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Abstract
According to the standard model of cosmology, ΛCDM, the mass-energy budget of 
the current stage of the universe is not dominated by the luminous matter that we are 
familiar with, but instead by some form of dark matter (and dark energy). It is thus 
tempting to adopt scientific realism about dark matter. However, there are barely any 
constraints on the myriad of possible properties of this entity—it is not even certain 
that it is a form of matter. In light of this underdetermination I advocate caution: 
we should not (yet) be dark matter realists. The “not(-yet)-realism” that I have in 
mind is different from Hacking’s (Philos Sci 56 (4), 555–581, 1989) anti-realism, in 
that it is semantic rather than epistemological. It also differs from the semantic anti-
realism of logical empiricism, in that it is naturalistic, such that it may only be tem-
porary and does not automatically apply to all other unobservables (or even just to 
all other astronomical unobservables, as with Hacking’s anti-realism). The argument 
is illustrated with the analogy of the much longer history of the concept of a gene, as 
the current state of the concept of dark matter resembles in some relevant ways that 
of the early concept of genes.
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The label “dark matter” encapsulates our ignorance regarding the nature of 
most of the matter in the universe.�  –Avi Loeb, 20211

1  Introduction

Open almost any modern textbook on cosmology or astrophysics/astronomy, and 
it will proclaim the standard model of cosmology, ΛCDM, according to which the 
mass-energy budget of the current stage of the universe is not fully accounted for by 
the luminous matter that we know and love.2 In fact, luminous matter is, at current 
times, not even dominant. It contributes a mere 5% to the total mass-energy—the 
remainder being accounted for by (cold) dark matter (CDM), 27%, and dark energy 
( Λ ), 68%. Given this received view (bracketing for now the minority alternative, 
modified gravity), one may well be forgiven for making the seemingly small further 
step of being a (scientific) realist about dark matter and dark energy.3 However, this 
near-consensus on ΛCDM and some form of its dominant, titular components stands 
in stark contrast with the disagreement over the exact nature of these components, 
i.e. both the type of ‘stuff’ it is supposed to be (i.e. its ontology) and its properties 
(i.e.  its ideology).4 Both are barely restricted by the available empirical data—for 
instance, viable dark matter candidates span 90 orders of magnitude (!) in mass [7]. 
In light of this disagreement, it behoves one to ask what it would mean exactly to be 
a scientific realist about such elusive ‘stuff’. More pointedly, can one even be a real-
ist about x, can one say that x exists, without knowing (almost anything at all about) 
what x is? How does scientific realism about these dark ingredients of the universe 
avoid vacuousness? In this paper we will focus on realism about dark matter,5 but it 
should be noted that most arguments carry over to dark energy (cf. Footnote 1). It 

2  More precisely, the particles in the standard model of particle phsyics, excluding its neutrinos.
3  See Jacquart [4] for a brief discussion of dark matter realism. Ruphy [5] warns against realism in the 
context of dark matter simulations, due to the strong idealisations involved.
4  This distinction between ontology and ideology stems from Quine [6].
5  The research programme sketched in [8]—integrating dark matter, modified gravity, and the humani-
ties—lists three groups of research questions: semantic/metaphysical, descriptive, and normative/episte-
mological/methodological questions. This paper engages with (the last question of) the first group.

1  Scientific American, 30 May 2021, https://​www.​scien​tific​ameri​can.​com/​artic​le/​maybe-​dark-​matter-​
is-​more-​than-​one-​thing. Jeffrey Newman expresses a similar view with regards to dark energy: “Dark 
energy is really just a name for our ignorance” (www.​pitt.​edu/​pittw​ire/​featu​res-​artic​les/​astro​nomers-​
shed-​light-​dark-​energy-​small​est-​black-​hole, 8 Nov 2019), which is echoed by Michael Turner [1, p. 
1268] who calls it a “proxy for the real explanation”. As early as 1977, Ivan King said: “Can we really 
claim to know anything about the nature of the universe if we don’t know the properties, or even the 
nature, of 90 percent of its material?” ([2, p. 9]; as quoted by Peebles [3, p. 278]). In 2020, Peebles com-
ments on Einstein’s cosmological constant gaining a new name, ‘dark energy’, as “a poor disguise for a 
fudge factor that we accept because it serves to unify theory and observations so well” (emphasis mine) 
[3, p. 3]. Moreover, commenting on the tight accumulation of evidence for ΛCDM emboldening most to 
talk about ΛCDM as that what “really happened”, he favours a more cautious interpretation: “The notion 
of reality is complicated, so a more secure statement would be that whatever happened—and we assume 
something did happen—left traces that closely resemble those predicted by ΛCDM” (p. 6).

https://www.scientificamerican.com/article/maybe-dark-matter-is-more-than-one-thing
https://www.scientificamerican.com/article/maybe-dark-matter-is-more-than-one-thing
http://www.pitt.edu/pittwire/features-articles/astronomers-shed-light-dark-energy-smallest-black-hole
http://www.pitt.edu/pittwire/features-articles/astronomers-shed-light-dark-energy-smallest-black-hole
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will be argued that it is too early to proclaim any non-trivial, substantive scientific 
realism about dark matter (DM).

Section  2 will introduce dark matter models in more detail, and argue for the 
semantic thinness of the core concept of dark matter that is common to these mod-
els. This situation is strikingly similar to the early concept of genes—before they 
were even called by that name (Sect. 3). These similarities help illustrate the particu-
lar aspect of scientific realism that is problematic in the specific case of dark matter, 
namely its semantic dimension (Sect. 4), which makes this case study independent 
from that of the epistemological anti-realism that has already been suggested in the 
general context of astronomy and cosmology. Section 5 further evaluates the case 
against present-day-realism about dark matter by comparing it with the case for con-
temporary anti-realism about genes, concluding in Sect. 6 that it is too early to be 
semantic realists, and a fortiori full-blown scientific realists, about dark matter.

