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Abstract

In the context of astrophysical modeling at the solar system scale,
we investigate the modalities implied by taking into account dif-
ferent levels of detail at which phenomena can be considered. In
particular, by framing the analysis in terms of the how-possibly/how-
actually distinction, we address the debated question as to whether
the degree of plausibility is tightly linked to the degree of detail.
On the grounds of concrete examples, we argue that, also in the
astrophysical context examined, this is not necessarily the case.

Keywords: Astrophysical modeling practices · Modal modeling ·
How-possibly/how-actually distinction · Post-Newtonian models · Metric
theories of gravity

1 Introduction

Astrophysics, intended in a broad sense as including both the physics of the
solar system and the physics at large and very large scales (i.e., cosmology),1

notoriously deals with phenomena and processes taking place in extreme con-
ditions, hardly reproducible in a laboratory. Given also the broad range of
physical scales and the complexity of the systems considered, the adoption

1This is a common use of the term though not the only one. See for example Anderl (2016),
where astrophysics is characterised as the physics operating at “intermediate” scales, that is
between the physics of the solar system and the cosmology of the entire universe
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2 Nested modalities in astrophysical modeling

of models and computer simulations becomes indispensable in this field, thus
offering exemplary case studies for the role of models in scientific practices.

In fact, the functions and meaning of modeling and simulations in astro-
physics have been objects of extensive philosophical study, especially in the
last decade (e.g., Vanderburgh (2003, 2014); Anderl (2018); Massimi (2018);
Smeenk and Gallagher (2020); Gueguen (2020); Jacquart (2020, 2021)). Here,
we take a slightly different direction with respect to this literature, by con-
sidering the issue of astrophysical modeling in the framework of the current
debate on modal modeling in science. In fact, in recent reflections on mod-
eling practices in science, there has been a renewal of interest in the modal
aspects implied. In particular, some recent papers (Verrault-Julien (2019);
Sjölin Wirling and Grüne-Yanoff (2021, 2022); Grüne-Yanoff and Verrault-
Julien (2021)) are devoted to tackle the epistemology of modal modeling with
a special attention to the meaning and role of the how-possibly/how-actually
distinction.

Here, we propose to contribute to the analysis of the how-possibly/how-
actually distinction by extending it to the context of astrophysics, not typically
considered in the modal modeling literature. In particular, the question we are
interested in is how the involved modality is related to the level of abstraction
or generality at which astrophysical phenomena are considered. On this aim,
we have chosen to focus on concrete cases at the solar system scale, including
the modeling practices involved in a specific experiment – that is, the case
of the test of relativistic theories that will be performed by the radio science
experiment of the joint ESA/JAXA BepiColombo mission to Mercury.

The paper is organized as follows. In Section 2, we specify the conceptual
framework adopted, that is, how we will use such notions as “model”, “sim-
ulation”, “data set” and the how-possibly/how-actually distinction. Section 3
provides an outlook on the distinctions which can be drawn between classes
of theories as well as classes of models at the solar system scale. On this back-
ground, Section 4 examines the specific case of the relativity experiment of the
BepiColombo mission. Finally, in Section 5 we engage with the current philo-
sophical literature on the how-possibly/how-actually distinction and discuss,
in this regard, the import of the analysis of the modalities implied in modeling
gravity within the solar system, provided in the previous two sections.

2 Conceptual framework

Over time, and especially in the last decades, a huge amount of literature on
models has been proposed, debating questions regarding their nature, functions
and epistemic import.2 As clearly shown by this literature, “models” are meant
in different senses, depending on the context in which they are applied and on
their intended use. Here, following Weisberg (2013), we will adopt the notion
of a model in the sense of an interpreted structure used for studying physical
phenomena, properties or evolution in a given domain.

2See the useful overview provided by Frigg and Hartmann (2020) and references therein.
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More precisely, we will focus on astrophysical theoretical models, and con-
sider their relations with data sets by means of simulations. For the aim of this
paper, “theoretical models” are intended in the sense of non-concrete inter-
preted structures, used and tested to explore a space of physical possibilities
characterized in terms of parameters which may take different values accord-
ing to given purposes (e.g., Datteri and Schiaffonati (2019)). “Data sets” are
the results of the procedures (synthesising, filtering, correcting or smoothing)
by means of which are processed and elaborated the “raw” astronomical data,
collected by using a telescope or a space mission or whatever other observing
methodology.3 In this sense, data sets function as the “observational” basis to
be taken into account, providing the so-called “observed observables”.

“Simulations”, in the case we consider, come into play by mediating
between the theoretical models and the data sets. In some more detail, the
models examined are related to the data sets through the computer simula-
tions which are used to obtain numerical results from the model equations.4 In
substance, once a theoretical model is chosen or properly built, by simulating
the corresponding dynamics it is possible to generate the so-called “simulated
observables”, which are the data that would be recorded if the model was, in
fact, the actual description of the phenomena under study. In other words, the
usual procedure consists in building a suitable theoretical model, running a
computer simulation on its basis and then comparing the output of the sim-
ulation with the available data sets. At this point, simulated and “observed”
observables can be directly compared by different sort of fitting algorithms, in
order to check the validity of the theoretical model (e.g., Lari et al (2021)).

By definition, theoretical models are possible models, that is, models of
possible state of affairs. Is there a way of of being more precise about the degree
of possibility these models represent? In this respect, a helpful conceptual
tool turns out to be the how-possibly/how-actually distinction mentioned in
the previous section. Note that this distinction – at the center of a lively
debate, especially flourished (in its current form) in the “New Mechanism”
literature 5 – is usually considered in regard to the explanatory role of models,

3Here we follow the common scientific usage of the term (see Kelleher and Tierney (2018),
Chap. 2). In fact, there is some ambiguity in the use of the term in the literature, especially in
the philosophical one, where they are often identified with data models (see, for example, the
discussion in Bokulich (2014); Bokulich and Parker (2021); Antoniou (2021)).

