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Abstract
It has been argued that, in scientific observations, the theory of the observed
source should not be involved in the observation process to avoid circular rea-
soning and ensure reliable inferences. However, the issue of underdetermination
of the source has been largely overlooked. I argue that concerns about circularity
in inferring the source stem from the hypothetico-deductive (H-D) method. The
epistemic threat, if any, arises not from the theory-laden nature of observation
but from the underdetermination of the source by the data, since the data could
be explained by proposing incompatible sources for it. Overcoming this under-
determination is key to reliably inferring the source. I propose a bidirectional
version of inference to the only explanation as a methodological framework that
addresses this challenge while circumventing concerns about theory-ladenness.
Nevertheless, fully justifying the viability of the background theoretical frame-
work and its accurate description of the source requires a broader conception
of evidence. To this end, I argue that integrating meta-empirical assessment
into inference to the only explanation offers a promising strategy, extending the
concept of evidence in a justifiable manner.
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1 Introduction
Suppose that theory T predicts x. Suppose further that x is an entity or phenomenon
that is imperceptible to our senses but observable by means of our instrumental
techniques. Typically, scientists collect representational data through an experimen-
tal/instrumental setup that is supposed to represent x. A crucial inferential step in
this scientific observation is the inference to the source (x) being observed. Therefore,
the source (x) is an observational consequence of the theory T, and the experimen-
tal/instrumental setup is designed to detect data originating from it. Note that since
modern observations in physics are usually observations of theoretical entities, a the-
ory/model of the source is usually derived from a theory that provides a descriptive
account of what the source is and what its basic properties are. In this sense, the
source should not be confused with its theory. In other words, the source is a natu-
ral phenomenon in the physical world, while the theory of the source is our expected
theoretical description. The issue at hand is what is the reliable methodology to infer
this natural phenomenon given the detected representational data and our expected
theoretical description of it.

Perhaps the most prominent frameworks that come to mind are hypothetico-
deductivism(H-D), eliminative reasoning(ER), and inference to the best explana-
tion(IBE). Normally, when one uses eliminative reasoning or IBE, one starts with the
evidence, goes through a process of elimination based on the evidence and background
knowledge, and ends up with a hypothesis that is accepted as true or provides the
best explanation. In contrast, hypothetico-deductive reasoning starts with a hypoth-
esis and, by finding consistent observations for its deduced predictions, ends with a
confirmed hypothesis. That is, the direction of eliminative reasoning and IBE is from
evidence to hypothesis, whereas the direction of hypothetico-deductive reasoning is
from hypothesis to evidence. However, as noted above, what we are dealing with in
the process of observation is inference to the source, not confirmation/testing of the-
ory; does the received version of any of these approaches account for this inferential
step, and what are the epistemic concerns in relation to each of them?

The philosophical literature is replete with the discussion of theory-laden obser-
vation and circularity with regard to the evidential role of observation in testing and
confirming theories. However, only a few philosophers have positioned this discussion
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within the process of observation itself, that is, theory ladenness and circularity with
respect to inference to the source. It has been argued that in order to infer the source
reliably, the theory of the source should not be involved in the process of observa-
tion (Hacking, 1983; Kosso, 1988; Azzouni, 2004, 1997) or, if it is, there should be an
independent empirical access (Franklin, 2002).

These epistemic challenges are not confined to mere theoretical discussions, but are
manifested in scientific practice. For example, a number of scientists and philosophers
of science have raised concerns about the epistemic aspects of observing binary black
hole mergers. Specifically, concerns have been raised about the theory/model ladenness
of binary black hole observation and its evidential role in testing general relativity(GR)
in this extreme gravitational regime (Yunes and Pretorius, 2009), as well as the alleged
circularity of the observations (Elder, 2023).

Since, as will be shown in the body of this paper, the observation of binary black
hole mergers does not satisfy any of the normative conditions for inference to the
source suggested by the philosophical accounts mentioned, how can one account for it?

In this paper, I argue that concerns about circularity are a consequence of the H-
D method. The epistemic threat, if any, comes not from the theory-laden process, but
from the underdetermination of the source by information, since the data could be
explained by proposing incompatible sources for it. To reliably infer the source is to
overcome this underdetermination. I propose a refined method - inference to the only
explanation - augmented by meta-empirical assessments to overcome these epistemic
challenges.

The paper proceeds as follows:
Section 2 begins by embedding the inferential process of inference to the source in

the framework of hypothetico-deductivism, as some philosophers have done, leading to
a particular kind of underdetermination that I call “underdetermination of the source
by information.” It ends with the conclusion that H-D is not the appropriate method
for this inference. In subsection 2.2, I shift the discussion to the relation between data
and phenomena, drawing on Massimi (2007), “saving unobservable phenomena,” as
a promising starting point for developing a methodological framework for inference
to the source. Subsection 2.3 recognizes this bidirectional inference as an eliminative
inference, which will be called “inference to the only explanation.” Section 2 concludes
with remarks about improvements to this version of eliminative reasoning that make
it well suited for the inference to the source in observational processes in scientific
practice.

Section 3 is dedicated to presenting a case study that has been the focus of theory-
laden observation and alleged circularity, namely the observation of binary black
hole mergers. Subsection 3.1 presents the parameterized post-Einsteinian strategy
developed to mitigate the theory-ladenness of the observation with respect to test-
ing general relativity in the extreme gravity regime. Subsection 3.2 concludes with
remarks on the limitations of these strategies in resolving the “underdetermination of
the source by information” thesis articulated throughout the paper.

Section 4 begins with the application of inference to the only explanation method
to the case study and recognizes that in order for the method to be epistemically
reliable, a broader concept of evidence is essential. Subsection 4.1 and 4.2 show that
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both the application of the method and the integration of meta-empirical assessments
into it are possible to break the underdetermination in the case of binary black hole
mergers. Some concluding remarks are given in Section 5.

2 Reassessing Methods of Inference to the Source
2.1 Hypothetico-deductive Method
As indicated above, hypothetico-deductive reasoning starts with a hypothesis and,
by finding consistent observations for its deduced predictions, ends with a confirmed
hypothesis. So, if one embeds inference to the source in this framework, one must nor-
matively reason that the theory of the source being observed should not be involved in
the observation process, otherwise it cannot count as a genuine observation. The moti-
vation for this comes from the general understanding of the methodological framework
in theory testing and theory confirmation. That is; to truly test a theory, it should not
be involved in the observational process. In short, according to this logical reasoning,
theory-ladenness leads to a kind of circularity.

If the theory/hypothesis of the source system to be observed is involved in the
observational process itself, then the source is underdetermined by the information
gathered in the observational process. That is, one cannot reliably infer the source
system from the information gathered, which is extracted from data and background
knowledge. This epistemic problem affects the reliability of the empirical evidence.
In other words, the inferential step appears to be circular in the sense that one
must assume the theory of the source to be observed in order to include it in the
observational process.

The response of philosophers of science to the epistemic problems I have just out-
lined is varied. There is a tendency for some philosophers to ignore it as an epistemic
problem altogether, focusing more on experimental/instrumental reliability (Shapere,
1982), or in relation to theory testing, some have argued for a case-by-case examina-
tion of whether circularity is epistemically threatening (Carrier, 1989; Brown, 1993,
1994). When it comes to circularity regarding inference to the source in an observa-
tional process (Hacking, 1983; Kosso, 1988), or inference to the existence of theoretical
entities (Azzouni, 2004, 1997) these philosophers have opted for a normative argu-
ment that the theory of the source should not be involved in the observational process.
Alternatively, it is also argued that an independent test of the theory of the source is
required when it is involved in the process of observation (Franklin, 2002). It is also
argued that hypothetico-deductive reasoning requires an independent test of a theory
that postulates a cause to explain a phenomenon in order to show that the cause is
indeed behind the phenomenon (Worrall, 2000). More recently, an alleged circularity
has been argued for in the observation of binary black hole mergers (Elder, 2023),
which will be the focus of this paper.

