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Abstract

Do compact objects other than black holes and neutron stars exist in the universe?
Do all black holes conform with the predictions of Einstein’s General Relativity?
Do classical black holes exist at all? Future gravitational-wave observations and
black-hole imaging might shed light on these foundational questions and deepen our
understanding of the dark cosmos.
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1 Motivation & current status

A common mantra in astrophysics is that compact objects — self-gravitating bodies
with mass M and radius R such that their compactness GM /(c*R) ~ 1 — must be
either neutron stars or black holes (BHs). This is predicted by stellar evolution and by
the universality of gravitational collapse in Einstein’s General Relativity (GR) [1-6].

There are strong motivations to challenge this paradigm. On the one hand, the
behavior of matter inside ultradense stars is unknown and might involve new degrees
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of freedom. At least some of them might be associated with the dark matter compris-
ing about 85% of the total matter content of the universe, of which little is known,
aside from its gravitational interactions. On the other hand, BHs, once considered
bizarre solutions to GR, are now pillars of high-energy astrophysics, cosmology, and
gravitational-wave (GW) astronomy. Their importance has grown to the point where
the initial issues tied to these unique solutions might be easily overlooked. BHs connect
gravity, thermodynamics, quantum mechanics and astrophysics, and the paradoxes
they reveal are deep and far-reaching: their Hawking evaporation is incompatible with
quantum unitarity, the microstates underlying their enormous entropy are unknown,
and they conceal singularities where Einstein’s theory breaks down.

Given this state of affair, and the ever-growing wealth of data made accessible by
GW observations, BH imaging, and other electromagnetic probes, it is compulsory to
test the nature of compact objects with an agnostic attitude. In addition to GWs and
BH imaging, X-ray reflection features in BH spectra provide another robust avenue
for testing the compact object hypothesis. [7-9]. Our reflections will revolve around
three related questions, which become progressively more radical:

e Do compact objects other than BHs and neutron stars exist in the universe?
e Do all BHs in the universe conform with the GR prediction?
e Do classical BHs exist at all?

We will provide a bird’s-eye view on these problems and discuss the many
opportunities for this field in the years to come.

1.1 Do compact objects other than BHs and neutron stars exist in the universe?

In GR, any compact object with a mass exceeding a few times that of the Sun must
be a BH. Observations contradicting this would imply either new physics beyond GR
or new exotic matter fields beyond the Standard Model. Such discoveries could also
offer insights into the mysterious properties of BHs (see [10, 11] for some reviews).

From a phenomenological standpoint, BHs and neutron stars might just be two
“species” within a broader category including exotic compact objects (ECOs). These
objects could possess unique characteristics that enable precision searches using cur-
rent and future experiments. Notably, some GW events are compatible with objects
in the so-called lower-mass and upper-mass gap forbidden for standard stellar-origin
BHs [12-14], and do not rule out more exotic interpretations [15].

A helpful guide for exploring the ECO landscape comes from Buchdhal’s theo-
rem [16], which states that, under certain conditions, the maximum compactness of
a self-gravitating object is GM /(c?R) = 4/9. This result rules out the existence of
ECOs with compactness arbitrarily close to that of a BH. However, relaxing some of
these conditions offers a way around the theorem and provides a framework for clas-
sifying ECOs [10]. In addition to some technical assumptions, Buchdahl’s theorem
relies on GR, spherical symmetry, and the assumption that the matter sector consists of
a single fluid that is, at most, mildly anisotropic. A quite common feature of ECOs is
the presence of strong tangential stresses to support very compact self-gravitating con-
figurations. This is the case, for instance, of boson stars [17, 18], gravastars [19-22],
fermion-boson stars [23], ultracompact anisotropic stars [24, 25], elastic stars [26-28],
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and wormbholes [29-31]. Only some of the ECOs models are embedded in consistent
field theories coupled to gravity (although the number of consistent models is steadily
growing), in which case they are prone to be studied in their full glory, including their
formation and nonlinear dynamics.

1.2 Do all BHs in the universe conform with the GR prediction?

If GR deviations are relevant at the scale of compact objects (namely when
GM/ (c2R) ~ 1), the properties of BHs (and neutron stars) could differ from those
predicted by GR. Specifically, GR uniqueness theorems suggest that all properties of
a BH are ultimately determined solely in terms of its mass and angular momentum,
offering multiple complementary approaches to test and potentially falsify the GR
BH hypothesis. Indeed, the entire quasinormal mode (QNM) spectrum, ringdown,
multipolar structure, tidal deformability, but also all geodesics properties such as the
innermost stable circular orbits and photon rings, are known functions of the BH mass
and spin.