4Here, we take the term “simulation” in the narrow sense of running a computer process and,
following Datteri and Schiaffonati (2019), we adopt their working definition according to which a
(computer) system is said to simulate a theoretical model if it can be characterised in terms of
parameters whose values depend on one another according to the regularities mentioned in the
theoretical model. Of course, how to define a “simulation system” and under which conditions it
can be said to effectively simulate a target system (or a theoretical model of the target system)
is not such a simple issue and the different approaches debated in the literature on scientific
modeling sensibly depend on the context considered (physics, climate science, economics, social
science, ..). See, e.g., the detailed investigation on the relation between models and simulations
proposed by Winsberg (2018). A recent philosophical discussion of the role of computer simulations
in astrophysics is provided by Jacquart (2020).

5For the use of the how-possibly/how-actually distinction in this literature, the seminal papers
are Machamer et al (2000) and Craver (2006). See on this, for example, Glennan (2017), Sect. 3.5
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accordingly taking the form of a distinction between how-actually and how-
possibly model explanations. Here, we will focus on the contrast between how-
possibly and how-actually descriptions in general, leaving on the background
the explanatory side of the issue (which is, however, important).6 How to
characterize a how-possibly vs. a how-actually description will be examined
in Section 5, by taking into account the current discussion. In particular, we
will refer to the distinction as discussed in Bokulich (2014), where a special
attention is paid to the different levels of abstraction at which the phenomenon
under study can be framed.

3 Modeling gravity in the solar system

As a matter of fact, the dynamics of physical systems in astrophysical contexts
is led by gravity. Nowadays, the most acknowledged description of gravity
is provided by the theory of general relativity (GR), which has reached an
impressive predictive success over the decades. Accordingly, most of adopted
modeling practices are framed in the context of the experimental testing of GR,
a central topic in the actual debate in astrophysics. Although GR has passed
a large number of experimental tests, observations over the last decades have
pointed out some shortcomings of the theory both at the infrared (i.e., galactic)
and ultraviolet (i.e., quantum) scales, thus highlighting that GR could not be
the final theory for gravitational interaction (see, for example, Capozziello and
de Laurentis (2011) for a review on this topic).7

The issues raised by such recent observational results can be addressed dif-
ferently at different astrophysical scales. Here, we have chosen to focus on the
solar system scale. Notwithstanding the growing interest in modeling and test-
ing gravity in cosmological contexts, the solar system remains a very powerful
laboratory for investigating gravitational theories. In fact, there are various
advantages in testing gravity at the solar system scale, such as, first of all, the
relative proximity of the phenomena under study. From a theoretical point of
view, the dynamics within the solar system – that is, in the weak field and
slow motion regime – can be more easily handled with respect to cosmologi-
cal scales. Indeed, solving the equations of motion in their “weak-field form”
is typically less demanding. From an experimental point of view, gravitational
tests in the solar system have been carried out for a long time. This means
that our knowledge of its dynamics is significantly deeper than the knowledge
of the dynamics at strong-field regimes or in cosmological contexts. Moreover,
the present and near-future on-ground and space-based technologies provide
very accurate direct measurements, often allowing for a more straightforward
analysis than in cosmological cases.

This section is devoted to highlight the relevant theoretical background
for discussing the how-possibly/how-actually distinction in the framework of

6A very detailed, recent discussion of the epistemic value of how-possibly explanations is
provided in Grüne-Yanoff and Verrault-Julien (2021).

7In this paper, we will consider only “classical” gravitation (i.e., issues at quantum scales will
not be taken into account).
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modeling gravity at the solar system scale. First of all, let us point out a very
general distinction which can be drawn betweenmetric theories of gravity, such
as GR, and non-metric theories of gravity.8 A general description of metric
vs. non-metric theories will be provided in Section 3.1; as for now, let us
just underline that while a metric theory satisfies a number of basic physical
principles – first of all Einstein’s equivalence principle (EEP) – this is not the
case for non-metric theories.

As will be discussed in some detail in Section 3.1, observational evidences
in the case of the solar system strongly support a metric description of grav-
ity. In general, in the framework of a metric theory, the solar system dynamics
can be described by an approximate solution, known as post-Newtonian (PN)
approximation, corresponding to the limit of slow moving particles under the
effect of weak gravitational fields. In particular, within the PN limit, any the-
ory of gravity can be formalized in an approximated parameterized form, the
parameterized post-Newtonian (PPN) approximation: this means that any sig-
nificant dynamical effect due to gravitation can be described by means of a
specific PN parameter, the value of which depends on the metric theory cho-
sen. The different metric theories of gravity, all conveniently approximated in
terms of their PPN formulation, form the second level of distinctions which we
take into account for the aim of the paper. Section 3.2 is devoted to describe
in some detail this second level.

Finally, a further, third level of distinctions can be obtained by considering
the theoretical models built from the metric theories in their PPN approxi-
mation. More precisely, once a metric theory in its PN limit is chosen, it is
possible to build a theoretical model – call it a “PN model” – accounting for
the dynamics in terms of a specific choice of the values of the theory’s PN
parameters.9 Thus, we find a number of competing theoretical models, each
one identified by its own set of PN parameters. Note that, at this level, the
predictions of each model can be compared with the available data sets by
means of different kind of fits. This third level will be examined in detail in
Section 3.3.

Summing up, three different levels of distinctions can be envisaged, depend-
ing on the degree of generality at which we are considering competing
descriptions of gravity. The first, more general level, regards the distinction
between metric and non-metric theories of gravity; a second, less general level

8In fact, over the years a number of competing theories of gravity have been proposed in order to
modify, to various extent, the standard formulation of GR. Note that a motivation for an increasing
interest in such a kind of research (initially mainly stimulated by theoretical/mathematical driving
developments), is undoubtedly due to the recent observational drawbacks of GR.