In what follows, I provide a more detailed overview of philosophers’ responses
to the issue of inference to the source in theory-laden observations. Shapere (1982)
argues that in many cases of observation, one can identify the theory of the receiver,
the theory of transmission, and the theory of the source. According to Shapere, the
theory (model) of the source is usually based on well-established available theories
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that provide background information. However, on his account, the involvement of
the theory of the source being tested in other parts of the observational setting is
allowed, as this does not necessarily prevent possible disagreement between prediction
and observation results (1982, p. 516, footnote 17). Shapere’s central example is the
observation of the center of the sun in the case of the solar neutrino experiment where
the theory of weak interaction is involved in the theory of the source and the theory
of transmission. As it appears, Shapere puts more epistemic load on the theory of
the receptor. Namely, if it is reliable, it can detect discrepancies. The reliability, for
Shapere, is secured when there is no room for reasonable doubt.

Hacking (1983) describes Shapere’s account as “the best extended study of obser-
vation,” but urges him not to “fall prey to the fallacy of talking about theory
without making distinctions” (1983, pp. 183-185). He advances the “argument of
independence” as an addition to Shapere’s account, and claims that,

Something counts as observing rather than inferring when it satisfies Shapere’s minimal
criteria, and when the bundle of theories upon which it relies is not intertwined with the
facts about the subject matter under investigation (1983, p. 185).

Kosso (1988) by building on Shapere and Hacking, argues that inferring the source
of information (x) is reliable only when it is reached through a theory independent of
the theory of the source (phenomenon). A similar argument can be found in Azzouni
(2004, 1997), who argues that the epistemic credibility of sensory observations derives
from their compliance with his four criteria for thick epistemic access. He argues that
the epistemic significance of thick epistemic access to theoretical entities derives from
the similarity of the robustness of instrumental interaction to that of perceptual obser-
vations. That is, like perceptual observations, robust instrumental interactions are
independent of the theory of the object (1997, pp. 477-478). Franklin (2002) proposes a
list of epistemic strategies for a reliable experiment. One of the strategies is related to
inference to the source. Franklin suggests to “use an independently well-corroborated
theory of the phenomena to explain the experimental results.” According to Franklin,
there should be independent empirical support for the theory of the phenomenon.

It follows that, if for a reliable inference to the source, its theory should not be
involved in the observational process or there should be independent empirical support
for it, and if these are not available, then one cannot reliably infer the source (the
reasoning becomes circular).

As we can see, the responses to this epistemic problem revolve around well-
established available theories that provide background information, the argument from
independence, the argument from robustness, the argument from coincidence, and the
argument from consilience. All of these epistemic strategies are valuable in their own
right and can be useful in cases where they are applicable.

In the final part of this subsection, I will critically examine the above accounts
and address their limitations.

First and foremost, Shapere’s account suffers from at least two problems. Firstly,
the mere possibility of disagreement between prediction and observation results is far
from a justifiable criterion for reliable observation. One should not build reliability
on mere possibilities, as this criterion is too weak and lacks epistemic significance.
Let’s assume H1, the theory (model) under test, represents the source we intend
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to infer, while the theory of the receiver is significantly independent of the source
theory. According to Shapere’s thesis, if the data is consistent with H1, scientists
are justified in inferring the source in the manner that H1 represents, which appears
permissible. However, what if the theory of the source being tested contributed to
the production (processing) of the data? In such a case, if scientists had employed
any theory, it would have guided them to infer the source as represented by that
theory, since the data would have been consistent with that theory. This situation
renders the source permanently undetermined by the data. This is because the raw
data, independent from the source theory, cannot conclusively discern the source. The
observation of a binary black hole merger by the Laser Interferometer Gravitational-
wave Observatory (LIGO) and Virgo collaboration is a case in point since the models
played a crucial role in extracting waveforms from the strain data. The strain data on
its own not only cannot confirm or disconfirm the theory, it also cannot provide an
accurate test for the models which are built based on the fundamental theory since
the accuracy of the models is to be assessed in the same process. Secondly, as noted
above, the mere reliance on background information obtained from well-established
theories makes Shapere’s thesis vulnerable to the objection regarding the justifiability
of the background information, i.e., no systematic epistemic justification is provided
to delimit the possible alternatives that might deviate from the fundamental theory
taken as background.

Moreover, one can easily find examples of observations in scientific practice that
are based on a single method and principle, and even the theory of the target system
is involved in the observation process like the observation of the first binary black hole
merger.1 So, if the proposed criterion for the inference to the source is intended to
account for all those cases in scientific practice that are called “observation,” then I
think it falls short. If not, it is not clear to me how the proposed criterion is supposed
to resonate with scientific practice.

In addition to that, a more fundamental problem is the problem of underdetermi-
nation. Many modern scientific observations are observations of so-called theoretical
entities or processes that are predicted by a particular theory (or particular models
of the theory). The properties of these entities or events are represented by the the-
ory that predicts them. Thus, even in cases where the argument from independence
holds, one has to give reasons why we should believe that the phenomenon (or the
signal, the data) really corresponds to the target system described by the theory or
the model and not to something else. In other words, the target system seems to be
underdetermined by the evidence, despite the convergence of the samples we collect
from different methods of inquiry. One can still argue that even if we are confident
that the signal is not an artifact, but rather an original one, the concern remains
about determining which target system the signal represents, since different theories
or models may predict inconsistent target systems, or the signal might come from
something that it is not conceived yet.

All in all, I think the main problem lies elsewhere. As Norton (1994) and Massimi
(2004) argue, the argument from underdetermination with all its variants is effective
when we take hypothetico-deductivism as our methodological framework. I go further

1see also Chalmers (2003) for an argument against the argument from independence.
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and argue that the problem of theory-ladenness, which underlies all the concerns of
Hacking, Kosso, Azzouni, and Franklin, for example, in the case of the inference to
the source, arises at least in part from taking hypothetico-deductivism as a method-
ological framework.2 This is because, according to this method, the hypothesis to be
tested should entail, through its deduced predictions, the evidence that is expected
to support it. Therefore, to truly test the hypothesis, it should not be involved in
the observational process. This idea is extended to work in the process of observation
itself, and has taken the form that the theory of the source of information should
not be involved in the process of gathering information about the source that is to
be inferred. Worrall (2000, p.66) gives a nice illustration of the difference between
demonstrative induction and hypothetico-deductivism. Although he denies that there
is a significant difference between the two methods, he points out that hypothetico-
deductive reasoning requires an independent test of a theory that postulates a cause
to explain a phenomenon, in order to show that the cause is indeed behind the phe-
nomenon. So, whether this epistemic issue is supported by the underdetermination
thesis or the theory-ladenness thesis, it can bite when this inferential process of the
source system is put into the hypothetico-deductive framework, and I believe that it
is not the correct way to reconstruct how inferring the source is really conducted in
scientific practice. This should not be taken as a rejection of the H-D framework alto-
gether. Discussions about the justifiability of the H-D method and its applicability
in science go far beyond the scope of this paper. The main point to be made here is
that this methodological framework cannot account for the inference to the source in
observational processes.

The main lesson to be drawn from the above discussion is that philosophical
accounts of inference to the source are either too flexible, rendering them epistemically
insignificant, or too normative, preventing them from accurately reflecting scientific
practice. A more fundamental shortcoming is that the overall inferential framework
employed - the H-D method - does not align well with inference to the source in
observational processes. In what follows, I will explore an alternative approach that
establishes an explanatory link between data and phenomena, ultimately leading to
a more robust account of inference to the source: bidirectional inference to the only
explanation.