2 � Dark Matter

The problem with dark matter realism is not a lack of viable suggestions, i.e. mod-
els, concerning the nature of dark matter, but rather their abundance6—or, more 
precisely, the thin common conceptual core of this cornucopia, this “babel”,7 this 
myriad of possibilities. The thinness of this common core will become undeniable 
when we consider all models on the table, but is already very clear when restricting 
to mainstream candidates. Examples of classes of mainstream particle dark matter 
candidates, for instance, are weakly interacting massive particles (WIMPs), axions 
and sterile neutrinos. WIMPs are massive particles that interact via gravity but also 
via at least one other force (within or outside of the standard model of particle phys-
ics) with a strength comparable to or weaker than the weak force. Axions are spin-0 
particles—hence, bosons—that solve the strong CP problem in quantum chromody-
namics (QCD). Their masses are much smaller than those of WIMPs. Sterile neu-
trinos interact with gravity but not with any of the fundamental interactions of the 
standard model (except for experiencing a diluted form of the weak force via mixing 
with ordinary neutrinos [7]).

Consider a specific model (including specific values for all parameters) falling 
into one of these mainstream classes of dark matter candidates, such as the follow-
ing arbitrary example [10]:

Example of a (maximally) Thick Concept of Dark Matter:  A single type of 
supersymmetric WIMP, with zero hypercharge, a mass of 2.8 TeV, an annihila-
tion cross-section into standard model vector bosons of ⟨�v⟩ ∼ 10−25cm3

∕s , no 
(further) self-interactions and a cosmic density corresponding to a contribu-
tion of 27% to the total cosmic mass-energy budget.

6  Cf. Bertone and Tait’s [7] ‘no stone left unturned’ guiding principle for this new era in the search for 
dark matter.
7  [9, p. 5].
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It is as clear what it means to be a scientific realist about such a completely specified 
entity as it is to know what it means to be a scientific realist about, say, the electron 
in the standard model of particle physics. The problem is that the current empiri-
cal evidence strongly underdetermines which, if any, of the vast array of completely 
specific mainstream candidates is to be paired with ΛCDM. If those were to differ 
only in the details, this would not be so bad a problem. However, even in the best 
case scenario, when we only consider ‘mainstream’ candidates, we would already 
arrive at something like the following thin concept:

The Thin Common Core Concept of Mainstream Dark Matter:  A mas-
sive field with a contribution to the total cosmic mass-energy budget of 27%, 
thereby being responsible for certain gravity-mediated observables related to 
structure formation, clusters and galaxies. In case it is a particle, its mass is 
roughly between 10−22 and1013  eV.

Note first that this common core does not require dark matter to be a particle. The 
current evidence for dark matter consists only of gravity-mediated effects on cos-
mological and astrophysical observables: galaxy rotation curves, galaxy cluster 
dynamics, gravitational lensing, and structure formation and the cosmic microwave 
background. Attempts at direct and indirect detection of the particle nature of dark 
matter, as well as particle dark matter production at colliders, have (at the time of 
writing) produced only null results, thereby generating strong upper limits on vari-
ous hypothetical couplings to standard model particles and of dark matter to itself. 
Note, thus, that what makes this common core so semantically thin becomes clear-
est when focusing on all the things that are not included: a unique cosmic density 
(in case it is a particle); any specific symmetries of the action governing this field, 
and, relatedly, a list of which non-gravitational interactions—including self-inter-
actions—are experienced by the field, if any(!), as well as corresponding cross-
sections.8 This common core, thin as it is already, is still a conservative estimate 
of which dark ‘matter’ candidates should be included as mainstream candidates. 
Some authors would consider some of the alternative candidates discussed below to 
also be mainstream candidates; the above is thus a conservative upper bound on the 

8  The dark matter common core is not only semantically very thin, but also explanatorily and predic-
tively. Part of the explanatory power of dark matter derives from unificatory promises. For instance, 
supersymmetric WIMP models provide not only a dark matter candidate, but some models also promise 
to solve the hierarchy problem, the matter-antimatter asymmetry problem, and to unify the various cou-
pling constants of the standard model of particle physics better than the standard model itself does so. 
Axions solve both the dark matter problem and the strong CP problem. Some sterile neutrinos solve both 
the dark matter problem and the problem of the massiveness of standard model neutrinos. These specific 
models kill several birds with one stone, explaining a lot with a little—the common core of DM by itself 
retains none of this explanatory power. Similarly, it is the specific models that provide predictions and 
are falsifiable, which is much less so for the mere common core. In a similar vein, the mere common core 
does not stand a chance at providing a proper explanation (as opposed to post-hoc curve-fitting) of vari-
ous galactic correlations that modified gravity advocates—the main alternative research programme—
emphasise, such as the baryonic Tully–Fisher relation, the mass-discrepancy-acceleration relation, or 
Renzo’s rule. A more detailed analysis and evaluation of the explanatory power of dark matter (and of 
modified gravity) is left for future work.
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common core of the dark matter concept that is supposed to mesh with the ΛCDM 
model, by (partially) filling in the ‘CDM-slot’.9

The lower bound barely says anything at all:

The Thinnest Common Core Concept of Dark ‘Matter’:  Stuff that either 
contributes 27% to the total cosmic mass-energy budget or acts as if it does so, 
thereby being responsible for certain gravity-mediated observables related to 
structure formation, clusters and galaxies.

