metaphysics: A Critical Account of
Subatomic Reality. Berlin: Springer. https://doi.org/10.1007/978-3-540
-33732-4

Feest, Uljana. 2010. “Concepts as Tools in the Experimental Generation of
Knowledge in Cognitive Neuropsychology.” Spontaneous Generations: A
Journal for the History and Philosophy of Science 4(1): 173-190. https://
doi.org/10.4245/sponge.v4il.11938

Feest, Uljana, and Friedrich Steinle, eds. 2012. Scientific Concepts and Inves-
tigative Practice. Berlin Studies in Knowledge Research 3. Berlin/Boston:
De Gruyter. https://doi.org/10.1515/9783110253610

Fox, Tobias. 2008. “Haunted by the Spectre of Virtual Particles: A Phil-
osophical Reconsideration.” Journal for General Philosophy of Science 39(1):
35-51. https://doi.org/10.1007/s10838-008-9066-9

Grosholz, Emily. 2007. Representation and Productive Ambiguity in Mathemat-
ics and the Sciences. Oxford: Oxford University Press. https://doi.org/10
.1093/050/9780199299737.001.0001

Hacking, Tan. 1983. Representing and Intervening: Introductory Topics in the
Philosophy of Natural Science. Cambridge: Cambridge University Press.
https://doi.org/10.1017/CBO9780511814563

d/L£0€LE2/8.2/E/2E/)PA-B]01E/OS0d/NPS }WI0BIP//:dRY WOy papeojumoq

| B 0SO!

%20z dunf $0 uo THYM N337113 Aq ypd° 20900


https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1515/9783110253610.75
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1162/posc_a_00281
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/BF00672455
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-94-007-1745-9_8
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/978-3-030-48509-2_15
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/s00407-022-00293-8
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.1007/978-3-540-33732-4
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.4245/sponge.v4i1.11938
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1515/9783110253610
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1007/s10838-008-9066-9
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1093/oso/9780199299737.001.0001
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563
https://doi.org/10.1017/CBO9780511814563

Perspectives on Science 297

Hacking, Ian. 2004. “Chapter Two: Five Parables.” Pp. 2750 in Historical
Ontology. Cambridge, Mass.: Harvard Universtiy Press. https://doi.org
/10.2307/j.ctvln3x198.5

Hartmann, Stephen. 1999. “Models and Stories in Hadron Physics.”
Pp. 236-246 in Models as Mediators: Perspectives on Natural and Social
Science. Edited by Mary S. Morgan and Margaret Morrison. Ideas in
Context 52. Cambridge: Cambridge University Press. https://doi.org
/10.1017/CBO9780511660108.012

Heitler, Walter. 1941. “Physical Concepts of the Meson Theory of the
Atomic Nucleus.” Nature 148: 680—-683. https://doi.org/10.1038
/148680a0

Jauch, Josef M. 1968. Foundations of Quantum Mechanics. Reading, Mass.:
Addison-Wesley Publishing.

Kaiser, David. 2005. Drawing Theories Apart: The Dispersion of Feynman
Diagrams in Postwar Physics. Chicago/London: The University of Chi-
cago Press. https://doi.org/10.7208/chicago/9780226422657.001.0001

Kindi, Vasso. 2012. “Concepts as Vessel and Concept as Use.” Pp. 23-46
in Scientific Concepts and Investigative Practice. Edited by Uljana Feest and
Friedrich Steinle. Berlin/Boston: De Gruyter. https://doi.org/10.1515
/9783110253610.23

Klein, Ursula. 2001. “Berzelian Formulas as Paper Tools in Early
Nineteenth-Century Chemistry.” Foundations of Chemistry 3(1): 7-32.
https://doi.org/10.1023/A:1011460318779

Loison, Laurent. 2016. “Forms of Presentism in the History of Science.
Rethinking the Project of Historical Epistemology.” Studies in History
and Philosophy of Science Parr A 60: 29-37. https://doi.org/10.1016/j
.shpsa.2016.09.002, PubMed: 27938719

MacLeod, Miles. 2012. “Rethinking Scientific Concepts for Research
Contexts: The Case of the Classical Gene.” Pp. 47—74 in Scientific Conceprs
and Investigative Practice. Edited by Uljana Feest and Friedrich Steinle.
Berlin/Boston: De Gruyter. https://doi.org/10.1515/9783110253610.47

Meynell, Letitia. 2008. “Why Feynman Diragrams Represent.” Interna-
tional Studies in the Philosophy of Science 22(1): 39-59. https://doi.org
/10.1080/02698590802280902

Meynell, Letitia. 2018. “Picturing Feynman Diagrams and the Epistemol-
ogy of Understanding.” Perspectives on Science 26(4): 459-481. https://doi
.org/10.1162/posc_a_00283

Morgan, Mary S., and M. Norton Wise. 2017. “Narrative Science and
Narrative Knowing. Introduction to Special Issue on Narrative Sci-
ence.” Studies in History and Philosophy of Science Part A, SI: Narrative
in Science, 62: 1-5. https://doi.org/10.1016/j.shpsa.2017.03.005,
PubMed: 28583354

d/L£0€LE2/8.2/E/2E/)PA-B]01E/OS0d/NPS }WI0BIP//:dRY WOy papeojumoq

| B 0SO!