Strong-field tests of gravity largely rely on (dis)proving these predictions (see [32,
33] for some reviews). In the context of testing the BH paradigm, it is useful to highlight
some analogies:

e several tests of GR (especially the model-agnostic ones [34, 35]) can be directly
mapped into — or easily adapted to — tests for ECOs, since also in this case one
expects a deviations from the standard GR BH predictions;

e most gravity theories beyond GR introduce extra scales and dimensionful cou-
pling constants, so they might introduce observable deviations only for BHs in
given mass ranges. This means that supermassive BHs can be practically indistin-
guishable from GR ones while stellar-mass are not (as in the case of theories with
higher-curvature corrections) or viceversa (as in the case of massive gravity and
other theories with ultralight bosonic degrees of freedom);

e Some models of ECOs require modified gravity either for their existence or to
have a stronger theoretical motivation. For example, ordinary matter supporting
wormhole solutions beyond GR might not need to violate energy conditions [36].
In these models testing ECOs is another flavor of testing GR.

Finally, it is worth noting that standard tests of gravity typically assume vacuum.
Dirty astrophysics and environmental effects can cause false GR violations [37].
For the ordinary environments expected around BHs, however, such violations are
small [38, 39]. Exceptions might be orbital migration in accretion disks [38, 40, 41],
or more exotic scenarios such as large dark-matter spikes around intermediate-mass
BHs [42] and ultralight-boson condensates grown around BHs due to superradi-
ance [43]. As for all environmental effects, deviations would be source dependent.
Therefore, by detecting multiple sources with similar mass and spin, it should be rel-
atively easy to disentangle environmental effects from beyond-GR ones [37, 38]. On
the other hand, distinguishing whether a given source is a BH with strong environ-
mental effects or an ECO can be more challenging and likely requires a detailed model
selection.
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1.3 Do classical BHs exist at all?

The BH hosted in M87, featured in the very first image taken by the Event Horizon
Telescope (EHT) [44], and the remnant of GW 150814, the first binary BH merger
ever detected by LIGO/Virgo [45], have entropies of the order 10% and 108, respec-
tively, and hence an enormous number of states. The same holds true for SgrA*, the
supermassive BH at the center of our galaxy, observed with the EHT [46] and by the
GRAVITY collaboration [47], which provided unprecedented precision in tracking
the orbits of stars around this object. Like M87%*, SgrA* provides crucial insights into
the nature of event horizons and strengthens the case for the classical BH paradigm as
predicted by GR [48]. The consistency of both images, despite the difference in scale
between M87* and SgrA*, offers compelling observational evidence that GR success-
fully describes supermassive BHs across various mass ranges [49]. GR explains all
BH observations so far, but does not offer any clue about the microscopic origin of the
gigantic entropy of astrophysical BHs. On the contrary, it predicts a huge discrepancy:
for a given mass, angular momentum and charge, a BH is unique [50]. Furthermore,
GR predicts that every BH hosts a singularity in its interior, where classical physics
breaks down. Finally, BHs evaporate by emitting entangled Hawking particles in a
process that violates quantum unitarity [51, 52]. Thus, despite the recent observa-
tional breakthroughs in GW astronomy and BH images, these entropy, singularity,
and information-loss problems remain dramatic manifestations of the incompleteness
of our fundamental laws of nature. A very general argument in quantum information
theory shows that if BHs have vacuum at the horizon and “normal” local physics (as
GR predicts), quantum unitarity is violated [53-55]. No small deviation from GR or
effective-field-theory arguments can come to rescue [53], so a resolution to this theo-
retical problem might require a radical change of the GR paradigms. In particular, the
information loss paradox might be resolved by postulating the existence of structure
at the scale of the horizon [53, 54]. This finds a concrete and particularly appealing
realization in the fuzzball program of string theory, which aims at describing the clas-
sical BH horizon as a coarse-grained description of a superposition of regular quantum
states [53, 56, 57]. The horizon-scale structure is provided by microstate geometries:
solitons with the same mass and angular momentum as a BH, but where the horizon is
replaced by a smooth horizonless cap [58—62]. Besides potentially resolving all the-
oretical problems associated with BHs, microstate geometries are possibly the only
motivated BH mimicker because, just like BHs, they: i) have a general (albeit com-
plicated [63, 64]) formation mechanism, ii) can exist with any mass, iii) can be more
compact than neutron stars without collapsing. The very existence of these solutions
and their unique properties hinge on nonperturbative string theory effects, the presence
of nontrivial topologies and fluxes, and on the fact that these solutions are intrinsically
higher dimensional. Although they are perfectly regular in higher dimensions, from a
four-dimensional perspective they appear to have pathologies.