‘Stuff’ is as vague as things can be, but that is exactly because the thinnest common 
core concept covers almost anything. It may be a type of particle in some regimes, 
but act instead as phonons, collective excitations of a superfluid Bose-Einstein con-
densate, in other regimes [12, 13].10 It need not be a single type of particle, but could 
be a whole dark QCD-like sector. It need not even consist of (one or several types 
of) particles in the first place, but could be made up out of primordial black holes. It 
may be an “illusion”, created by the gravitational polarization of known matter [14, 
p. 215] [15]. It could be a modification of gravity [16, 17] rather than a new form of 
massive matter. Critics of modified gravity tend to be more positive about ‘hybrid 
theories’, which postulate something that acts like matter at cosmological scales and 
like a modification of gravity at galactic scales.11 This may make matters even worse 
though, as, at best, the ‘stuff’ is both matter and a modifiation of gravity, or, at worst, 
it becomes unclear whether it is still appropriate to use these categories at all [30]. 
Finally, the answer could be any combination of the above. All that we really know 
is that luminous matter combined with standard Einsteinian gravity is empirically 
inadequate. The observed effects are more pronounced than expected from luminous 
matter plus Einstein’s general relativity. We need something more. An extra, myste-
rious, dark, hidden ‘entity’—or several such ‘entities’. Is this something we could be 
scientific realists about, as of right now?

In all fairness, the alternative solutions in the previous paragraph have been heav-
ily criticised (although it is not at all the case that there has been no criticism of 
mainstream approaches and ΛCDM in general12). The Thinnest Common Core Con-
cept of Dark Matter is really just a loose lower bound. A reasonable appraisal of 

9  It is perhaps not surprising that ΛCDM exhibits only a semantically thin ‘CDM-slot’—a “placeholder” 
or “docking station” [11] that requires filling in—as it is based on Einstein’s general relativity (GR) 
which, according to Lehmkuhl’s [11] interpretation of Einstein, is a ‘hybrid theory’. By this he does not 
mean ‘hybrid’ in the sense of Footnote 11, but rather in the sense of GR being “fundamental and correct 
as far as gravity [is] concerned but phenomenological and effective in how it account[s] for matter. As 
a result, Einstein saw energy-momentum tensors ... in GR as placeholders for a theory of matter not yet 
delivered” (p.176).
10  Since the authors conceive of the particle phase as consisting of axionlike particles—which, as bos-
ons, naturally condense below a critical temperature—superfluid dark matter theory is arguably a version 
of one of the mainstream dark matter candidates.
11  [12, 13, 15, 18–29].
12  Some examples are the small-scale challenges [31, 32], the Bullet Cluster (which, despite usually 
being put forward as a smoking gun against modified gravity explanations of dark matter data, is poten-
tially also problematic for ΛCDM) [33–35], and the tension between different measurements of the Hub-
ble constant. See also [36, §17.3.2].
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what is warranted by the available evidence will lie somewhere in between the upper 
and lower bounds on the semantic common core. But the point stands: the current 
evidence is all gravity-mediated and severely underdetermines the specific models 
of dark stuff—the difference not being a matter of mere details, but to the extent that 
the evidence currently commits us only to a semantically very thin common core 
notion of dark ‘matter’.

3 � Genes, Before They Were Genes

To illustrate issues of scientific realism in the context of such a flimsy and mys-
terious entity, it will pay off to compare the case at hand to a similar scenario but 
one with a much longer history. This allows us to peek ahead into what might be 
an analogous future (§5). I believe that doing so should make us humbly realise 
that the future of dark matter might not be as straightforward and linear as cur-
rent dark matter realists seem to think is warranted by the evidence, or at the very 
least that we have some way to go before committing to any substantive realism 
about dark matter. The scientific concept I have in mind is that of genes, or rather 
proto-genes, known as Mendelean ‘factors’ or ‘elements’ of inheritance.

In the 1850s and 60s, the monk Gregor Mendel performed experiments in 
plant breeding, in order to observe the development of certain traits across gener-
ations. He observed a striking pattern of disappearance and reappearance of cer-
tain traits, which led him to postulate “an inherited factor that can be masked and 
revealed—something passed intact through the apparent loss” [37, p. 81]. Even-
tually this concept developed into what we now know as genes—more on this in 
§5—but even if one is now a realist about genes, one may ask whether realism 
about factors or proto-genes was (already) justified in the 1860s.