9What is intended, here, by “theoretical models” has been specified in Section 2. In fact, there is
a perduring debate about how to characterize models with respect to theories in an astrophysical
context and which of the two are the appropriate “units” to consider (a recent discussion can be
found in Jacquart (2021)): for the purposes of this paper, we will refer to “theories” as the set
of principles, assumptions and equations in terms of which the properties and dynamics of the
astrophysical systems are described, and to “models” as the parameterization of a given theory
in order to allow the comparison with data sets.
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is generated by the different metric theories of gravity; a third, even less gen-
eral level corresponds to the different PN models, each one belonging to the
PPN approximation of a specific metric theory (see Fig. 1).

3.1 First level: Metric vs. non-metric theories of gravity

Assuming that, from a mathematical viewpoint, spacetime should be a four-
dimensional differentiable manifold and the equations of gravity together with
the mathematical entities in them should be expressed in a covariant form, non-
metric theories are not ruled out, in principle, from the list of viable theories of
gravity (see Will (2018), p. 12-16). What distinguishes the two classes of metric
and non-metric theories is whether EEP holds (metric theories) or not (non-
metric theories). In some more detail, EEP is usually defined as the conjunction
of the following three assumptions: (i) the weak equivalence principle (WEP),
stating the equivalence of gravitational and inertial mass of test particles, is
valid; (ii) the outcome of any local non-gravitational experiment is independent
of the velocity of the freely falling apparatus; (iii) the outcome of any non-
gravitational experiment is independent of where and when in the universe
it is performed.10 Consequently, it can be shown that gravitation must be a
curved-spacetime phenomenon in the following precise sense:

• spacetime is endowed with a metric;
• the world lines of test particles are geodesics of that metric;
• in local freely falling frames, the non-gravitational laws of physics are those
of special relativity.

At present, there are strong experimental evidences in favour of the validity of
EEP, leading to a widespread consensus in favour of metric theories of grav-
ity.11 Note that the equivalence principle is often enunciated in a “stronger”
version of the Einstein’s formulation, usually known as strong equivalence prin-
ciple (SEP). In substance, SEP generalizes WEP by including also the case
of self-gravitating bodies (not only test particles) and gravitational (not only

10See Will (2018), p. 16-17 for a detailed discussion.
11Concerning the first assumption (i), since the famous Eötvös experiment in 1885, WEP has

been tested over the years with very high accuracy: the current upper limit on WEP has been
set by the MICROSOPE mission at the level of 10−15 (see, e.g., Touboul et al (2020)). The
second assumption of EEP (ii) implies the validity of special relativity, that is, the so-called Local
Lorentz Invariance (LLI). Many experiments have been devised in order to check for possible
violations of LLI, leading to very tight experimental constraints on the validity of LLI (see, e.g.,
Mattingly (2005) for a general review on this topic). Finally, testing the third assumption (iii)
of EEP implies testing Local Position Invariance (LPI), which in fact refers both to spatial and
temporal invariance. The tests for spatial LPI consist in gravitational redshift experiments, based
on precise atomic clocks measurements, and they typically assume that WEP and LLI are valid.
Spatial LPI is tested with less accuracy than WEP and LLI: current best bounds are around one
part per million (see, for example, Leefer et al (2013)). The tests for temporal LPI consist, instead,
in checking for possible time variation of non-gravitational universal constants, such as the fine
structure constant, the weak interaction constant and the electron-to-proton mass ratio. If LPI is
violated, the coupling between possible external fields and matter should evolve in time in a non-
metric way, causing a variation of some universal constants. Also in this case, the experimental
constraints turn out to be very tight (see Will (2018), p. 34).
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non-gravitational) experiments.12 It is worth underlining that, while EEP is
fulfilled by any metric theory of gravity, SEP is strictly met only by GR.

Nevertheless, nothing prohibits EEP (or SEP) to break at some level,
allowing for a non-metric theory of gravity. The best known example are the
so-called MOdified Newtonian Dynamics (MOND) theories, which have gained
an increasing interest since the first formulation by Milgrom (1983). The main
motivation for such theories is the phenomenology of galactic dynamics, usu-
ally addressed in the current cosmological paradigm – the Λ Cold Dark Matter
(ΛCDM) model – by resorting to the assumption that most of the matter
content in the universe is made of dark matter (see, e.g., Ferreira (2019) for
a review on the ΛCDM model). MOND theories, on the contrary, address
the issue by modifying Newton’s dynamics. More precisely, the break of the
Newton’s law in the MOND regime is expressed in terms of the so-called Mil-
grom’s law : introducing a fundamental scale of acceleration a0 (as provided
by empirical evidences), Newton’s equation of motion, a = GM/r2, holds
for accelerations larger than a0, while in the “MOND regime”, that is, for
accelerations smaller than a0, the equation of motion is modified.13 As a con-
sequence, a break of the equivalence principle is expected in MOND theories.
This can be understood in the following way: on the one hand, SEP can be
reformulated by asserting that the internal dynamics of a system is the same
independently of any external constant field in which the system is embedded;
on the other hand, the dynamics predicted by MOND depends on the relative
magnitude between the total acceleration acting on the system (thus, including
also external fields) and the scale acceleration a0. This “external field effect”,
characterizing MOND theories, implies the break of SEP. 14 Such a violation of
SEP should lead to observational effects. Thus, also at the solar system scale,
experimental tests of MOND can be conceived (see Section 3.3).