2.2 Data and Phenomena: The Essential Role of Explanation
Bas van Fraassen (1980) argues that scientific theories save the observable phenomena,
and observable for him is what is perceived by the naked eye. Therefore, according
to him, the minimal criteria for accepting a theory is giving a true account of the
observable phenomena, which is called empirical adequacy. Later on, van Fraassen
(1985, 2001, 2002) relaxes his position and expands the domain of observables to
the images that are produced by instruments but remains agnostic regarding any
correspondence between these images and the supposed source behind them. It seems
his major concern with entities or events that are unobservable to the naked eye was
(and still is) that the belief in the instrument-produced phenomena (like electron
microscopes and bubble chamber photographs) cannot be extended to the source they

2see Adam (2004) for a similar reasoning regarding theory testing.
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are supposed to represent. This is because, he believes, there is no sensory access to
the supposed source to confirm its existence, which implies that sense experience is
the only reliable method to observe something.

Arguably one of the most effective critiques of van Fraassen’s construal is Bogen
and Woodward’s (1988) distinction between data and phenomena, where they directly
oppose constructive empiricism for failing to recognize this crucial distinction, which
blurs the distinction it makes between the observable and the unobservable. That
is, according to constructive empiricism, the empirical adequacy of theories derives
from saving the phenomena, but the phenomena are not primarily what can be sensa-
tionally observed, rather the data are what can be sensationally perceived (1988, pp.
350-351). They further argue that “well-developed theories predict and explain facts
about phenomena,” whereas data are not “predicted and systematically explained,”
i.e., data are idiosyncratic and phenomena are robust features of the world (1988, p.
306). According to Bogen and Woodward, data provide evidence for the existence of
phenomena, and as long as the evidence and the method of data collection are reliable,
we are justified in believing in the “unobservable” phenomena.

Most importantly, Bogen and Woodward argue that it is not only data that pro-
vide evidence for phenomena, but facts about phenomena also serve as “evidence for
high-level general theories by which they are explained” (1988, p. 306). In other words,
general theories are tested against facts about phenomena. Therefore, they disregard
the possibility that the general theory is involved in the process of inferring the phe-
nomena. This is because they reject the need of a systematic explanation of the data
to assess its reliability.

However, Bogen and Woodward concede that some explanatory connection
between data and phenomenon might be necessary to establish a causal connection
between them, but they accept it only as a necessary, not a sufficient, condition for
the reliability of the evidence, i.e., that E is the evidence for H since other factors like
background noise can influence the evidential status of E (1988, p. 341, footnote 34).
In their explanation of what kind of explanation this explanatory connection would
be, they distinguish two versions of the inference to the best explanation:

First, the notion of “best explanation” is to be understood in the sense that H is
the best explanation for E because, given the other alternative causal explanations
competing with H, H is the correct one. That is, the alternatives are eliminated based
on the truth condition, and then H is taken to be the best explanation for E.

Second, the notion of “best explanation” is to be understood in the sense that H
is the best explanation for E because, given the other alternative causal explanations
that compete with H, H has the best explanatory power. That is, the alternatives are
ruled out because they are not the “best” according to the criterion of explanatory
goodness, which in turn is based on a theory of explanation (1988, pp. 338-339).

They correctly point out, I think, that this explanatory link is the first version
which I think is better to be called inference to the only explanation. This means,
the reliability of the evidence including its explanatory causal connection to the phe-
nomena is established, broadly construed, based on eliminative reasoning. Although
throughout the paper Bogen and Woodward reject the possibility of extending the
concept of observation to include phenomena as their criteria for observation and
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observability is sense perception, the above construal will be helpful to understand
the concept of observation in practice including that of binary black holes if one
reconstructs this observation in actual scientific practice.

Massimi (2007) picks up the discussion and introduces the role of data models
and theoretical models in the process of saving the phenomena. She argues that phe-
nomena appear in data models and data models are “relational structures” which
are achieved from the process of data selection and reduction. Theoretical models
are various models of the same general theory proposed to save the phenomena. She
takes the debate further by giving phenomena a new meaning that is at odds with
the empiricist’s understanding of them: instead of images of reality, phenomena are
what Kant called objects of experience, and they are what we have epistemic access
to (2007, pp. 240-241). Thus, if theoretical models save the phenomena which mani-
fest themselves in data models, and if phenomena include both visually accessible and
inaccessible ones, then in the case of having reliable evidence, contrary to constructive
empiricism, empirical adequacy extends to visually inaccessible phenomena, and con-
sequently to justifiable belief in theoretical entities proposed by theoretical models.
Massimi argues that this can be defended in two ways: first, by showing the essential
similarity between the inferential paths to the visually inaccessible phenomena and
to the theoretical entity. Second, by presenting a reliable way to select a theoretical
model that best fits the data model (2007, p. 249).

She continues taking the second way as follows. A background theory consisting of
a family of models imposes constraints on the possible expected values for the param-
eter that the data model is intended to measure. Thus, the background theory helps
to provide information in this inference process. But the actual probability calculation
of the intended parameter is done by incorporating the properties of the theoretical
entities suggested by the theoretical models and the value of the phenomenon mani-
fested in the data model. Since multiple theoretical models that may refer to different
theoretical entities may compete to explain the observed phenomenon in the data
model, the model that best fits the phenomenon given the empirical and theoretical
constraints is selected. That is, the theoretical entity manifests itself in a bidirec-
tional way, the “upward path” from the data model (the experimental result) and the
“downward path” from the theoretical model (the expected parameter value), and
eventually they converge to save the phenomenon (2007, pp. 249-250).3 Note that
this inference process that Massimi presents here is a more sophisticated version but
basically similar to what Bogen and Woodward (1988) present as the first version of
inference to the best explanation, which I call inference to the only explanation.

I should highlight a few reasons to show why I consider IOE to be a type of elim-
inative reasoning and to distinguish IOE from IBE. First, as noted above, IOE does
not rely on explanatory power to rank the candidates and select the best explanation,
but relies on the truth condition and rejects those alternatives that conflict with the
evidence (as noted, both theoretical and empirical evidence). Second, it does not have
a comparative nature to select the “best” explanation, but it necessarily eliminates
all but one, which is why it is better understood as eliminative reasoning. Third, IBE

3Wallace (1992) also argues that Galileo used a bidirectional inference in his observations.
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standard reasoning does not have to deal with the problem of unconceived alterna-
tives, i.e., the set of considered explanations need not be exhaustive, especially when
the IBE mode of inference is used to confirm the viability of a statement rather than
its truth. However, as I reconstruct the methodology from the scientific literature on
the observation of binary black holes, bidirectional IOE must address the problem
of unconceived alternatives. Fourth, IOE could be understood as an instance of IBE
if the set of considered alternatives contains only one candidate and no eliminative
reasoning is involved (Bird, 2007), but as we will observe in the our case study, the col-
laboration employs systematic eliminative reasoning to exclude, for example, binary
neutron starts and other scenarios.

In the following section I build on Massimi and Bogen and Woodward to introduce
inference to the only explanation in the sense that can be applicable, unlike what
they have done, to the actual process of the inference to the source in observational
situations in scientific practice.

2.3 Inference to the Only Explanation: A Two-Step Reasoning
Following Dorling (1973), Bogen and Woodward (1988), Bird (2005, 2007, 2010) and
Woodward (2024), I take eliminative reasoning as explanatory reasoning and call it
inference to the only explanation.4 This is because the use of the concept of expla-
nation works well when it comes to the inference to the source of information in an
observational process, since it has an informational virtue and informs us about the
source.5 The essential difference between IBE and IOE is that the latter, contrary to
the former, does not rely on the explanatory power of the hypothesis during the selec-
tion process among the alternatives. Instead, it relies on the evidence and theoretical
background knowledge. Therefore, the inferential process of IOE is eliminative, using
the evidence and background knowledge to eliminate all alternatives but one by con-
sidering them false. More specifically, in IOE, the best explanation is considered to
be the best explanation because all alternatives are considered not to be explanations
based on the evidence and background knowledge.