As in the case of dark matter we should start by asking: realism about what 
exactly? Mendel’s factors were as mysterious and flimsy as dark matter is now. 
At best we had some form of functionalism about proto-genes: “objects that play 
a causal role, and [not until] later work [was it] uncovered what actually plays 
that role” [37, p. 83]. But if this role is just a specific cross-generational pat-
tern of traits, this is hardly more informative than Molière’s dormitive virtues 
being responsible for opium making people sleep. It sounds a lot like a mere 
bookkeeping device for those specific cross-generational patterns of traits, just 
as the anti-realist logical empiricists defined an electron operationally, partially 
as a complicated laboratory procedure involving a bubble chamber and observa-
tion of a specific pattern of bubbles. It was not at all clear what kind of thing a 
Mendelean factor was supposed to be: a particle, a cell, a biological substance, 
a chemical entity or substance, a simple or composite structure, etc? Compare 
this with the thinnest common core concept of DM leaving open whether it is 
matter or a modification of the gravitational field. Proto-genes did not (yet) have 
any “materiality” [37, p. 82] to them: no location, no ontological category, no 
mechanism. In fact, Mike Buttolph has argued that the late acceptance of Men-
del’s work is due to it being too simple [38]. Even when Johannsen finally coined 
the term ‘gene’ in 1909, he considered it to be a “concept “completely free of any 
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hypothesis” regarding localization and material constitution” [39, 40]. He was a 
conscious “agnostic with respect to the material constitution of the genotype and 
its elements. ....[T]he experimental regime of Mendelian genetics .... did neither 
require nor allow for any definite supposition about the material structure of the 
genetic elements” [39]. “[G]enes were taken as abstract elements of an equally 
abstract space, whose structure, however, could be explored through the visible 
and quantifiable outcome of breeding experiments” [39]. Even Thomas Morgan, 
whose group achieved results suggesting that genes lie on chromosomes, noted 
as late as in his 1933 Nobel Prize lecture that genes could still be fictions, hypo-
thetical units, rather than material things [37, p. 82] [41, p. 3] [39]. This early his-
tory is only the beginning of a “long-standing duality ... between using the word 
“gene” merely to organize talk about observable differences between organisms 
that show up in breeding experiments in certain ways, and as an attempt to refer 
to a real hidden object of some kind” [37, p. 85].

It might be interesting to note that some advocates of modified gravity have 
similarly started referring to Modified Newtonian Dynamics (MOND)—the typi-
cal quasi-Newtonian limit that these modifications of gravity aim for—as a mere 
algorithm that predicts and organises certain galactic observables, rather than as, for 
instance, a force, or even just a theory [42].

As we will see in §5, the subsequent history of discovering what exactly a gene 
is is rather messy. Regardless, proto-genes and genes in the early days were clearly 
in the first instance an algorithm for predicting cross-generational patterns of traits, 
albeit a strikingly effective one indeed. They told us that specific observables exhibit 
a certain pattern, but not how or why. I contend that it would not have been justified 
to be a realist about genes at the time. Moreover, even if we now had an unambigu-
ous metaphysical picture of what a gene is—a claim that will be critically evaluated 
in §5—this would not retro-actively justify realism about genes back then.

The common core of the contemporary concept of dark matter is in many ways 
like this early concept of genes, and for similar reasons of epistemic humility I 
believe that we cannot (yet) be realists about dark matter. There is of course one 
glaring disanalogy though: whereas there was a lack of more specific suggestions 
in those early days for what a gene is, there is currently a whole industry that gener-
ates new dark matter models on a daily basis. However, the common core of those 
models that has been confirmed by the available evidence barely has any substance 
to it—it is as much of an invisible black box as Mendel’s factors.13

4 � The Semantic Dimension of Scientific Realism

This section explains in more detail the type of view—“indefinitely suspended real-
ism” about dark matter (and early genes)—that I have in mind. There is a variety of 
forms of scientific anti-realism, or rather degrees of (anti-)realist commitment, of 

13  Benzer still referred to genes as a black box in the mid-1950s [43, pp. 277, 284].
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which it is usually assumed that they follow a strict logical order, as per the decision 
tree in Figure 1 [44].

The first question to ask, that of metaphysical realism, is whether one believes in 
a mind-independent external world. A negative answer to this question corresponds 
to the strongest form of anti-realism, metaphysical anti-realism, forms of which are 
idealism and neo-Kantianism.

If and only if metaphysical realism is committed to does it make sense to con-
sider the second question. When scientific theories postulate specific theoretical/
unobservable terms, say electrons, should we construe such claims as meaningful 
statements about that mind-independent world (beyond a mere shortcut for specific 
patterns of observables that stand in some dependence relation—as described by the 
theory—to those unobservable terms)? Should we take scientific claims about unob-
servables literally? A negative answer constitutes the second-strongest form of anti-
realism, semantic anti-realism, a route famously taken by logical empiricism.

Supposedly it then only makes sense to ask the final question if one does com-
mit to semantic realism. Roughly speaking, this final question asks whether we 
should be optimistic or pessimistic about science determining the truth of claims 
about specific unobservables. More precisely, should we expect science (to be able) 
to determine whether specific unobservables—literally construed—exist and what 
their properties are? An affirmative answer corresponds to epistemological real-
ism, which together with the previous two forms of realist commitment constitutes 
scientific realism (although there is still a choice between being a realist about the 
entities or only the structure of the theory). Van Fraassen’s constructive empiricism 
famously gives a negative response, epistemological anti-realism, the weakest form 
of scientific anti-realism [45]. Science will not give us the truth about unobservables 
(but that is ok, because that was never the aim of science in the first place according 
to Van Fraassen).

Where an aspiring dark matter realist thus runs into trouble, given the present-
day empirical and theoretical status of dark matter research, is the semantic commit-
ment of scientific realism. The common core concept of dark ‘matter’, especially the 
lower bound, is so semantically thin, so vacuous, that it barely means anything at all. 
It is simply not a rich enough concept (yet) for us to be realists about it. If one were 
to ask a contemporary realist about dark matter what exactly they believe in when 
they proclaim belief in stuff that acts as if it contributes 27% to the total cosmic 
mass-energy budget, and the available evidence does not allow them to give a much 
more specific answer, then that does not sound like an interesting, substantive spe-
cies of scientific realism at all.