3.2 Second level: Metric theories in PPN approximation

In the framework of a metric description of gravity, a number of alternative
theories with respect to GR have been proposed over time. In general, such
theories are not aimed at replacing GR, but rather at modifying or extending
it in regimes where GR shows its main drawbacks – whence the use of refer-
ring to these theories as modified or extended theories of gravity. This means
that competing metric theories of gravity are not expressly designed for solar
system tests of gravity, where GR is extremely successful. Nevertheless, any
modification or extension of GR should eventually be detectable and tested in

12In some more detail, SEP can be enunciated as follows: (i) WEP is valid for test bodies
and for self-gravitating body; (ii) the outcome of any local, gravitational or non-gravitational,
experiment is independent of the velocity of the freely falling apparatus; (iii) the outcome of any
local, gravitational or non-gravitational, experiment is independent of where and when in the
universe it is performed (see Will (2018), p. 170). Alternatively, SEP can be rephrased by stating
that the outcome of an experiment performed in a sufficiently small freely falling laboratory over
a sufficiently short time is indistinguishable from the outcome of the same experiment performed
in an inertial frame in empty space.

13Reviews of the MOND paradigm can be found, e.g., in Sanders (1990); Famaey and McGaugh
(2012); Khoury (2015) .

14See, e.g., Famaey and McGaugh (2012), p. 54–56.
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some way also in the solar system, where current and near-future experiments
are significantly more accurate than at cosmological scales.

The main metric theories of gravity can be grouped as follows (cfr. Fig.
1):15

• Scalar-tensor (S-T) theories: while in Newton’s theory gravity is determined
by means of a scalar field and in GR by the metric tensor gµν , in this case
gravity is determined both by a metric tensor and a scalar field ϕ, so that
the metric can be put in the form ḡµν ≡ A2(ϕ)gµν (for a comprehensive
introduction see, for example, Fujii and Maeda (2003)). In addition, a char-
acteristic coupling function, ω(ϕ), is introduced. Different formulations can
be given depending on the behaviour of the scalar field and the coupling
function. The first attempt in this sense was proposed by Brans and Dicke
(1961): Brans–Dicke theory assumes that the coupling function is, in fact, a
coupling constant, ωBD, such that the larger is the value of ωBD, the smaller
is the effect of the scalar field (resorting to GR in the limit of ωBD → ∞).

• f(R) theories: in this case, the idea is to substitute the Ricci scalar curvature
R with a suitable function, f(R), chosen in such a way that at cosmologi-
cal scales the universe would experience an accelerated expansion, without
the need to resort to a cosmological constant or dark energy. This family
of modifications of GR was first proposed in Buchdahl (1970). It can be
shown that eventually f(R) theories are equivalent to S-T theories (see, for
example, Jain and Khoury (2010)).

• Vector-Tensor (V-T) theories: in this case gravity is determined both by
the metric tensor and by a dynamical four-vector field uµ. This type of
modifications is motivated by the idea of exploring possibilities for a vio-
lation of Lorentz invariance in gravity, thus allowing for preferred frame
effects (a detailed description is provided in Jacobson and Mattingly (2001)).
V-T theories can be distinguished in constrained and unconstrained V-T
theories. Constrained V-T theories assume that the dynamical field is con-
strained, as in the Einstein–Aether theory, where uµ is constrained to be
time-like with unit norm (see, e.g., Eling et al (2004)) or in the khronomet-
ric theory, where the vector field is required to be hypersurface orthogonal
(see, e.g., Blas et al (2010)). Otherwise, the dynamical field can be uncon-
strained, as in Will–Nordtvedt theory (see Will and Nordtvedt (1972)) and
in Hellings–Nordtvedt theory (see Hellings and Nordtvedt (1973)).

15For a general discussion, see Will (2018), ch. 5 and references therein.
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More recently, mainly inspired by results in quantum physics and cosmology,
further alternative proposals have found a fair consensus in the scientific com-
munity.16 Examples are Tensor-Vector-Scalar (TeVeS) theories17 and massive
gravity theories.18

As already mentioned, in the framework of a metric theory, the solar sys-
tem dynamics can be suitably described by means of the PN approximation,
corresponding to the limit of slow moving particles under the effect of weak
gravitational fields.19 In fact, within the solar system, gravitational fields are
weak enough to consider relativistic effects as “corrections” of Newtonian grav-
ity. In other words, Newtonian acceleration represents the zero-order term and
relativistic corrections are added to the equation of motion as higher-order
terms. As a consequence, any metric theory can be expressed by expanding the
general spacetime metric about the Minkowski metric as a sum of PN adimen-
sional gravitational potentials of varying degrees of smallness, each potential
being a functional of matter variables. The result is that each metric theory
is described by its PN metric, and the only way in which one PN metric can
differ from another is in the values of the coefficients that multiply each term
in the metric.20

3.3 Third level: PN models and data models

The comparison of metric theories with each other in their PN limit underpins
what we have indicated as the second level of distinctions. The third, less
abstract level emerges when taking into account the theoretical models based
on these metric theories, which are each one characterized by its own set of PN
parameters. At this more “phenomenological” level, the simulated data based
on a specific model can be compared with the available data sets by means
of different kind of fits, thus allowing to discriminate between experimentally
suitable and experimentally unsuitable models.

Let us enter into some more detail about the construction of the PN models
forming this third level. As already mentioned, in the PN limit the expansion
of the metric is written in terms of a sum of PN adimensional potentials, each
one characterized by a multiplying coefficient whose value depends from the
metric theory considered. In particular, in the PPN formalism, dimensionless
arbitrary parameters are put in the place of the coefficients of the potentials,
where each of these PN parameter describes a specific property of the space-
time metric. To be more precise, the PPN formalism provides for a total of 10

16These are indicated as “other metric theories” in Fig. 1.
17TeVeS theories, characterized by three different gravitational fields (the metric, a dynamical

four-vector field and a dynamical scalar field) have been devised to provide a fully relativistic
theory of gravitation which is also capable to mimic MOND dynamics at regimes where MOND
shows its best success, such as at galactic scales (see, e.g., Bekenstein (2004)).