Probably the best way to illustrate IOE is a two-step argument: First, delimit the
space of alternatives; second, systematically eliminate all but one of the alternatives
based on evidence (evidence being understood as a combination of empirical and theo-
retical evidence). The two-step strategy is well documented in the literature (Kitcher,
1993; Norton, 1995; Bird, 2005, 2010; Forber, 2011; McCoy, 2021; Woodward, 2024).
For instance, Norton states eliminative reasoning as follows.

I shall construe eliminative inductions broadly as arguments with premises of two types:
(a) premises that define a universe of theories or hypotheses, one of which is posited as
true; and (b) premises that enable the elimination of members of this universe by either
deductive or inductive inference (1995, p. 30).

For Norton, the second step is based on observations, principles, laws, and well-
established theories which have an empirical basis. As for the first step, it is based on
those assumptions and arguments that are general enough and uncontroversial enough

4In the literature, it is also called demonstrative induction, eliminative induction, deduction from
phenomena, Holmesian inference, and eliminative inference.

5Similar reasoning can be found in Salmon (2001) , Cabrera (2017) and Woodward (2024).
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to encompass a large number of alternatives. For example, he argues that this kind of
reasoning is applicable to Einstein’s discovery of general relativity. In the first step,
Einstein assumed that the gravitational tensor is proportional to the stress energy,
and from this he identified the possible set of field equations. In the second step,
based on a number of principles such as general covariance, equivalence, conserva-
tion of energy-momentum, and the corresponding Newtonian and special relativistic
limit, he eliminated all possible field equations and saved Einstein’s field equations
(1995, p. 31).6 Norton explicitly argues that the inductive risk in eliminative rea-
soning is shifted to be located in the premises of greater generality, that is in those
premises that delimit the number of possible explanations. Furthermore, he argues
that the premises of greater generality become points of doubt only during major
scientific revolutions (1994, p. 20). Massimi argues that “the conclusion of a demon-
strative induction is empirically adequate with respect to the phenomena listed in
the phenomenal premises only insofar as it is also theoretically adequate with respect
to the theoretical constraints of the major premises” (2004, p. 269). In Massimi’s
terms, phenomenal premises and major premises denote premises of lesser generality
and premises of greater generality in Norton’s terms, respectively. In other words, she
argues that the conclusion of demonstrative induction is adequate in so far as both
steps of the eliminative inference, delimiting the possible alternatives and eliminating
the alternatives but one, are justified. However, she does not give an account of where
the justifiability of the theoretical constraints comes from. I will come back to this
point later.

Now, how can one incorporate inference to the only explanation into the observa-
tional setting itself? Recall that Massimi (2007) calls her version of inference to the
only explanation “saving the unobservable phenomena,” that is, she abides by the
empiricist tradition that links observation to perception. I think this reasoning, com-
bined with some improvements, is the correct way to reconstruct how the source is
inferred in observational processes in scientific practice. As we have seen, this specific
version of the IOE in Massimi (2007) has preserved its two-step reasoning; the only
difference that can be recognized is that the elimination process and the selection of
the best candidate in the second step are bidirectional. That is, the delimitation of
the possible explanations (in the form of theoretical models which introduce theoret-
ical entities) based on background knowledge, which she calls theoretical constraints,
is the first step in the inference to the only explanation. Without constraining the
possible explanations, the bidirectional elimination process is not possible. However,
as in her 2004 paper as well, Massimi does not provide an epistemic justification for
the process of constraining the possible explanations based on theoretical constraints.

Before addressing these problems and finally applying inference to the only expla-
nation presented here as inference to the source in observational processes, I present
a case study of scientific practice. An observation in scientific practice that seems to
share the feature discussed so far, namely the involvement of the theory of the source
in the observational process, which, according to the hypothetico-deductive method,
leads to circularity.

6Norton has identified the same reasoning in Bohr’s atomic theory, Newton’s law of gravitational
attraction, and blackbody radiation see (Norton, 1987, 1994, 2000).
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3 Case study: Observation of a binary black hole
Merger

On the 11th of February 2016 the LIGO scientific collaboration and Virgo collabo-
ration published a paper in which they report that on September 14, 2015 the two
detectors of the Laser Interferometer Gravitational-Wave Observatory simultaneously
observed a transient gravitational-wave signal. From that they announce that “this is
the first direct detection of gravitational waves and the first observation of a binary
black hole merger”(Abbott et al., 2016). This was followed by a storm of other obser-
vations of black holes and neutron stars. These observations opened a new window
for observing the previously unobservable parts of the universe and expanded the
spectrum of the observing channels through which we observe the external world.
It is worth mention that in this paper I am predominantly concerned with the first
announcement of the observation of binary black hole merger as an accepted obser-
vational claim in a specific period of time. Therefore, my discussion will for the most
part revolve around the observation of the binary and consider the gravitational waves
as an information channel.

The existence of gravitational waves is a prediction of general relativity as Einstein
developed the idea of wave solutions for his linearized weak-field equations. These
waves were conceived as spatial strains that travel at the speed of light.

The wave-form solutions to Einstein’s field equations describe gravitational waves
originating from a source, such as a compact binary, and propagating through gravi-
tational potential (curvature perturbation). However, Einstein’s field equations do not
provide exact solutions for compact binaries (Yunes and Pretorius, 2009; Kennefick,
2007; Patton, 2020; Elder, 2023). This is known as the general relativistic two-body
problem.

Scientists have addressed this problem by developing approximation schemes
derived from idealized solutions of the field equations to model compact binaries.
These approximations have allowed them to predict the gravitational waves that com-
pact binaries may produce. These models fit into Patrick Suppes’s categorization of
models, providing experimentally testable hypotheses (testable predictions) for a spe-
cific physical phenomenon embedded in the background theory (in this case, general
relativity). The accuracy of these models varies depending on the nature of the back-
ground theory (Suppes, 1960, 2009). This is also how Massimi (2007) understands the
role of theoretical models in determining the source.

As previously noted, the phenomenon in question, namely the merging process
of two orbiting compact objects, requires several models within the framework of
general relativity to be adequately represented. For simplicity, the merging evolution
of compact binaries is divided into three phases: inspiralling, merger, and ring-down.
Therefore, different models are developed to describe these phases due to significant
differences in their physical characteristics.

Although the empirical signal, which can be counted as a data model, already
indicates some characteristics of the source, without these theoretical models, which
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are waveform models, the observation would not be possible, since the data model
alone cannot identify the source.7

It is important to recognize that the entire process constitutes two observations:
the observation of gravitational waves and the observation of a binary black hole
merger, which emits gravitational waves. With this in mind, the details about detec-
tor validation and data processing are not directly relevant to the central argument of
the current paper, as it is primarily concerned with the latter observation. However, it
is noteworthy that the original data produced by the LIGO detectors, termed “strain
data,” is vast and unprocessed. It is subject to various instrumental noises and envi-
ronmental disturbances, necessitating a complex reduction and cleaning process. In
essence, the unprocessed strain data hinders the identification of gravitational wave
signals and the subsequent inference of the source system.