What I am thereby not saying of course is that we can therefore never have more 
precise knowledge about this dark stuff, and could therefore never become scientific 
realists about dark matter. It is crucial to note that the motivation for this selective, 
as-of-right-now denial of semantic realism, i.e. specifically about dark matter, dif-
fers completely from what motivated logical empiricists to commit to their specific 
version of semantic anti-realism. The relevant cornerstone of logical empiricism 
is the verification principle of meaning. According to this principle, for a scien-
tific statement to be meaningful is for it to be verifiable. Unobservables/ theoreti-
cal terms were not considered verifiable, or at least not in a sense that was direct 
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or appropriate enough. Electrons were thus not to be thought of literally, as, say, 
charged particles. ‘Electron’ is merely a string of symbols, a label that summarises 
a complicated laboratory procedure resulting in a specific pattern of observables. 
This principled motivation results in a semantic anti-realism of maximal scope, with 
respect to types of unobservables and scientific theories as well as with respect to 
temporal duration. Their semantic anti-realism was thus universal (i.e. applicable to 
all unobservables in all theories) and eternal (i.e.  independent of current or future 
evidence). It is thereby not relevant at all—in contrast to the problems for dark mat-
ter realism diagnosed in the current paper—whether theory plus experiment specify 
exactly what the properties of such theoretical terms would be (e.g. in the case of 
electrons) or fail to do so (e.g. in the case of dark matter). Moreover, given such per-
manent lack of meaning of unobservable terms one can then not even formulate the 
question of epistemological realism (or perhaps one should say that that question is 
answered with a trivial no).

The indefinite suspension of semantic realism that I advocate in the specific con-
text of dark matter stands in stark contrast to this. There is no principled methodo-
logical constraint that underlies the threat to dark matter realism. It merely arises 
in this specific context due to the strong underdetermination of the common core 
of the dark ‘matter’ concept by the currently available evidence pertaining to this 
concept. Whereas the universal semantic anti-realism of the logical empiricists 
was incompatible with epistemological realism—one did not even reach the final 
question in the decision tree of Figure 1—this maybe-never-but-definitely-not-yet-
semantic-realism is logically compatible with both epistemological realism and anti-
realism. If future empirical data is capable of pinpointing (almost) exactly what dark 
‘matter’ is, that is, if more data could overcome the underdetermination of current 
models, this would enrich the semantic common core of the dark ‘matter concept’: 
semantic and epistemological realism would be vindicated simultaneously. The view 
advocated in this paper is consistent with being an optimist about science being able 
to narrow down the DM common core, to enlarge its evidence-supported semantic 
content sufficiently to make it clear what it is that one would be a realist about. Fig-
ure 2 indicates this alternative logical structure between metaphysical, semantic and 
epistemological realism.

Fig. 1   Traditional decision tree for scientific realism vs anti-realisms (or agnosticisms)
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Note that the view advocated in this paper is thus distinct and independent from 
Hacking’s well-known anti-realism about entities that fall under the purview of 
astronomy (and presumably also cosmology) [46],14 as I take his view to be a clear 
instance of epistemological anti-realism even though he states that he is not advocat-
ing any particular type of anti-realism. After all, his arguments are based on the lack 
of the possibility to intervene, the indirectness of the observations, and the problem-
atic use of models. These do not relate to the semantic dimension of realism about 
the unobservables in question. For instance, with respect to his chosen case study, 
that of gravitational lenses, the issue is not that it is not clear what type of thing 
these are, i.e., what the concept of a gravitational lens is. The theory is quite clear on 
this. The arguments focus on supposed epistemological difficulties related to token 
gravitational lenses, that is of confirming whether there exists a gravitational lens in 
a specific region in the universe and what the exact values for this specific object are 
of the variables that describe the set of possible gravitational lenses. Contrast this 
with the (partially) astronomical entity that we are after, dark matter: we barely even 
know what type of thing dark matter is, let alone whether any and, if so, ‘how many’ 
dark matter ‘units’ there are in a specific region in space. (It should be noted though 
that if dark matter is a particle, it falls not just under the purview of astronomy and 
cosmology, but also of particle physics. ‘Direct detection’ or production of these 
particles on earth would most likely be a way to circumvent Hacking’s worries for 
at least the specific case of dark matter, more amenable to his interventionist criteria 
for realism.) That the species of anti-realism he advocates is epistemological rather 
than semantic is confirmed further when he ends his paper by saying that “[a]stro-
physics is almost the only human domain where we have profound, intricate knowl-
edge, and in which we can be no more than what [V]an Fraassen calls constructive 
empiricists” [46, p. 578], i.e. semantic realism and epistemological anti-realism. 
Even more relevant is that he is dismissive of semantic realism/anti-realism debates, 
considering them to be empty due to their typical lack of attention to the details of 
science. Whether that verdict does or does not do justice to logical empiricism, the 
argument against semantic realism in this paper is naturalistic, as it receives its sole 
motivation from the state of the currently available evidence in cosmology, astro-
physics and particle physics. In sum: the indefinite suspension of semantic realism 
about dark matter in this paper is—although perhaps compatible with it—distinct 
from Hacking’s epistemological anti-realism about all astronomical unobservables.

Up till this point I have been careful to only make a negative claim, i.e. that we 
currently do not have sufficient justification for adopting a specific position, namely 
semantic realism about dark matter. This seems to leave us with two options for 
positions that we could affirm: “semantic anti-realism” or semantic agnosticism 
about dark matter, i.e. the disjunction of semantic realism and “semantic anti-
realism”. If this is indeed the appropriate dilemma (but see below), I sympathise 
with agnosticism. After all, although there currently isn’t sufficient justification for 
semantic realism and, a fortiori, scientific realism about dark matter, we do not have 
sufficient justification for its negation either—after all, we have good justification for 

14  For critical responses, see [47–49].
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believing that postulating only luminous matter (plus the assumption of Einstein’s 
theory of general relativity) will not suffice to explain or even just account for the 
gravity-mediated cosmological observables mentioned in Sect. 2.