The lesson to learn here is that, in order to solve the paradoxes associated to BHs,
one needs radically new effects that cannot be captured by educated phenomenological
models or ordinary parametrizations. Testing the BH paradigm would then require
computing observables in these highly nontrivial theories from scratch.
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2 Outlook

The previous considerations suggest that, as is often the case, to test the nature of
compact objects it is advisable developing both model-agnostic searches and top-down
predictions in well-motivated theories. The former approach is broad but potentially
inaccurate, while the latter is tailored to a specific theory and hence more precise.
Either ways, it is essential to model the signatures in these scenarios as accurately as
possible, since current detection strategies rely heavily on matched-filtering techniques
and Bayesian model comparison.

Below we list the most promising observables and smoking guns to test the nature
of compact objects:

e Kerr bound: While the mass M of a BH in GR is arbitrary, its angular momentum
J is not and in fact limited by the Kerr bound, / < GM?/c. This bound is easily
(and in fact enormously!) exceeded in everyday life, e.g. by a spinning top. It
would therefore be interesting to devise agnostic tests of the Kerr bound in com-
pact objects. This is a challenging task in the strong-field regime, since quantities
associated to J are typically model dependent and oftentimes models, templates,
and parameter estimation pipelines assume the Kerr bound. Extreme mass-ratio
inspirals detectable by LISA provide an appealing opportunity to measure the spin
of the secondary object in a model-agnostic fashion [65], but such measurement
will be very challenging due to parameter correlations [66].

e Multipolar structure: Due to their axial and equatorial symmetry, GR BHs have

a very rigid and highly constrained multipolar structure. The difference between
model-agnostic and model-specific approaches is particularly clear in this case.
The model-agnostic approach is based on assuming the same symmetries as Kerr,
introducing parametrized deviations from the Kerr multipole moments, in partic-
ular the mass quadrupole [34, 67, 68]. However, motivated by certain concrete
models of microstate geometries [69-72], one might also consider multipole
moments that are vanishing in the Kerr case (e.g., current dipoles [73]), and even
breaking axial symmetry [74].
Multipole moments affect the inspiral waveforms at different post-Newtonian
order [75]. While the model-agnostic approach can be directly implemented
in existing waveforms [34, 67], the absence of symmetries in specific models
makes the computation much more involved due to intrinsic precession [74].
However, these effects break parameter degeneracies and can drastically improve
measurability [76].

e Extra charges/dipoles: No-hair theorems [50] guarantee that Kerr BHs in GR
cannot be endowed with a long list of extra matter fields. Some exceptions exist,
for example in case of oscillating bosonic fields [77, 78] or electroweak hair [79]
(see [80] for a review). Furthermore, various extensions of GR predict BHs with
extra massless hair. Finally, although astrophysical BHs are expected to be electri-
cally neutral, they can have extra U (1) charges in beyond-Standard Model theories,
e.g. in the presence of dark photons [81]. In addition to modifying the BH GR solu-
tion, if compact objects are endowed with light degrees of freedom one expects
extra dissipative channels during the inspiral, and non-gravitational modes during
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the ringdown. This can be studied in a model-agnostic way within post-Newtonian
theory [82], in extreme mass-ratio inspirals for a large class of theories [83], and
for ringdown [84].

Finally, even if globally neutral, in various scenarios compact objects can have
a nonvanishing dipole moment, which can also be modelled generically in some
scenarios [85].

e Geodesics & integrability: Due to special symmetries of the Kerr metric, geodesic

motion around a Kerr BH is fully integrable. This property is broken by essentially
any other object, even if axisymmetric. Examples include neutron stars, boson
stars, BHs in modified gravity. In fact, beside GR BHs, non-integrable geodesic
motion is the rule rather than the exception.
This fact would impact imaging, accretion, and extreme mass-ratio inspirals. In
general, geodesic motion beyond GR BHs can also be chaotic [86-89]. This is
hard to model generically, but a qualitative signature would be the existence of
resonances, glitches, or islands were orbital dephasing is particularly large.

o Tidal properties: If at least one of the two objects in a binary system does not have
a horizon, the GW emission will be different, due to finite-size effects [90-92].
Compact objects without an event horizon, such as neutron stars or ECOs like boson
stars, exhibit different tidal characteristics compared to classical BHs. Unlike BHs,
objects with a solid surface or internal structure can undergo significant tidal
deformation. This effect would cause deviations in the waveform during the inspiral
phase, especially in the late stages when the objects are in close proximity. Such
deviations could provide key signatures that distinguish horizonless objects from
standard BHs [90]. In addition, horizonless objects would exhibit negligible tidal
heating or dissipation, significantly altering the GW signal from comparable-mass
binaries [93] and extreme mass-ratio inspirals [91, 92, 94]. The detection of these
tidal imprints is particularly relevant for future GW observatories like LISA and
the next generation of ground-based detectors, which will have the sensitivity to
probe these subtle effects.

e Ringdown, QNMs, echoes:

The ringdown phase marks the final stage of a BH merger, during which the newly
formed BH settles into a stable state by emitting GWs mostly in the form of QNMs.
While the amplitudes and phases of these modes are set by the binary parameters,
their frequencies and damping times are uniquely determined by the remnant’s
mass and angular momentum, as predicted by GR. These modes allow for precise
tests of the no-hair theorem (see [95] for a recent detailed analysis). If the remnant
is a horizonless compact object or one that carries additional degrees of freedom,
the ringdown signal will exhibit deviations from the GR prediction. These could
manifest as deviations to the BH QNMs, different QNM excitation factors [96]
or excitation of new non-gravitational modes [84], or also as post-merger GW
echoes, delayed and weaker signals caused by wave reflections near the surface
or by the internal structure of the object [97]. The presence of such echoes would
indicate the breakdown of the classical event horizon and provide strong evidence
for new physics beyond GR. Testing the nature of the remnant through a multitude
of (both agnostic and theory-specific) ringdown tests is a major focus of current
theoretical work and observational efforts [34, 95], as they could offer key insights
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into the nature of compact objects, quantum gravity effects [98], or the existence
of new fundamental fields and interactions.

e Accretion: Accretion flows around compact objects offer critical observational
opportunities to study their nature (see, e.g., [99]). In the case of horizonless
objects, infalling material would not disappear across an event horizon but could
instead interact with a surface, leading to distinct signatures in the dynamics of
the accretion disk. These interactions could manifest as increased luminosity from
the surface [100], different thermal emission properties, or variability in the radi-
ation due to the accumulation of matter [49]. Accretion-induced signals in such
scenarios might reveal deviations from the classical BH predictions, where matter
is absorbed without observable effects near the horizon, due to the infinite redshift.
The presence of a surface would alter the energy dissipation process, potentially
producing additional observational features, such as enhanced emission from the
innermost regions of the accretion disk or even secondary signals reflecting the
interaction of the infalling matter with a solid boundary.

The recent multi-wavelength campaigns, including the EHT’s continued obser-
vation of SgrA* and M87%, are already beginning to constrain accretion models,
offering a direct test of whether the observed objects conform to classical BHs or
exhibit signs of some structure at the horizon scale.

In this context, it would be important to improve accretion models onto ECOs, to
include realistic dissipation effects.

e Merger counterparts: The absence of an event horizon or the presence of addi-
tional degrees of freedom can lead to the generation of observable electromagnetic
or neutrino counterparts during a merger event. This contrasts sharply with a classi-
cal BH, where the event horizon prevents any significant emission of such radiation
during or after the merger. For horizonless objects, instead, matter that would oth-
erwise be absorbed by a BH could interact with the object’s surface or internal
structure. The interaction between the merger debris and the surface of these exotic
objects could lead to a variety of post-merger emissions, potentially akin to the
case of neutron-star mergers [101, 102] but occurring also for heavier mergers and
potentially probing higher-curvature and higher-redshift regions. These emissions
might range from prompt flashes of electromagnetic radiation to more sustained
afterglows, depending on the object’s specific properties, such as surface compo-
sition, compactness, and temperature. In addition, shock waves generated by the
collision of the compact objects might accelerate particles to relativistic speeds,
producing detectable high-energy emissions, including X-rays or gamma rays.
Similarly, neutrinos could be produced in significant quantities if the dense matter
interacts with the horizonless surface during or after the merger, offering a unique
multi-messenger signal. Finally, novel degrees of freedom might be present or
excited, resulting in dark radiation.

The observation of such counterparts (or lack thereof) would provide critical
insights into the nature of the merging objects. A detection of electromagnetic
or neutrino signals in coincidence with GW events would strongly suggest the
presence of a horizonless compact object or some other exotic physics beyond
the standard BH paradigm. On the other hand, the absence of these signals would
reinforce the classical BH interpretation, in line with the predictions of GR, or at
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least constrain ECO models even further. Future multi-messenger observations,
combining GWs, electromagnetic radiation, and neutrino detections, will play a
key role in distinguishing between these possibilities and testing the fundamental
nature of compact objects in the universe.

For all these observables, strong efforts are ongoing to develop model-agnostic
tests, improve existing ones to make them more accurate, and in parallel improve the
theoretical understanding of well-grounded models to compute the above observables
in a motivated top-down approach, possibly looking “outside the lamppost” for more
radical deviations. Eventually, for selected well-motivated theories, it is imperative
to develop models and templates that are as accurate as the current ones for GR
BHs, in order to perform a robust data-driven model comparison, possibly using a
synergy of multiwavelength/multimessenger probes of BH candidates across various
mass ranges. Finally, in case some tension with the standard paradigm is detected in
future experiments, one would need to carefully examine degeneracies with model
systematics, experimental errors, and astrophysical uncertainties [37].
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