18Massive gravity theories have been devised on the attempt to ascribe a mass to the gravi-
tational field, usually referred as “graviton” in this context (see, e.g., Hinterbichler (2012) for a
review).

19In fact, as of now, most of the solar system tests of gravity can be performed in such
approximated framework with sufficient accuracy (see Will (2014)).

20For details, see Will (2018), p. 88.
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PN parameters.21 Hence, any metric theory of gravity predicts a specific set
of values for the 10 PN parameters.

In the case of GR, the are only two not null PN parameters: the Eddington
parameters γ and β, whose value is expected to be unity. All the other PN
additional effects are null in GR, since no additional fields are expected beside
the metric field. Hence, the GR PN model is built by setting the values of γ
and β equal to 1 and the values of the other 8 PN parameters identically null.
Also in the case of S-T theories, only γ and β are expected to be different from
zero, but their value can be written as a function of ω(ϕ). In contrast with the
case of GR, this function can be different from unity. In the particular case of
Brans–Dicke theory, where the coupling function is in fact a constant, the value
of β is expected to be unity, as in the GR PN model, while γ is a function of
the coupling constant and its value can be different from unity. Finally, in the
Brans–Dicke PN model it holds that the other 8 PN parameters are identically
null as in GR. In the general S-T PN models, both β and γ are functions of
ω(ϕ) (thus, they are different from the case of the GR PN model), while the
other 8 PN parameters are identically null also in this case. Conversely, in
the case of V-T theories also the PN parameters describing possible preferred
frame effects (labeled with α1, α2) are expected to be different from zero.22

For the sake of completeness, it is worth pointing out that, while present
data from solar system observations strongly support a metric description of
gravity, small violations of EEP could anyway take place below the accuracy
level of current tests, thus leaving room for the chance of non-metric theories of
gravity. As a consequence, a number of tests of alternative non-metric theories
(such as MOND) have been recently proposed also within the solar system,
resorting to the weak-field limit of such non-metric theories. In particular, the
MOND paradigm could be tested phenomenologically in the solar system and
constrained by fitting the available planetary data (see, e.g., Milgrom (2009);
Blanchet and Novak (2011); Hees et al (2014)).

A different situation holds if we consider SEP instead of EEP. SEP is
strictly fulfilled only by GR, while the other metric theories of gravity can vio-
late it in different ways. Examples are: the Nordtvedt effect, which implies the
violation of WEP for massive bodies (while it still holds for test particles, as
expected if EEP is valid), preferred-frame and preferred-location effects, tem-
poral variation of the gravitational constant G. The PPN framework turns out
to be particularly suitable for testing such violations in the weak-field regime.
Indeed, possible violation of SEP can be mirrored by different values of indi-
vidual PN parameters or combination of PN parameters. Hence, constraining
the values of PN parameters within the solar system is a powerful tool for
discriminating between competing theories of gravity.

Summing up: dealing with gravitational phenomena in the solar system
accounts for different distinctions which arrange at different levels, spanning

21A list of the PN parameters, with their meaning and the values assumed in different metric
theories, can be found, for example, in Will (2014), p. 31.

22A detailed derivation of the PN limit of the main metric theories of gravity can be found in
Will (2018), ch. 5.
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Fig. 1 Sketch of the three levels of distinctions which can be individuated when dealing
with gravity in the case of the solar system.

from families of theories to families of models. Such a general arrangement of
possibilities is schematically illustrated in Fig. 1. How the highlighted distinc-
tions act in practice can be seen by resorting a specific concrete case. This is
the subject of the following section, where we turn to examine, from the view-
point of the modalities involved, the case of the relativity experiment of the
BepiColombo mission to Mercury.

4 Case study: Testing metric theories of
gravity with BepiColombo

BepiColombo is an ESA/JAXA space mission for the exploration of the planet
Mercury and the inner solar system (e.g., Benkhoff et al (2013)).23 The space-
craft was launched at the end of 2018 and it is planned for orbit insertion
around Mercury at the end of 2025. It is equipped with a competitive suit of
instruments to perform different scientific experiments.

One of the main on-board experiments, the Mercury Orbiter Radio science
Experiment (MORE), has two major scientific goals (see, e.g., Iess et al (2021)):
(i) determining Mercury’s gravitational field and rotational state (gravimetry-
rotation experiments) and (ii) performing a very accurate test of relativistic

23The mission is named after Giuseppe “Bepi” Colombo (1920–1984), an Italian mathemati-
cian and astronomer who first discover the 3:2 spin-orbit resonance of the planet Mercury and
contributed to develop the ‘gravity assist’ technique to reach the planet.
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theories of gravity (relativity experiment). Such ambitious scientific goals will
be achieved by processing ultra-accurate radio observations. In this section, we
will focus on the second goal of MORE, that is, the test of relativistic theories
of gravity. There is a remarkable advantage in performing such kind of test
by means of a space mission at Mercury. Indeed, Mercury is the best placed
planet in the solar system in order to test for gravitational theories, as it is the
nearest planet to the Sun and, therefore, the most subject to its gravitational
effects. Thanks to the possibility of achieving a very accurate determination
of both the heliocentric orbit of Mercury and the mercurycentric orbit of the
spacecraft, the MORE relativity experiment will be capable of constraining
with very high accuracy the value of the main PN parameters by means of
a non-linear least squares fit. The possibility of putting a tighter constraint
on the value of the PN parameters will significantly help in discriminating
between competing metric theories of gravity.24