Agnosticism is ‘right in between’ realism and anti-realism. Shapere seems to 
disagree, considering agnosticism to be potentially much closer to realism than to 
anti-realism, when he proposes what seems like a mixture of agnosticism and real-
ism, in the specific context of gravitational lenses [47]. However, the agnostic aspect 
of his proposal is in fact much less radical than agnosticism about realism vs anti-
realism, since he means that we can (and should) be realists about the existence of 
gravitational lenses even though, for various reasons, we have to remain agnostic 
about (the exact value of) a few of their properties. In fact, it is not radical at all, but 
reflects nothing more than the norm, made inevitable by the limited accuracy of any 
experiment: of no entities that we are realists about do we know all their properties 
infinitely precisely.

In the spirit of Shapere, one may even try to argue against the main thesis of this 
paper as follows. Although the semantic content of the common core concept of 
dark ‘matter’ is indeed very small, that is still more than nothing. Should we then 
not conclude a very meagre form of (semantic) realism, rather than anti-realism or 
agnosticism? I disagree. Such a supposed form of minimal realism is much closer to 
anti-realism or agnosticism than it is to being a (semantic) realist about, say, elec-
trons. If one does not know whether one is believing in either, say, primordial black 
holes or an ultralight boson with a De Broglie wavelength of the order of 1 kpc15 (or 
one of several other distinct options), then asserting the belief in the disjunction of 
these radically distinct options and considering that to be a form of realism is much 
worse than, say, claiming oneself to be a realist about electrons in virtue of believing 
in muons.

To sum up: realism with a pinch of agnosticism/uncertainty about the exact prop-
erties of the entity in question (for instance about gravitational lenses) is more than 

Fig. 2   Alternative decision structure for scientific realism vs anti-realisms (or agnosticisms), with the 
semantic and epistemological components having become independent dimensions of realist commit-
ment. Note that the question of semantic realism is now indexed by the current time

15  Fuzzy dark matter [50].



	 Foundations of Physics           (2022) 52:16 

1 3

   16   Page 12 of 19

fine, but in the case of dark matter the uncertainty dominates to the extent that it 
becomes unrecognisable as honest realism. This suggests instead the plausibility of 
pure overall agnosticism about semantic realism vs “semantic anti-realism” about 
dark matter. There may well be other case studies that fall in a grey area, i.e. the 
thickness of the semantic common core of the concept in question is right in between 
that of dark matter and of electrons, such that it may be tricky to decide whether 
that common core is semantically thick enough to satisfy the semantic component of 
realism. Although I wouldn’t necessarily have anything in general to say about such 
grey cases,16 their existence would not imply that there are no fairly black or white 
cases, which I indeed take dark matter to be an instance of.

All that being said, it’s important to note the following subtlety. Although real-
ism, agnosticism and anti-realism may well be the appropriate and complete list 
of options as far as the metaphysical and epistemological components of realism 
as well as scientific realism tout court are concerned, the semantic component is 
special. What is at stake is, among other things, exactly whether the unobservable 
entity in question is conceptually substantive/well-defined/meaningful enough, and 
thereby also whether claims both about the existence of this entity (i.e. realism) as 
well as about its non-existence (i.e. anti-realism) are meaningful. If the term ‘dark 
matter’—in the sense of one of the semantic common cores in Sect. 2—is not very 
meaningful (yet), claiming that dark matter exists or claiming that dark matter does 
not exist (or claiming the disjunction of these two claims) is equally vacuous. Sat-
isfying the semantic component—or at least that aspect of the semantic component 
that concerns the concept under consideration being well-defined enough—thus 
seems to be a precondition for being able to formulate the scientific realism vs. anti-
realism disagreement.

A potential response is as follows. Although it was pointed out above that it 
would not help the semantic realist to replace the common core by a disjunction of 
many (known)17 dark matter models, things look better if one were to cash out anti-
realism as the belief that it is not the case that that disjunction exists, which would 
be equivalent to believing in the conjunction ‘black hole dark matter does not exist 
AND fuzzy dark matter does not exist AND ... etc.’; this would be a coherent posi-
tion. However coherent, there is no indication that this anti-realist position about 
dark matter is currently justified. If one were to insist on affirming a specific position 
regarding dark matter realism—but recall that the upshot of this paper is primarily 
the negative claim that it is too early to be a (semantic) realist about dark matter—
we’re thus back at (semantic) agnosticism.

16  One option could be to default to agnosticism, another option could be to bring in degrees of belief in 
realism.
17  Another worry here is that there may be unconceived alternatives; there is no guarantee that, even if 
we end up finding dark matter, it will be one of the options we have already thought of.
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5 � Genes

The main point of this paper has now been made—the current evidence does not 
(yet) justify selective semantic realism about dark ‘matter’, and a fortiori no full-
blown scientific realism about dark matter either. One may wish to retort however 
that we know for certain that luminous matter plus Einstein’s laws of gravity cannot 
be the full or correct story. We know that something is missing. Do we not have 
good reason to believe that physics will narrow down the common core concept of 
dark ‘matter’ in the foreseeable future? And if so, does this guarantee not allow us 
to already be scientific realists, including semantic realists, about dark matter right 
now? Before responding to these questions, let us continue the history of genes up 
until current times [37, 39, 51]. Be prepared for a messy story—too messy to vindi-
cate contemporary realism about genes and arguably even messy enough to justify 
contemporary anti-realism about genes.