%20z dunf $0 uo THYM N337113 Aq ypd° 20900


https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.2307/j.ctv1n3x198.5
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1017/CBO9780511660108.012
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.1038/148680a0
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.7208/chicago/9780226422657.001.0001
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1515/9783110253610.23
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1023/A:1011460318779
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://doi.org/10.1016/j.shpsa.2016.09.002
https://pubmed.ncbi.nlm.nih.gov/27938719
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1515/9783110253610.47
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1080/02698590802280902
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1162/posc_a_00283
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://doi.org/10.1016/j.shpsa.2017.03.005
https://pubmed.ncbi.nlm.nih.gov/28583354

298 How to Study Virtual Entities Historically?

Peirce, C. S. 1902. “Virtual.” Pp. 763—764 in Dictionary of Philosophy and
Psychology, vol. 2. Edited by J. M. Baldwin. London: Macmillan and Co.

Rheinberger, Hans-Jorg. 2002. Experimentalsysteme und epistemische Dinge.
Eine Geschichte der Proteinsynthese im Reagenzglas, 2nd ed. Gottingen:
Wallstein Verlag.

Shrader-Frechette, K. 1977. “Atomism in Crisis: An Analysis of the
Current High Energy Paradigm.” Philosophy of Science 44: 409—-440.
https://doi.org/10.1086/288757

Soler, Léna, Sjoerd Zwart, Vincent Israel-Jost, and Michael Lynch. 2014.
“Introduction.” Pp. 1-43 in Science After the Practice Turn in the Philoso-
phy, History, and the Social Studies of Science. Edited by Léna Soler, Sjoerd
Zwart, Michael Lynch, and Vincent Israel-Jost. New York: Routledge.
heeps://doi.org/10.4324/9781315857985-5

Steinle, Friedrich. 2002. “Experiments in History and Philosophy of
Science.” Perspectives on Science 10(4): 408—432. https://doi.org/10.1162
/106361402322288048

Steinle, Friedrich. 2009. “Scientific Change and Empirical Concepts.”
Centanrus 51(4): 305-313. https://doi.org/10.1111/j.1600-0498.2009
.00156.x

Steinle, Friedrich. 2012. “Goals and Fates of Concepts: The Case of
Magnetic Poles.” Pp. 105126 in Scientific Concepts and Investigative Prac-
tice. Edited by Uljana Feest and Friedrich Steinle. Berlin/Boston: De
Gruyter. https://doi.org/10.1515/9783110253610.105

Steinle, Friedrich. 2016. Exploratory Experiments: Ampeére, Favaday, and the
Origins of Electrodynamics. Pittsburgh: University of Pittsburgh Press.
https://doi.org/10.2307/j.ctt1f89r1p

Stoltzner, Michael. 2017. “The Variety of Explanations in the Higgs
Sector.” Synthese 194: 433-460. https://doi.org/10.1007/s11229-016
-1112-2

Sudrez, Mauricio. 2004. “An Inferential Conception of Scientific Represen-
tation.” Philosophy of Science 71(5): 767—779. https://doi.org/10.1086
/421415

Sudrez, Mauricio. 2009. Fictions in Science: Philosophical Essays on Modeling
and ldealization. New York: Taylor and Francis. https://doi.org/10.4324
/9780203890103

Sudrez, Mauricio. 2015. “Deflationary Representation, Inference, and Prac-
tice.” Studies in History and Philosophy of Science Part A 49: 3647 . https://
doi.org/10.1016/j.shpsa.2014.11.001

Vaihinger, Hans. 1911. Die Philosophie des Als Ob. System der theoretischen,
praktischen und veligiosen Fiktionen der Menschheit auf Grund eines ideali-
sitschen Positivismus; mit einem Anhang itber Kant und Nietzsche. Berlin:
Reuther und Reichard.

d/L£0€LE2/8.2/E/2E/)PA-B]01E/OS0d/NPS }WI0BIP//:dRY WOy papeojumoq

| B 0SO!

%20z dunf $0 uo THYM N337113 Aq ypd° 20900


https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.1086/288757
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.4324/9781315857985-5
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1162/106361402322288048
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1111/j.1600-0498.2009.00156.x
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.1515/9783110253610.105
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.2307/j.ctt1f89r1p
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1007/s11229-016-1112-2
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.1086/421415
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.4324/9780203890103
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001
https://doi.org/10.1016/j.shpsa.2014.11.001

Perspectives on Science 299

Valente, Mario Bacelar. 2011. “Are Virtual Quanta Nothing but Formal
Tools?” International Studies in the Philosophy of Science 25(1): 39-53.
https://doi.org/10.1080/02698595.2011.552417

Vorms, Marion. 2012. “Formats of Representation in Scientific Theoriz-
ing.” Pp. 250-273 in Models, Simulations, and Representations. Edited
by Paul Humphreys and Cyrille Imbert. New York: Routledge.

Wick, G. C. 1938. “Range of Nuclear Forces in Yukawa’s Theory.” Nazure
142(3605): 993-994. https://doi.org/10.1038/142993b0

Wiithrich, Adrian. 2010. The Genesis of Feynman Diagrams. Archimedes 26.
Dodrecht/Heidelberg/London/New York: Springer. https://doi.org/10
.1007/978-90-481-9228-1

Wiithrich, Adrian. 2012. “Interpreting Feynman Diagrams as Visual
Models.” Spontaneous Generations: A Journal for the History and Philosophy
of Science 6(1): 172—181. https://doi.org/10.4245/sponge.v6il. 16131

d/L£0€LE2/8.2/E/2E/)PA-B]01E/OS0d/NPS }WI0BIP//:dRY WOy papeojumoq

| B 0SO!

%20z dunf $0 uo THYM N337113 Aq ypd° 20900


https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1080/02698595.2011.552417
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1038/142993b0
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.1007/978-90-481-9228-1
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131
https://doi.org/10.4245/sponge.v6i1.16131