At the beginning, that is, in the 1990s, the MORE relativity experiment
was devised on the specific aim of testing the validity of GR. Let us give a
basic idea of the procedure on which the experiment is based. Assuming GR
in its PPN approximation, a PN model accounting for the dynamics of the
system is built. This GR PN model describes the dynamics of Mercury (and
of the spacecraft around the planet) by considering a Newtonian zero-order
gravitational term plus the addition of PN corrections due to GR.25 Such
corrections can be written as additional accelerations terms in the equations
of motion for Mercury, with each term multiplied by the corresponding PN
parameter.26 The first step consists in setting the values of the PN parameters
to those predicted by GR (we will call them PN\_set\_0). Then, given the
GR PN model with PN\_set\_0, it is possible to run the orbit determination
code, ORBIT14 (see Lari et al (2021)): the resulting simulation represents the
initial “nominal” solution of the problem. The output of this solution consists
in a set of simulated radio observations. This set can be directly compared and
fitted against the observed data set. Such a fit is performed by a non-linear
least squares fit, in the form of a differential corrections method (e.g., Milani
and Gronchi (2010), ch. 6). The scope of the fit consists in determining the set
of PN values that minimizes the difference between simulated and observed
data.27 The procedure is then iterated until the best fit of the values of the
PN parameters has been obtained.28

24For the sake of completeness, we point out that the BepiColombo MORE experiment is not
the only ongoing effort to constrain the PPN parameters. Indeed, a number of experiments and
techniques have been devised, based on very precise measurements both from ground and from
space. A well-known example is the case of Lunar Laser Ranging.

25Moreover, the model accounts also for perturbative effects due to the other planets and the
main bodies of the solar system (asteroids, etc.).

26The details of the dynamical model adopted can be found in Milani et al (2002); Milani et al
(2010).

27The difference is defined in terms of the residuals between simulated, i.e., computed, and
observed observations (see, e.g., Lari et al (2021) for details).

28In some detail, the whole iterative procedure can be described as follows (for a deeper
description, see, e.g., Schettino and Tommei (2016); Lari et al (2021)): •Iteration 1 : the nominal
simulated observations (obtained by setting the values of the PN parameters to the nominal ones,
PN set 0) are compared with the data set and the fit provides an updated set of values for the
PN parameters, PN set 1; • Iteration 2 : we run again the orbit determination code, updating the
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Adopting the same procedure as for the test of GR, any metric theory
of gravity, written in PPN approximation, could be eventually tested using
MORE radio observations. In this case, the orbit determination code will
adopt, as the input dynamical model, a different PN model, based on that
specific metric theory, which can predict values of the PN parameters different
with respect to the GR PN model. An example could be the case of Brans-
Dicke theory, which predicts that the PN parameter γ should be different
from unity, while the other PN parameters are expected to assume the same
values as in GR. With the MORE relativity experiment it could be possible
to perform straight comparison between the two competing theories, GR and
Brans-Dicke theory: roughly speaking, if the best fitting value of the param-
eter γ would turn out to be different from unity, GR should be discarded in
favour of any competing metric theory which predicts a different value for
that parameter. Note that the current knowledge on γ is set at unity with an
accuracy at the level of 2 × 10−5, as provided by the Cassini spacecraft (see
Bertotti et al (2003)). This means that, as of today, any possible departure
from GR should be below the 10−5 threshold. In the case of the MORE rela-
tivity experiment, the constraint on γ is expected to be improved by, at least,
one order of magnitude (see, e.g., Schettino and Tommei (2016); Serra et al
(2018); Schettino et al (2018, 2020)).

In the light of the three levels discussed in Section 3, to conclude, the
modeling practice at the basis of the MORE relativity experiment can be
understood as follows:

• First level: relativistic metric theories of gravity are assumed to be the actual
framework to describe gravitational physics in the solar system; non-metric
theories are discarded.

• Second level: despite the impressive accuracy that BepiColombo-MORE
radio science observations are expected to achieve, the PN limit is certainly
an accurate approximation to describe the gravitational iterations of inter-
est for the experiment. In principle, different relativistic PN theories can be
adopted to describe the experiment, depending on the specific metric theory
that needs to be tested. The standard approach consists in adopting classical
GR theory in its PN limit (see, e.g., Milani et al (2010) for an extensive dis-
cussion), but other attempts are currently under study (see, e.g., Schettino
et al (2020));

dynamical model with the new values for the PN parameters, given by PN set 1; the output is an
updated set of simulated observations, which are again compared with the data set; the new fit
provides a new set of values of PN parameters, PN set 2: such new set represents an improved fit
of the values of the PN parameters and the residuals between simulated and observed observa-
tions should be smaller than at the previous iteration; • Iteration 3 : then PN set 2 is used as the
updated input parameters for the dynamical model to run an updated simulation; the updated
simulated observations are again fitted with the data set and an updated fit of the values PN
parameters, PN set 3, is determined; • Iteration n: the process continues by iterating the previous
steps until the residuals between iteration (n − 1) and iteration n are small enough that the dif-
ferential correction process has arrived at convergence, that is, the best fit of the values of the PN
parameters has been obtained (where by “best fit”, we mean the set of values which minimizes
the residuals, i.e., the difference, between simulated and observed observations).
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• Third level: competing relativistic metric theory of gravity can be tested by
means of the MORE relativity experiment. For each theory, the correspond-
ing PN model is built and fitted against the data set. After the differential
correction process, the best fit of the values of PN parameters is determined
and, accordingly, a theory can be discarded (when found to be inconsis-
tent with the observations) or acknowledged (when representing a possible
scenario subject to the level of accuracy provided by MORE).

5 Discussion: Nested modalities

To sum up on the basis of the previous analysis: when dealing with gravi-
tational phenomena in the solar system, three levels of distinctions can be
envisaged, depending on the degree of generality or abstraction at which com-
peting descriptions of gravity are considered. At a first, very general level,
metric and non-metric theories of gravity are distinguished; at a second, less
general level, different more specific theories or families of theories can com-
pete, either within the class of metric theories or within the class of non-metric
theories of gravity. At a third, even less general level, distinct models can be
built on the basis of the different theories individuated at the second level.
At this third, “phenomenological” level, the predictions (simulated data) of
each model can be compared with the available data sets by means of differ-
ent kind of fits, thus allowing to discriminate between experimentally suitable
and experimentally unsuitable models.