Two search techniques are employed in the detection of gravitational wave signals
from the data. One is a model-based search, known as matched filtering. It involves
the search for matching signals by comparing potential, unspecified signals in the data
with pre-defined templates derived from models of the coalescence of binary com-
pact objects based on general relativity. In essence, there is a library of pre-defined
gravitational wave templates and an unknown signal. The templates are then used to
identify their matches in the unknown signals, a process that primarily aids in deter-
mining the amplitude of the detected gravitational wave compared to the noise. It is
evident that this observation is theory-laden, as the sensitivity of the detector and
the models of the source are taken into account. Scientists anticipate a specific range
of signals to be detected and search for them in the unknown detected signal. The
other is an unmodeled generic search to identify specific coincident signals within a
preferred time and frequency range. That is, combining and comparing data simulta-
neously detected by different detectors (LIGO Hanford, LIGO Livingston) to identify
gravitational wave bursts (short duration signals) purely based on data patterns, as
opposed to template-based searches. This also helps to identify the gravitational wave
signal relative to noise but is not sensitive enough to identify the source system. Both
searches are meant to identify candidate events that their likelihood is high enough to
be considered as gravitational wave signal. That is, events whose detection-statistic
value is above that of the detector noise. The detection statistic is a numerical mea-
sure used to distinguish real signal from noise. It is a threshold above which any
signal that exceeds it is considered unreliable. This is a complicated and challenging
process, as it is rather impossible to determine the exact value of background noise.
However, the main factors considered to determine this value are background noise
estimation, injections (false signals), and statistical significance: the probability of an
event occurring by chance.

The results of these two different searches are consistent with each other, and this
is an indication that the origin of the signal is astrophysical. Thus, the collaboration
report that “waveform analysis of this event indicates that if it is astrophysical in
origin, it is also a binary black hole merger” (Abbott et al., 2016). Now the question is,
how do we know that it is astrophysical in origin and it is a binary black hole merger?

7For details about the modeling process and their limitations see (Pretorius, 2005; Schmidt, 2020;
Blanchet, 2014).
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To answer this question, one needs to unearth the details of the epistemic aspect of
this observational process. There is no clear distinction, but for the sake of clarity one
can break down the question into two parts: one is about the validity and reliability
of the detector and the information channel, and the other is about the justifiability
of the inferences employed in discerning the source of the information. Here, I am
concerned with the second part assuming that the event is astrophysical.

Yunes and Pretorius (2009) distinguish two sources of error: modeling bias and
fundamental bias. The former concerns the inaccuracy of the models with respect to
GR, and the latter concerns the inaccuracy of GR with respect to the source system.
Elder argues in detail that the model-ladenness of the binary black hole merger obser-
vation contains a circularity, namely, “the accuracy of the models must be established
using the LIGO-Virgo observations, but these observations assume the accuracy of
the models” (2023, p. 3, emphasis in original).8 Furthermore, the most pressing issues
regarding binary black hole mergers, she argues, are the following. First, the binary
compact objects are inaccessible in terms of manipulation and intervention. That is,
we cannot calibrate the interferometry against them. Second, there is no alternative
channel to access them. Third, the phenomenon represents a regime that has not yet
been tested, so the previous success of GR does not guarantee that it will be correct
in this regime as well.9 She further argues that this is crucial because inaccuracies
in the models can lead to inaccuracies in the observations, and thus to a mischarac-
terization of the system. Justifying the accuracy of the models is a prerequisite for
unbiased observation.

One should note that this problem goes beyond the experimenter’s regress intro-
duced by Collins (1981), i.e., even if we break the circularity with respect to the
instrument, as Franklin (1994) argues for, there is still a concern about observing
binary black holes. And most importantly, Franklin’s treatment cannot explain it.

Cutler and Vallisneri (2007) raise epistemic uncertainties regarding the possibil-
ity of model inaccuracy in the observation of binary compact mergers. This is due
to the assumptions and simplifications behind and in the model construction. For
example, the assumption that all binaries have circularized before merging, or unver-
ified assumptions about the accuracy of the model itself. In particular, they focus on
inaccuracies in post-Newtonian approximations as models of the inspiral phase.

Patton argues that if the model assumes that a phenomenon has a certain property,
there is no guarantee that deviations from this assumption can be detected during
testing. However, she acknowledges that the significance of this problem is contingent,
i.e., relative to the theory in question (2020, p. 143).

Yunes and Pretorius state that there is plenty of observational evidence that
extremely compact objects exist as predicted by general relativity, for example in the
center of our Milky Way, so the crucial question is not whether black holes exist or
not, but whether GR can accurately describe them. However, they raise two very
important questions, namely,

8The alleged circularity in the observation of binary black holes bears a striking resemblance to the alleged
circularity in Galileo’s observation of the Moon’s mountains. For discussions of the latter, see (Feyerabend,
1988; Ariew, 1984; Shea, 2000; Spranzi, 2004).

9As I will show later, the “guarantee” and “correctness” conditions are not necessary.
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(i) Suppose gravity is described by a theory differing from GR in the dynamical, strong-
field regime, but one observes a population of merger events filtered through a GR template
bank. What kinds of systematic errors and incorrect conclusions might be drawn about
the nature of the compact object population due to this fundamental bias? (ii) Given a set
of observations of merger events obtained with a GR template bank, can one quantify or
constrain the level of consistency of these observations with GR as the underlying theory
describing these events? (2009, p.3).

Since GR is not the only candidate theory of gravity, but e.g. Brans-Dicke theory, mas-
sive graviton theory, Chern-Simons modified gravity, Einstein ether theory, MOND,
TeVes, and DGP theory are proposed as alternatives to it (Hess, 2020), Yunes and
Pretorius (2009) and Baker et al. (2017) present results on excluded alternatives based
on LIGO observations.10

3.1 Parameterized post-Einsteinian Framework
An effective strategy which is normally being employed to justifiably delimit the pos-
sible theoretical models, is generalizing and expanding the scope of the fundamental
assumptions to the extent which go beyond the specific general background theory
on which the theoretical models are built. Massimi calls it “theoretical constraints”
or “pre-existing, independent theory with a broader scope of application” (2007, pp.
250 - 251).11 This approach allows the eliminative reasoning to justifiably rule out
the number of alternatives on a scale which include alternatives that are based on
other theories. The idea is also in line with what Norton (1995) calls assumptions and
arguments that are general enough and uncontroversial enough to encompass a large
number of alternatives. Interestingly, this kind of strategy is being used to mitigate
the concern regarding deviations from general relativity in the observation of binary
black holes, and is called parameterized post-Einsteinian.12

As we have seen, the main concern regarding the observation of binary black holes
is as follows. General relativity is an untested theory in the extreme dynamical regime
where the merger of compact binaries takes place. However, the modeling of these
compact binaries assumes that Einstein’s field equations are correct. This could lead
to an incorrect inference of the exact binary compact based on these models, because if
GR does not adequately describe these binaries in this regime, their waveform models
could deviate from GR. Since model-based searches are crucial to binary black hole
observations, the set of models/templates does not contain any possible event that

10Note that the results presented by Baker et al. (2017) are based on multi-messenger detection of
gravitational waves from binary neutron stars. It could be argued that this type of observation does not
rely primarily on model assumptions.

11The best explanation for Massimi’s use of the term “independent” has to do with a high-level theory
that cannot be directly tested against the data, not the independent argument promoted by Hacking, Kosso,
and the others. Otherwise, the theory is by definition involved in the observational process through its
models.

12I am grateful to reviewer one for drawing my attention to a similar parameterization technique for
the dark energy equation of state, see Wolf and Ferreira (2023) for details about its limitations. Another
approach that has recently become popular in cosmology to explain the expansion of the universe is called
Horndeski gravity. However, unlike the parameterization approaches used in gravitational waves and dark
energy cases, it is a generalized framework or family of modified gravity theories that introduces a scalar
field while maintaining second order equations of motion. For the original formulation of the theory by
Gregory Horndeski see Horndeski (1974), and for a recent review see Horndeski and Silvestri (2024).
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deviates from GR. This raises the concern that there may be systematic errors in the
conclusions drawn about the source of the detected gravitational waves.