Genetics has advanced immensely since Mendel, initially corroborating the sim-
plicity of Mendel’s factors but eventually revealing a concept that is much more 
complex than expected. After Mendel, genes could be accessed more directly, not 
merely through breeding experiments. Classical genetics focused on the chemical 
nature of the gene, conceiving of each gene as being responsible for the production 
of a single enzyme—a protein that is a biological catalyst for chemical reactions in 
the cell. Classical genetics transitioned to molecular genetics in the 1950s, with as 
highlight the 1953 DNA model of Watson and Crick and the subsequent uncovering, 
in the 60s, of the genetic code. This is a mapping from stretches of DNA to protein 
structure. The concept of a “gene” was eventually identified with Benzer’s concept 
“cistron” [52], the DNA stretch that codes for the structure of a single protein mol-
ecule. At this point it may seem that we have a vindication of Mendel’s factors of 
inheritance, a tangible and semantically thick concept of a gene that is a precisifica-
tion, a filling in, of the original idea.

However, the cistron is merely a ‘unit of function’ of DNA, a ‘unit’ that is, in 
various senses, neither neatly localised, nor necessarily temporally stable, nor 
defined uniquely or without vagueness, nor a complete, context-independent expla-
nation of observed breeding patterns. It is not clear that we should talk about a uni-
fied concept, a unit, at all. Consider first locality and stability. A single cistron need 
not be contiguous—it can be interspersed with non-coding stretches of DNA called 
introns [51, 53, 54], or it can even correspond to stretches of code from two dis-
crete organisational collections of DNA called chromosomes (via a process referred 
to as RNA trans-splicing). Conversely, multiple cistrons need not be (fully) sepa-
rated, as their associated DNA stretches can partially overlap [51, 55] or one code 
can even be embedded in the other. More radical even than RNA trans-splicing—
where the stretches of code from two chromosomes are used but the chromosomes 
are left intact—is recombination of genes. During meiosis chromosomes can cross 
over; they break and exchange genetic material in a way that does not respect cistron 
boundaries. The unit of recombination that is “passed on intact is not the same as 
the [functional] unit that makes a protein” [37, p. 84]! This lead Benzer to con-
clude by the mid 1950s that the word ‘gene’ had become a “dirty word” [43, p. 
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285] [39]. For similar reasons it is also not clear that it is the correct evolutionary 
unit that is selected for, with the cross-generational stability that Mendel expected. 
Although evolution is often even defined in terms of gene frequency, with the gene 
being passed on as a discrete unit, this is arguably an idealisation [37, §6.3]. A gene 
is arguably both too large—cistrons are broken when gene recombination occurs via 
sex or meiosis—and too small, as larger stretches of genetic code (of various sizes!) 
are usually selected for, i.e. genes tend to be evolutionarily relevant in the context of 
other genes rather than by themselves. There is no unique length of a DNA stretch 
that is passed on intact across generations, contra the spirit of Mendel’s original 
ideas.

Consider now the ambiguities in the definition of the concept of a gene, as well 
as its merely partial, context-dependent role in accounting for observables. The 
complexity of modern genetics has lead some authors to simultaneously recognize 
multiple gene concepts. Moss [56] modestly starts off with two concepts: gene-P 
(an instrumentalist definition—anything in the genome that relates to predicting 
the observable phenotype, without requiring a one-to-one relation between genes 
and traits—somewhat resembling early genes) and gene-D (a specific molecular 
sequence). Griffiths and Stotz [57] employ three or four concepts.18 Before that, 
Sterelny and Griffiths [60, p. 133] even went as far as claiming that the concept of 
‘gene’ is context dependent, it being used as a “floating label” for any bit of DNA 
that is of interest.

Moreover, the gene-D is by itself indeterminate with respect to phenotype; its 
interaction with a plethora of other developmental resources is what determines the 
observable traits [39, 51]. For instance, molecules binding to ‘promoters’ located 
near the cistron can determine whether that stretch of code is or is not transcribed 
into RNA, and raw RNA transcripts can then be alternatively spliced by trans-acting 
repressors and activators into various finished RNA transcripts for protein synthe-
sis. These two and a myriad of other factors determine whether and how the gene 
contributes to the synthesis of proteins and is eventually responsible for traits. Inter-
estingly, the white-eye ‘gene’ in fruit flies that made Morgan’s group (see above) 
famous turned out to be a mutation in a promoter instead [37]. Explanation of cross-
generational patterns of a trait has become context-dependent, a holistic story, rather 
than being reducible to a single gene, an ontologically privileged “atom of inherit-
ance” [37, p. 85].

Add to this multiplicity of concepts of genes and the holistic, complex nature 
of modern genetics that there does not seem to be a unique genetic unit of evolu-
tion, and we realise that ‘genes’ are, at the very least, “more indefinite and blurry 
entities than had been supposed” [37, p. 97]. More strongly put, “[g]enomes are 
more organzied objects, and their partition into genes more artificial, than the clas-
sic models suppose” [37, p. 99]—a deliberate simplification. “There is a fact of the 
matter about the structure of DNA, but there is no single fact about the matter what 
the gene is”.19 This Mendel-inspired view of a hereditary atom, despite being the 

18  For other examples of multiple gene concepts, see [58, 59].
19  Richard Burian [61, p. 37], as quoted by Fox Keller [58, p. 66].
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driver of success in the early 20th century, might now have become “a hindrance to 
our [further] understanding”, “a concept past its time”20 that is “no longer useful”.21

I am tempted to conclude that we should, at the current time, be anti-realists 
about genes. Even if one does not agree with this, it is fair to say that the current 
understanding of the concept of gene has not (just) filled in Mendel’s vague concept, 
but at least significantly augmented it and to an extent replaced it [37, 64]. We may 
wonder whether we would talk about genes at all, if not for the route via Mendel and 
Morgan [37]. Would Mendel recognise the current concept as being in the spirit of 
what he had in mind, or consider it an unconceived alternative? Even if so, if one 
were a realist about Mendel’s factors in the early days, one would not have known 
that anything like this modern notion of ‘gene’ is what one was believing in. The 
Mendelian promise of a unified concept has not born out; ‘gene’ is still, or perhaps 
again, a semantically thin concept, at best.