Now, let us look at such an arrangement of possibilities – the possible
descriptions distinguished at the different levels of generality in the study of
gravity within the solar system – from the perspective of the philosophical
discussion on the how-possibly/how-actually distinction.

First of all, regarding how to characterize the distinction, there is no
uniform view in the literature, also given the variety of contexts taken into
account over the course of the years.29 As already mentioned, the distinction
has been mainly discussed with respect to explanation and, especially, model-
based explanation. In this respect, we find different positions in the literature,
depending substantially on two points of discussion. On the one side, positions
differ on whether a continuum can be envisaged between how-possibly and
how-actually explanations: in other words, on whether the difference between
how-possibly and how-actually is just epistemic (how-possibly models are con-
jectures about the actual) or, on the contrary, how-possibly models represent
something other than the actual, a sort of “just-so stories”.30 On the other
side, from the epistemic viewpoint, different views can be taken with respect to
the following question: along which dimension the how-possibly/how-actually
distinction is to be measured? More precisely, positions can differ on whether

29See for example Bokulich (2014), pp. 322-325, for a discussion of differing views on the how-
possibly/how-actually distinction such as those of William Dray in the 1950s in the context of
explanations in history, of Robert Brandon in the 1990s for evolutionary mechanisms and, more
recently, of Patrick Forber when discussing the role of biological constraints.

30For a detailed discussion of a number of these different positions, see for example Bokulich
(2014), Sect. 1, and Glennan (2017), Sect. 3.5.
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the distinction is assumed to be just a matter of the level of detail at which
the description is given, or the relation between the degree of abstraction and
the modality involved (how-possibly vs. how-actually) is less straightforward
than what could appear at first sight.

This second point is specifically the one we want to deal with in this
paper. Our analysis is precisely focused on the question as to whether we can
establish a direct link between the level of abstraction or generality at which
the descriptions are considered and their how-possibly/how-actually charac-
terization. Before turning to consider, from this viewpoint, the import of the
distinctions individuated in the case of the solar system, let us enter into more
detail by recalling some representative positions to be found in the literature.

According to Brandon (1990), to begin with, a how-possibly explanation
– “one where one or more of the explanatory conditions are speculatively
postulated” – can be moved “along the continuum until finally we count it
as a how-actually explanation”, and this passage from how-possibly to how-
actually is determined by getting more and more empirical evidence (p. 184).
In the same spirit, for Machamer et al (2000) mechanistic explanations render
phenomena intelligibile by showing “how possibly, how plausibly, or how actu-
ally things work” (p. 21). In discussing this intelligibility process by means
of examples in neurobiology and molecular biology, the authors introduce a
further distinction between “sketches” and “schemata”, where the former are
considered abstract, incomplete versions of the latter, and the movement from
the former to the latter is by adding missing details (pp. 15-18). One of the
authors, Craver, further elaborates on this by arraying mechanistic models
along the following two axes (Craver (2006), Craver (2007)):

(a) The “possibly-plausibly-actually axis”: an explanatory continuum from
how-possibly to how-plausibly to how-actually, where at one extreme,
how-possibly models show how a mechanism “might work” (thus being
heuristically useful in “constructing a space of possible mechanisms”), while
at the other extreme how-actually models show how a mechanism “works”.
Between these two extremes, there is a range of how-plausibly models that
are more or less consistent with the known constraints on the details of the
mechanism that in fact produces the phenomenon (Craver (2006), p. 361).31

(b) The “sketch-schemata axis”: between a speculative sketch, leaving many
details out, to an “ideally complete description”, lies a continuum of
schemata, that abstract away to a greater or lesser extent from the details
(Craver (2006), p. 360).

Progress in the explanation means movement along both axes (a) and (b)
(Craver (2007), p. 114). This view has raised a number of discussions in the
literature. Gervais and Weber (2013), in particular, criticize the debate on

31A constraint, for Craver, is “a finding that either shapes the boundaries of the space of
plausible mechanisms or changes the probability distribution over that space”. In short, constraints
on the space of possible mechanisms “constitute the relevant evidence for evaluating how-possibly
descriptions of mechanisms”, and the progress from how-possibly to how-actually descriptions of a
mechanism can thus be conceived “as a process of shaping and constricting the space of plausible
mechanisms” (Craver (2007), pp. 247-248).
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mechanistic explanations (referring especially to Craver’s work) for conflat-
ing two features of models: plausibility (corresponding to the dimension of
Craver’s axis (a)), and richness of information (corresponding to the dimen-
sion of Craver’s axis (b)).32 In contrast to plausibility, richness is not necessary
for a model to be explanatory, they argue for. In the same vein, Glennan
(2017) (Sect. 3.5) critically discusses what he considers to be Craver’s tight
link between the axis (a) (“possibly-plausibly-actually axis”) and the axis (b)
(“sketch-schema-mechanism axis”), that is, between the degree of plausibility
and the degree of sketchiness, where by sketchiness one means abstraction.
While moving from how possibly to how-actually undoubtedly constitutes sci-
entific progress – he claims – this is not always the case when moving to less
“sketchy” models. A sketchier model may be a better one for some purposes,
as he shows by means of concrete examples (Glennan (2017), p. 69).