To address this problem, Yunes and Pretorius develop a strategy called param-
eterized post-Einsteinian (ppE). Although the framework is proposed to be used to
identify deviations after the detection process based on GR templates has been carried
out (2009, p. 5), it is worth considering, since it was proposed years before the obser-
vation of binary black holes and it is a strategy to alleviate the concerns discussed
in the bulk of this paper. It is a formalized framework for recognizing the possibility
of dependencies and independencies of parts and assumptions of a theory upon each
other, in order to provide a justifiable test of an intended part of that theory.

Yunes and Pretorius find it reasonable to start with binary black hole mergers, an
event within the scope of GR, based on the evidence they provide for the remarkable
success of GR in many tests that have been thrown at it from its conception to the
present. For example, a large amount of observational evidence in favor of binary
compacts as described by GR, black holes at the center of galaxies, X-ray binary
systems, and binary pulsars (2009, p. 2).13 They try to strike a balance between
modifying GR to the extent that possible deviations close to the theory could be
identified, and at the same time they keep the modifications minimal enough to be
able to analyze the data. For example, they identify a set of physical systems in the
merging phase by identifying those claims and assumptions of GR that are generic
enough to be applied to this set of systems as constraints on them in this phase.14

The parameterization approach is a counterfactual strategy in which the variables
and assumptions of the model are parameterized to track their sustainable range.
This results in the generation of counterfactual waveforms (theoretical models) whose
predictions may differ from GR.15 For example, the assumption of “continuity” of the
waveform through the merging and ring-down phases is explored by introducing a
set of parameterized constants that are governed by this assumption. This technique
is also used to parameterize the governing equations and dynamics of the black hole
merging processes to identify stable and varying formal parts of the theory. As noted
in the quote above, all of these modifications and explorations to expand the scope
of testing theories of gravity in this dynamical strong-field regime are based on more
general and relaxed assumptions.

3.2 Limitations of the Parameterized Post-Einsteinian
Framework

Again, recall what Norton (1995) calls assumptions and arguments that are general
enough and uncontroversial enough to encompass a large number of alternatives, and
what Massimi (2007) calls “theoretical constraints” or “pre-existing, independent the-
ory with a broader scope of application.” This demonstrates how similar their mode of
reasoning is to that presented by Yunes and Pretorius (2009).16 That is, it appears that

13Note that this consideration by Yunes and Pretorius supports my claim in the following sections about
the integration of meta-empirical assessment into bidirectional inference to the source.

14See Perkins and Yunes (2022) for more recent analyses of the robustness of the framework.
15One may also find similarities to counterfactual causal reasoning developed in Woodward (2003).
16Patton (2020) argues that in terms of theory testing and theory confirmation, the framework is similar

to methodological approaches to theory testing in philosophy of science such as those of Rudolph Carnap,
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the ppE framework is a strategy developed to provide a broader space of alternatives
in the first step of eliminative reasoning, which in turn provides a more robust basis
for eliminating alternative theories of gravity in the dynamical strong-field regime
based on the empirical evidence gathered through the detection of gravitational waves
in the second step.

However, as they point out, the ppE framework is developed only to identify
deviations from GR for binary black hole mergers and the viable proposed binary
compacts such as boson stars that emit similar waves as binary black holes (2009, p.
6). Furthermore, as they also point out, at the level of theoretical models (templates),
the ppE framework cannot provide an exhaustive number of possible models, nor is
it a framework capable of identifying an exhaustive list of deviations from GR to
exclude all the possible alternatives to GR by providing its modifications based on
more general principles and assumptions of the theory itself (2009, pp. 2-4).

Let me reiterate the main points about the limitations of ppE. First, it is specifi-
cally designed for post-detection analyses, and mostly for testing GR in a more robust
way, rather than for reliably inferring the binary black hole merger. Furthermore, for
post-detection analyses to work, the ppE modifications are kept minimal to be able
to analyze the detected data. Thus, they argue,

We do not propose here to employ the ppE templates for direct detection, but rather for
post-detection analysis. Following the detection of a GW by a pure GR template, that
segment of data could then be reanalyzed with the ppE templates (2009, p. 5).

Second, GR assumptions are not just used for determining parameters of the source
system, they are also underlying assumption for the bank of templates used in matched
faltering to detect gravitational waves. So, any kind of signal that is not modeled
and not expected by the bank of templates might systematically be disregarded. Fur-
thermore, as indicated before, it can only identify deviations from GR for binary
black holes and those proposed sources of gravitational waves that mimic them. Also,
the parameterized models that are built based on this framework are not exhaustive
therefore it cannot address the problem of unconceived alternatives. As it appears
in the following quotation Yunes and Pretorius admit that one can modify GR in
“uncountably many conceivable” ways, not to mention the unconceivable ways and
unconceivable theories that do not satisfy the criteria they employ as guidance.

In theory, there are uncountably many conceivable modifications to GR that only man-
ifest in the late stages of the merger. To make this question manageable, we shall guide
our search for ppE expansions by looking to alternative theories that satisfy as many of
the following criteria as possible: (i) Metric theories of gravity: theories where gravity is a
manifestation of curved spacetime, described via a metric tensor, and which satisfies the
weak equivalence principle. (ii) Weak-field consistency: theories that reduce to GR suffi-
ciently when gravitational fields are weak and velocities are small, i.e. to pass all precision,
experimental, and observational tests. (iii) Strong-field inconsistency: theories that modify
GR in the dynamical strong field by a sufficient amount to observably affect binary merger
waveforms (2009, p. 2, emphasis in original).

Carl Gustav Hempel, and Howard Stein. Similar ideas can be found in Glymour (1975) on theory testing
through the method of bootstrapping.
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Considering that, one needs to provide further reasons why one is justified in not
exploring the full space of possible binary compacts, or any other unknown entity that
might mimic black holes in emitting gravitational waves, and why one is justified in
not exploring the full space of gravitational theories which might in turn represent
different sources of gravitational waves. As Dawid points out, the canonical view of
the scientific method, based on its narrow view of evidence, cannot explain why, in
practice, scientists increase their confidence in theories to be successful in future tests
when they have a successful record in the past (2018, p. 496). Similarly, the immediate
acceptance of the observation of binary black holes by the scientific community, despite
the epistemological concerns mentioned above, requires an explanation. That is, within
the canonical understanding of the concept of observation, the source of gravitational
waves is inherently underdetermined by the information we gather from the empirical
evidence (the waves) and the information we gather from the theoretical constraints
(e.g., ppE).

4 Back to IOE: Towards a Reliable Inference to the
Source

It may now be clear that these concerns of scientists, philosophically reconstructed
by Elder (2023) as concerning circularity in the case of the observation of binary
black holes,17 fall into the same categories of concerns raised by Hacking, Kosso,
Azzouni and Franklin, namely the involvement of the source’s theory/model in the
observational process. Thus, to conceive of the situation as circularity is to interpret
the observational process within the framework of hypothetico-deductivism. In what
follows, I defend the claim that the version of the inference to the only explanation
advocated by Massimi (2007) captures the situation well and mitigates the concern
about the inaccuracy of the models with respect to GR. However, to fully establish
an epistemic justification for the observation regarding the viability of GR, or even
parameterized post-Einsteinian frameworks, as a background theoretical framework
and its accurate description of the source system, one needs to complement Massimi’s
with a broader conception of evidence. To this end, I will argue that the introduction
of meta-empirical assessments, as in McCoy (2021), to support eliminative reasoning
in the observational context is a promising strategy as a justifiable extension of the
concept of evidence.

4.1 Bidirectional Inference to the Only Explanation: The Case
of Binary Black hole Merger

In this subsection, I begin by drawing similarities between Massimi (2007) and the
binary black hole inference. The reasoning could account for the inference if one
considers only those possible alternative sources that are located within GR or, more
precisely, within parameterized post-Einsteinian frameworks.