Let us return to the questions at the start of this section. Several lessons can 
be learnt from the history of genes, all revolving around the cautionary theme 
that we should not count our chickens before they hatch. We may be in situations 
where we are certain that the ontology of our current theory or theories is not the 
whole story, or at least not the correct story, but without sufficient knowledge of 
what is missing we cannot (yet) be realists about the missing entity. To be a realist 
about the unknown is to not be a realist. This is most obvious in cases where our 
reasons for believing that the current story is incomplete are purely theoretical. 
That the standard model of particle physics has what many consider to be internal 
explanatory gaps, such as a lack of explanation of there being three generations 
of quark pairs and lepton pairs, does not by itself give any knowledge of that what 
is supposedly missing. Knowing that quantum theory and general relativity do 
not mesh well together is not sufficient to know what is missing or what needs 
to be changed. The cases of dark matter and genes are slightly different, slightly 
better, in that we have some empirical patterns to go on: cross-generational traits 
in breeding experiments, galaxy rotation curves, etc. However, we have seen that 
these initial hints from nature might falsely suggest a simple solution, a simple 
concept, realism about which would seem to solve the problem. Semantic thin-
ness should not be mistaken for definite simplicity.

There is no guarantee that we will be able to make the semantic common core 
concept of dark ‘matter’ more precise, more definite, less blurry, less vague. Even 
if we do manage to obtain more knowledge, that knowledge may reveal a concept 
that is more complex, less material, and more context-dependent than many of 
our current models suggest. Similarly to the case for genes, the locality of dark 
matter may not be as traditionally expected—the location of fuzzy dark matter 
[50], with its De Broglie wavelength of the order of 1kpc, is highly indefinite; 
Verlinde’s entropic gravity designed to mimic dark matter effects is non-local 
due to its holographic nature [65]. A cistron is in the first instance defined func-
tionally, rather than materially, as an entity in a well-defined, contiguous region 

20  William Gelbart [62, p. 660], as quoted by Fox Keller [58, pp. 67–68].
21  Peter Portin [63, p. 208], as quoted by Fox Keller [58, p. 67].
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of space/DNA. The MOND-formalism is sometimes also viewed, in the first 
instance, as a functional role, an algorithm, rather than a modification of gravity 
or a dark matter particle.

Similarly to the case for genes, we may require multiple types of dark matter. 
After all, the luminous matter sector contains a whole zoo of types of particles, so 
why would the energetically dominant dark matter sector of the universe not consist 
of multiple components?

Similarly to the case for genes, advocates of dark ‘matter’ indeed being matter 
rather than a modification of gravity tend to expect that the galactic correlations that 
MOND is known to be able to explain as well as several ‘small-scale challenges’ 
[31, 32] are in fact due to a complex, messy interaction of dark matter and luminous/
baryonic matter. Context matters.

Similarly to the case for genes, hybrid theories (see Footnote 11) suggest, at best, 
that there are entities that are both matter and spacetime or that are not (conceptu-
ally) stable over time (but switch, say, from being an aspect of gravity/spacetime 
when in galaxies to being dark matter when outside of galaxies) [28]. At worst, they 
may indicate a blurring of these traditional concepts, or even their inapplicability 
and need for replacement [30]. It is not guaranteed that once we find dark ‘matter’ 
it will be recognisable as such by, say, Zwicky, who first considered dark matter in 
the 1930s, in the context of galaxy clusters, or by the observers of galaxy rotation 
curves in the 1970s.

All these similarities consider merely conceived alternatives to mainstream dark 
matter candidates. Unconceived alternatives might make matters worse, just as the 
intricacies of the current concept of a gene which were very much unconceived of 
by Mendel.

Finally, even if the future of dark matter research vindicates a simple dark matter 
model that is close to the concept as originally envisaged, this still does not imply 
that we are currently justified in being (semantic) realists about dark matter already.

6 � Conclusion

According to the standard model of cosmology, ΛCDM, the mass-energy budget of 
the current stage of the universe is not dominated by the luminous matter that we 
are familiar with, but instead by dark matter (and dark energy). However tempting it 
may be to adopt scientific realism about dark matter, I advocate caution. Empirical 
data barely constrain the dark ‘matter’ properties—it is in fact not even certain that 
it is a form of matter. In light of this thin semantic content as of right now, I have 
argued against (already) adopting semantic realism about dark matter, drawing upon 
the lessons learnt from the analogous history of the concept of a gene. This denial 
of the semantic component of dark matter realism being satisfied is thus different 
from Hacking’s anti-realism about all astronomical entities, which is of an episte-
mological nature. It also differs from the semantic anti-realism of logical empiri-
cism, in that it is naturalistic, in such a way that it does not automatically apply to 
all other unobservables (or even just to all other astronomical unobservables, as with 
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Hacking’s anti-realism) and that it might only be of a temporary nature. We may one 
day narrow down what dark ‘matter’ is, but for now we remain in the dark.
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