A critical discussion of the assumption of a tight correlation between the
degree of plausibility and the level of detail can be found as well in Bokulich
(2014), though from a different perspective. By taking as a case study the geo-
logical phenomenon known as “tiger bush” (a characteristic striking periodic
banding of vegetation appearing in semi-arid region) and its various possi-
ble model explanations, Bokulich shows how alternative models can compete
both at the how-actually level and at the how-possibly level, forming a kind
of hierarchical branching tree. On the one side, how-actually explanations,
i.e., explanations referring in some way to the observable effects of the phe-
nomenon, are shown to be deployed also at a very abstract level. On the other
side, within the corresponding class of how-actually models, Bokulich shows
how it is possible to identify a split at a second most abstract level between dif-
ferent how-possibly models, each providing a possible further specification of
the explanatory mechanism (pp. 331–332). In this case, the how-actually/how-
possibly distinction does not merely refer to a more or less detailed description
of the phenomenon (p. 334). Bokulich, thus, provides an account of the tiger
bush phenomenon that has, in her own words, “the somewhat counterintu-
itive consequence that one can move from a rather well-confirmed how-actually
explanation of tiger bush at a high level of abstraction [...] to a how-possibly
model explanation as one tries to fill in some of the further details of that
mechanism” (p. 335).

Now, let us go back to the descriptions of gravity at the solar system scale,
discussed in Sections 3 and 4. The resulting level structure illustrated in Fig.
1 represents a hierarchical branching tree, moving down from more abstract
to more detailed descriptions. The question we want to address, at this point,
is whether this corresponds to a parallel movement from a how-possibly to a
how-actually level of description.

As we have seen, at a first, very general level, two classes of theories of
gravity – metric and non-metric – can be distinguished. Now, on the grounds

32More in detail: by plausibility, Gervais and Weber (2013) mean “the degree of probability that
a model is accurate in the existence of, and distinctions between, the various entities and activities
it postulates”, while richness “concerns the degree of detail a model provides in its description”
(p. 139).
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of the available experimental results in the case of the solar system, there is
a general consensus on assuming that gravity is described by a metric the-
ory. Thus, at this first, more abstract level one could assume that the actual
description belongs to the class of metric theories of gravity. Once this choice
is made, at the second, less abstract level we have at our disposal a number
of how-possibly metric theories, including GR. Then, at the third, still more
detailed level, within each class of metric theories a number of competing PN
models can be provided. In the particular case of testing gravitational theories
with BepiColombo, different PN models represent different how-possibly sce-
narios to be compared with the data set provided by the experiment. Finally,
by comparing the simulated data with the data sets, one can progressively
restrict the space of possibilities by discarding those theories which are found
inconsistent with the observations.33

Thus, in terms of the three levels distinguished when studying gravity at
the solar system scale, we can say that the resulting hierarchical structure
represents a web of nested modalities, rather than a continuum from how-
actually to how-possibly descriptions. Indeed, at each level, a given description
can be interpreted as one of the how-possibly options along one arm of the
branching generated at the higher level of abstraction. At the same time, this
very description, in turn, can be interpreted as a how-actually scenario giving
rise to a further branching at the subsequent, less abstract level. In other
words, one can move from a rather well-confirmed how-actually description at
a high level of abstraction to how-possibly models as one tries to fill in some
further details. Thus, this shows that we cannot establish, in general, a direct
link between the level of abstraction or generality at which the descriptions
are considered and their how-possibly/how-actually characterization.

Summing up, we arrive at a very similar conclusion as the one drawn, as
seen above, by Gervais and Weber (2013); Bokulich (2014); Glennan (2017) in
completely different contexts: there is not necessarily a strict correspondence
between the level of abstraction and the kind of modality implied, or, in other
words, the degree of possibility is not necessarily directly linked to the degree
of details.
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33Analogously, if one wanted to opt for the class of non-metric theories at the first level in
contrast to the previous choice, this would mean to assume that the how-actually description is of
a non-metric type. Accordingly, at the second level, MOND could be a how-possibly description
of gravitation in the solar system. To this aim, a suitable MOND model could be built as a how-
possibly model at the third level and, then, it could be checked against the data sets (see, e.g.,
the tests of MOND proposed in the solar system, cited in Section 3.3).
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Blas D, Pujolàs O, Sibiryakov S (2010) Consistent Extension of Hořava
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Milani A, Tommei G, Vokrouhlický D, et al (2010) Relativistic models for
the bepicolombo radioscience experiment. In: Klioner SA, Seidelmann PK,
Soffel MH (eds) Relativity in Fundamental Astronomy: Dynamics, Ref-
erence Frames, and Data Analysis, pp 356–365, https://doi.org/10.1017/
S1743921309990652

https://doi.org/10.1017/S1743921309990652
https://doi.org/10.1017/S1743921309990652


Springer Nature 2021 LATEX template

Nested modalities in astrophysical modeling 21

Milgrom M (1983) A modification of the newtonian dynamics as a possi-
ble alternative to the hidden mass hypothesis. The Astrophysical Journal
270:365–370

Milgrom M (2009) MOND effects in the inner Solar system. Monthly Notices
of the Royal Astronomical Society 399(1):474–486

Sanders RH (1990) Mass discrepancies in galaxies - Dark Matter and alterna-
tives. Astronomy and Astrophysics Review 2:1–28

Schettino G, Tommei G (2016) Testing general relativity with the radio science
experiment of the bepicolombo mission to mercury. Universe 2(3):21

Schettino G, Serra D, Tommei G, et al (2018) Addressing some critical aspects
of the bepicolombo more relativity experiment. Celestial Mechanics and
Dynamical Astronomy 130(11):72

Schettino G, Serra D, Tommei G, et al (2020) A test of gravitational theories
including torsion with the bepicolombo radio science experiment. Universe
6(10):175

Serra D, Di Pierri V, Schettino G, et al (2018) Test of general relativity dur-
ing the bepicolombo interplanetary cruise to mercury. Physical Review D
98(6):064059

Sjölin Wirling Y, Grüne-Yanoff T (2021) The epistemology of modal modeling.
Philosophy Compass 16(10):e12,775
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