17For a description of different senses of circularity and the limits of their epistemic concerns, see (Evans
and Thébault, 2020).
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Patton distinguishes between two sets of parameters in the LIGO methodology,
the first set being the “hypothetical physical parameters” used to construct numerical
relativity simulations, and the second set being the “estimated physical parame-
ters” inferred from the detected waveform. The search process of finding candidate
waveforms in the data is laden with theoretical assumptions, i.e. the first set. The
hypothetical dynamic characteristics of the systems, such as the “chirp mass” as a
parameter, are built by considering a range of hypothetical physical values. That is, a
set of theoretical models of the waveform is built. These hypothetical waveforms are
used in the search to find the most likely fitting signal. To track the change in the
physical parameters of the system, the chirp mass plays an important role because it
is time-covariant with those parameters (2020, p. 148).

Based on that, it appears that the process of choosing candidate waveforms which
best fits is from both sides, namely bidirectional. In a simpler way, there is a raw
data (strain data) which plays the role of a data model providing a range of possible
expected values based on its sensitivity, there are theoretical waveform models, then
a signal is extracted using matched filtering and burst pipelines. Finally we relate the
properties of the signal (like frequency, polarization, and strength) to the properties
of the source (like mass, spin, chirp mass, orbital frequency, distance, and position).18

The source manifests itself from the data model resulting from a reliable detector and
from the theoretical models constrained by theoretical background and principles;
eventually there is a convergence towards selecting the most appropriate candidate.
The following quotations from the discovery paper illustrate the reasoning:

The most plausible explanation for this evolution is the inspiral of two orbiting masses,
m1 and m2, due to gravitational-wave emission (2016, p 3).

Also,
To reach an orbital frequency of 75 Hz (half the gravitational-wave frequency) the objects
must have been very close and very compact; equal Newtonian point masses orbiting at
this frequency would be only ≈ 350 km apart. A pair of neutron stars, while compact,
would not have the required mass, while a black hole neutron star binary with the deduced
chirp mass would have a very large total mass, and would thus merge at much lower
frequency. This leaves black holes as the only known objects compact enough to reach an
orbital frequency of 75 Hz without contact(2016, p. 3, emphasis added).

The above inference process is very similar to what Massimi (2007) reconstructed in
the case of the observation of the J/ψ particle, which she called “saving unobservable
phenomena.” That is, in an upward path, from the data appears an evolution repre-
sented by the frequency of the signal, and this indicates an inspiral-merging-ringdown
process of two compact bodies. In a downward path, theoretical entities (binary com-
pacts) introduced by theoretical model(s) are eliminated, and finally all of them are
eliminated, saving one.

One should not conflate this bidirectional inference to the only explanation with
what Hasok Chang calls “epistemic iteration.” Epistemic iteration is not bidirectional
inference in the sense of inferring the source of detected empirical data from both

18Relating the properties is carried out by using Bayesian formalism.
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models of the data (upward) and models of the source (downward) in a single obser-
vational setting or for the purpose of observing a particular phenomenon. Epistemic
iteration, in Chang’s understanding, is rather a successive process in which scientists
revisit the knowledge claims in science to arrive at an ever-improving result. It is
usually not tied to a single measurement or observational process but continues over
time. For example, Chang shows that confidence in the reliability of thermoscopes
was built by comparing this instrumental result with human sensations of temper-
ature, but later it turned out that precise thermoscope measurements could correct
sensory perceptions. This is a progressive process, taking into account standards such
as accuracy, consistency, simplicity, explanatory power, and so on (Chang, 2004).19

However, as indicated before, there is a legitimate concern that Massimi does not
treat properly in her paper, and which reappears in our example. Admittedly, this
bidirectional inference process may legitimately pick up a theoretical entity as the only
explanation, but without a well-founded and justified constraint on the number of
theoretical models and hence entities, there is a concern that the selected explanation
in terms of a theoretical entity may not be the correct one. The correct model that
introduces the correct entity might locate outside the considered set. In this case,
the selection process will be successful, but the selected entity will be an incorrect
representation of the evidence. For example, the models she discussed in her paper,
including the Gell-Mann-Zweig quark model which saved the phenomenon, are based
on the background quark theory, which in turn follows some principles and theoretical
assumptions. If these principles and assumptions are not justified, then the derivation
based on them is also not justified.

Or in our case study, the derived value of the chirp mass, on the basis of which
other binary compacts are eliminated, is based on theoretical waveforms that in turn
are based on the linearized Einstein field equations in the strong field regime, NR simu-
lations, and the quadrupole formula (Capano et al., 2016; Yunes and Pretorius, 2009).
It is necessary to provide a justification for these GR-based theoretical assumptions
that have constrained the model waveforms.

4.2 Meta-Empirical Support for the Inference to the Source
Recall that van Fraassen (1985, 2001, 2002) extends the realm of observables to images
produced by instruments, but remains agnostic about the source representing them,
since there is no sensory access to the source. The only plausible explanation for this
rejection is that the source is not demonstrable, otherwise it is both inconsistent to
extend the realm of observables to instrumental images based on scientific results
without fully endorsing the scientist’s use of the concept of observation, and it is a
misunderstanding of the concept of phenomenon (pace Bogen and Woodward) if he
restricts the concept of phenomenon to instrumental images. Thus, I argue, the cen-
tral concern in van Fraassen’s rejection of extending the concept of observation to the
source of instrumental images stems from the underdetermination thesis. Support-
ing evidence for this is his “best of bad lot” objection to IBE, which can be briefly
expressed as follows. Assuming that selecting the best explanation from the set of

19I am grateful to reviewer two for bringing this point to my attention.
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available explanations is justified, the inference is not justified because it is gener-
ally likely that the true explanation is a member of the unconceived alternatives (van
Fraassen, 1989). Since IBE and Eliminative Reasoning are both two-step reasoning
and differ only in the second step, and van Fraassen’s objection is directed at the first
step of IBE, it can be extended to Eliminative Reasoning as well.

The version of eliminative reasoning that I have so far advocated in the case of the
inference to the source in the process of observation is a bidirectional one. That is,
indication about the source can be traced from the empirical evidence represented as
data models (bottom-up) and from the theoretical models derived from a background
theory (top-down). I have argued that in order for the bidirectional eliminative rea-
soning to work for the inference to the source in the second step, one needs to justify
delimiting the number of alternatives in the first step. That is, given the reliability of
the detector and the process of constructing the data model, an epistemic issue which
I have tried to explore throughout the article is the justifiability of the basis for taking
the background theory and its possible extensions as theoretical constraints (pace Nor-
ton and Massimi) to delimit the number of alternatives one can consider for the source.
In this section, I argue that without extending the concept of “evidence” beyond the
empirical to give epistemic reasons, delimiting the alternatives based on background
theory or its extensions as theoretical constraints is epistemically unfounded.

Stanford (2006) identifies this problem in eliminative reasoning generally and
McCoy (2021) suggests to resolve it by invoking meta-empirical assessments developed
by Dawid (2013, 2016, 2018).

Dawid’s methodology of meta-empirical theory assessment was originally intended
to address the situation in theoretical fundamental physics where, despite the lack
of direct empirical evidence, scientists have built up a high degree of confidence in
these theories. The exemplary case is string theory, which is proposed to provide a
universal description for all known physical interactions, including gravity, by intro-
ducing the idea of strings replacing point particles. The methodology of meta-empirical
assessment challenges canonical theory confirmation, which focuses primarily on direct
empirical evidence, by identifying three meta-empirical assessments that put partic-
ularly strong constraints on scientific underdetermination (assessing how constrained
theory space is). In other words, where scientific underdetermination is severely
constrained, the likelihood that a theory is empirically adequate increases (Dawid,
2013). To this end, Dawid (2013) has identified three meta-empirical observations
that support the statement that underdetermination is strongly limited: First, the No
Alternatives Argument (NAA), which is the observation that scientists have not found
alternatives to the current theory despite their extensive search. Second, the Meta-
Inductive Argument (MIA), is the observation that theories in the research program
that meet some general set of criteria have a predictively successful history. Third, the
Unexpected Explanatory Argument (UEA), is the observation that the explanatory
scope of the theory expands considerably beyond the scope for which it was origi-
nally developed. It is crucial to note that meta-empirical theory assessment preserves
the role of empirical evidence that can support a theory within its empirical domain,
where available. The meta-observations are a type of evidence that is not predicted
by the theory, but nevertheless provides evidence for the viability of the theory. The
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significance of meta-empirical assessments has been identified in various episodes and
parts of science as an implicitly integrated part to the methodology of theory assess-
ment (Dardashti et al., 2019; Dawid, 2021; McCoy, 2021; Baerdemaeker and Dawid,
2022; Dawid and McCoy, 2023; Wolf, 2024). The present paper also contributes to
this literature by identifying their significance in the observation of a binary black
hole merger.

It is now clear that the bidirectional eliminative reasoning active in the process of
observation is a species of general eliminative reasoning and its only specific feature is
a bidirectional inference to the source in the second step. Therefore, it is reasonable
to extend the treatment suggested by McCoy to justify the inference to the source in
the observation of binary black holes via gravitational waves.

He poses the problem in the form of a dilemma. That is, on the one hand, if one
argues for an epistemic justification for eliminative reasoning, one should epistemi-
cally justify the premises of greater generality (delimiting the alternatives); on the
other hand, if one accepts that delimiting the alternatives is done pragmatically, one
should bite the bullet and accept that the conclusion of eliminative reasoning is not
epistemically justified because it depends on pragmatic assumptions. He argues that
proponents of eliminative reasoning, including John Norton and John Dorling, have
failed to give epistemic reasons for their claims about calling premises of greater gen-
erality “beyond reasonable doubt” and “plausible” respectively (2021, pp. 7-8). By
extension, in the case of binary black hole observations, the dilemma continues: if one
infers binary black holes on the basis of narrowing down the alternatives by assum-
ing that GR and its ppE extension are correct, one must epistemically justify this
assumption. Otherwise, if this assumption is pragmatically motivated, the inferential
step toward selecting binary black holes as the source of the detected gravitational
waves is epistemically unfounded.

Since the general view tends to reject the second horn of the dilemma, the only
possible option is to accept the extension of the concept of evidence beyond the
experimental result (going beyond the narrow empiricist view of the theory-evidence-
confirmation relation in the hypothetico-deductivist conception) in order to overcome
the underdetermination of the source by information. Information is to be understood
as the evidence we gather from both empirical (data model) and theoretical (theo-
retical model) vessels in the bidirectional process of the inference to the source in
the second step of eliminative reasoning. That is, we must provide epistemic reasons
for believing that there are no other valid alternatives beyond the considered set of
alternatives in the context of the inference to the binary black holes.

Why the assumption that it is completely implausible that the source of gravita-
tional waves is something outside of (deviating from) the basic assumptions of GR,
even though the theory has not been tested in the extreme gravitational regime which
is assumed to be the source of the waves? Recall the direct statement I quoted above
from the Discovery paper, viz: “This leaves black holes as the only known objects
compact enough to reach an orbital frequency of 75 Hz without contact” (2016, p.
3, emphasis added). The assumption is based on the assessment of the limitations to
scientific underdetermination. In other words, how many empirically distinguishable
alternatives can explain the data (the gravitational waves)? What kind of evidence
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can be provided to support this assumption? The most plausible answer, I argue, is
that there must be some evidence for GR that goes beyond the empirical domain of
the theory, i.e., meta-empirical evidence that supporting the hypothesis that there are
no alternatives which can deviate from the basic assumptions of GR in the intended
domain (the extreme gravitational regime). There seems to be no reasonable doubt
that the basic assumptions of GR satisfy all three of Dawid’s meta-empirical evidence.
As noted above, the research program has been remarkably successful in surviving var-
ious crucial tests (an incredibly successful history that can be thought of as MIA).20

A century after the development of the theory, there is no viable alternative theory for
the intended domain of application that violates the basic assumptions of relativity
and has passed all the tests (NAA).21 The theory is known for making a consider-
able number of novel predictions which can be conceived as Unexpected Explanatory
Arguments (UEA). These observations provide epistemic evidence for the hypothesis
that there are no alternatives which can deviate from the basic assumptions of GR in
the intended domain (the extreme gravitational regime), thus stating strong limita-
tions to scientific underdetermination, otherwise the success of the general relativistic
paradigm remains unexplained.

One might argue that ppE encompasses a wide variety of modified gravity models
in the vicinity of GR, i.e. those models that are metric theories and are considered
viable options to pursue. Thus, the concern about gravity theories that do not assume
a metric framework as their basis, let alone unconceived alternatives, is not justified
since we have a substantial amount of evidence for GR. Therefore, any modified gravity
theory must remain close to GR to account for its remarkable success.

The objection implicitly invokes Dawid’s meta-inductive argument, and from it
argues for strong limitations on scientific underdetermination. That is, the meta-
observation that GR has been remarkably successful is used to confirm the claim that
any future theory of gravity should account for the successful history of GR, which
in turn imposes strong limitations on scientific underdetermination. Otherwise, the
empirical evidence for predictions derived from GR in its domain of application cannot
support the claim that there are no alternatives to GR, so the objection fails.

Moreover, in the case of the observation of binary black holes, a probabilistic sig-
nificance of the epistemic significance of this meta-empirical evidence is sufficient,
because the full epistemic justification of the observational claim does not come only
from the top-down approach, but is a corroborative process from both directions.
Therefore, a probabilistic epistemic significance to justify the claim about the limita-
tions to scientific underdetermination (establishing a high probability for the viability
of the theory) can do the job for the first step of eliminative reasoning.

20Wolf (2024) uses gravitational waves as an example of meta-empirical reasoning (MIA argument),
demonstrating how the exceptional success of the general relativity (GR) research program and its models
justified physicists’ conviction that gravitational waves existed long before they were empirically detected.
I am grateful to reviewer one for drawing my attention to this paper.

21One could disagree on this point, see Wolf et al. (2024) for a comprehensive review of underdetermi-
nation with respect to classical and modern tests of GR.
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5 Conclusion
The philosophy of science literature on observation is divided into two camps, the
empiricist camp insisting on restricting the concept of observation to perception, and
the practice-oriented liberal camp arguing for extending the concept of observation to
include theoretical entities represented by instrumental results.

I believe that the empiricist camp is untenable for several reasons. For example,
although the waveform is only a representation of the coalescence of a binary black
hole, according to the most sophisticated empiricism, constructive empiricism, one is
forced to consider the instrumental result of LIGO and Virgo, the waveform, as the
phenomenon to be saved, and at the same time one is forced to consider the binary as
unobservable. Paradoxically, the binary would only be observable if a human agent had
been able to perceive it. Moreover, constructive empiricism is alien to the scientist’s
use of the concept of observation, so it is an uninteresting position for someone trying
to understand the concept of observation in practice.

At the same time, the practice-oriented liberal camp has failed to provide an
account of observation that both accounts for as many cases in practice as possible
and preserves its epistemological ground. The inference to the source of gravitational
waves is a case in point. The liberal accounts of observation are either so narrow that
they fail to account for it, or so loose that the epistemic aspect of this observation
becomes questionable.

The present paper has attempted to unfold the above difficulties and to iden-
tify flaws in the methodological frameworks used to reconstruct the “inference to the
source” step in observational processes by available philosophical accounts of observa-
tion. It has also been argued that the most plausible way is to embed this inferential
step in an eliminative framework, but this necessarily requires an extension of the
concept of evidence.
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