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Abstract

We briefly overview the case for using black holes as a discriminator for theories of
gravity. The opportunities and challenges for the various observational experiments
are outlined, and key questions for the community identified. This note summarises
the discussion from the roundtable on the third day of Black Holes Inside and Out.

The past decade has seen a complete transformation in the way black holes are
regarded. A decade ago, we were pretty sure that black holes existed, but it was
via deductive reasoning: It is small, heavy, and non-luminous, so what else can it be?
Direct evidence was missing. However, with first the gravitational wave signal from
merging black holes [1], then the imaging of the black hole shadow [2], we are now in
the position of having direct evidence of strongly curved near, or at, horizon geometry.

Having this data has opened the exciting possibility that we can now test General
Relativity (GR), not as a correction to Newtonian Gravity, or in the very special case
of the high degree of symmetry of a cosmological background, but in the strong
field regime of black hole horizon. While many of us often assume that GR is right,
and certainly weak field GR has been well verified [3], the conflict between GR and
Quantum Theory is so profound that it is essential we step back and ask: is GR
really the right theory of gravity? Much of the theoretical conflict between gravity
and quantum theory arises when we are at extreme scales, however, even the relatively
mild environment of an event horizon leads to quantum puzzles: do we have a horizon,
a firewall, a fuzzball [4]? It is therefore essential to test GR in these strong gravity
regimes, where exotic alternatives to the standard description of compact objects might
reveal their signatures.
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We are currently experiencing a golden age in strong-field gravity, marked by
groundbreaking observations and measurements from a range of experiments, includ-
ing the LIGO [5], Virgo [6], and KAGRA [7] detectors, the GRAVITY instrument
[8], and ongoing Event Horizon Telescope (EHT; e.g., [9]) campaigns. This boom
period is set to expand in the 2030s and 2040s with the advent of next-generation
observatories, such as funded telescopes and instruments such as the Extremely Large
Telescope (ELT, e.g., GRAVITY+, [10]), the Square Kilometer Array, and the Laser
Interferometer Space Antenna (LISA; [11]). Additionally, proposed projects like the
next-generation Event Horizon Telescope (ngEHT; e.g., [12]), Cosmic Explorer (CE;
[13, 14]), and the Einstein Telescope (ET; [15, 16]) promise further advancements.
These new observatories represent major investments and a multitude of ambitious
experimental advances, encompassing decades of engineering, instrumentation, and
cutting-edge technological breakthroughs.

Given these developments, it is crucial that the scientific community prepares to
maximize the opportunities they present for testing general relativity, particularly
through the analysis of black hole observations across diverse data sets. For example,
as discussed below, this includes exploring theoretical, computational, and analytical
approaches to gravitational wave data, along with future GRAVITY observations.

Firstly, for gravitational waves (GWs), compared to the few hundred stellar-mass
binary black hole and neutron star mergers observed since 2015, we can expect to
observe several hundred to thousands of binary black hole mergers per year at red-
shifts up to 1, starting in the early 2030s with the proposed LIGO A# and Virgo_nEXT
upgrades (see e.g., [17]). With entirely new GW facilities like ET and CE, we could
observe several hundred thousand binary black hole mergers per year, reaching red-
shifts of up to 30 and beyond [13—16]. In the case of LISA, we anticipate detecting
numerous supermassive black hole mergers per year, along with extreme mass-ratio
inspirals [11].

These upgrades and next-generation GW observatories represent a paradigm shift
in our ability to use black hole observations to test General Relativity. Notably, they
will enable: (1) exquisite precision in high signal-to-noise ratio (SNR) events, with
precision physics becoming possible for the tens of binary black hole mergers per
year that will have SNRs greater than 1000. (2) greater sensitivity to more parts of the
gravitational waveform, whether it be the inspiral phase of heavier binary black hole
mergers or the post-merger remnant for low-mass neutron star binaries. For instance,
we may observe thousands of post-inspiral binary black hole mergers with SNRs
exceeding 100. (3) the discovery of a population of intermediate-mass black holes.
(4) a dramatic increase in the number of binary black hole mergers due to the larger
volume of space being probed. (5). The potential detection of primordial black holes,
particularly from binary black hole mergers observed at redshifts greater than 20.

All of these advances will enable a plethora of tests of GR. These include improving
graviton mass constraints by three orders of magnitude, conducting ringdown tests of
the no-hair theorem with SNRs potentially reaching 11,000 for the root-sum-square
post-inspiral of binary black holes, detecting gravitational wave memory, and testing
for beyond-GR polarizations during the earlier inspiral phase, e.g., [14]. We will also
be able to perform parameterized consistency tests of GR, such as those using the
post-Einsteinian (PPE) formalism, e.g., [18].
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To meet these challenges, significant and coordinated investment is required in
developing complete and accurate approximants for binary black hole (BBH) mergers,
as well as other binary sources. This is urgently needed as we approach the era of
next-generation GW detectors, where SNRs could reach as high as thousands. A
combination of analytical relativity, numerical relativity, effective field theory and
machine learning is expected to be employed for source modeling and the production
of gravitational waveforms. Additionally, advances in amplitude scattering methods
are likely to play an increasingly important role in theoretical modeling, e.g., [19].

Over the past several years, it has also become clear that environmental effects-
whether from beyond-standard-model physics, ultra-light boson clouds, or astrophys-
ical environments like accretion disks-can be degenerate with one another and may
mimic the effects of non-GR compact object mergers. During our roundtable discus-
sions, it was emphasised that such degeneracies could pose a significant challenge
in identifying non-standard sources or environments (e.g., [20, 21]). Therefore, it
is crucial to develop a systematic and comprehensive framework for producing and
analysing gravitational waveform models within the context of GR, beyond-GR the-
ories, and beyond standard model physics, while incorporating physical effects from
astrophysics, such as accretion disks and finite-size effects such as the information
encoded about the ultra-cold, dense matter in the case of neutron stars. To achieve this
goal, we stress the need for active collaboration across multiple disciplines including
theoretical and observational astrophysics, general relativity, high energy theory and
phenomenology, and nuclear physics.

Moreover, this multi-disciplinary community should also focus on the identification
of clear observational signatures, or “smoking guns," for new types of GW sources.
These include primordial black holes, specific resonances from binary black holes in
unique environments, and the tidal deformabilities of exotic compact objects.

In this context, we stress the necessity of advancing our analysis methods to han-
dle the multitude of GW signals from both standard and exotic sources across various
beyond-GR theories. For transient events like binary black hole and neutron star merg-
ers observed with future detectors like the ET and CE, many signals will overlap, each
signal with durations potentially lasting several hours - much longer than the fraction
of a second to minutes that we currently observe. Moreover, new algorithms will be
essential to address the significant computational challenges involved in analyzing
continuous sources, such as axisymmetric rotating neutron stars and stochastic astro-
physical or cosmological backgrounds. These methods must also ensure the detection
of anomalous signals, which could originate from either new sources or new physics.
This will be critical in the era of next-generation GW observatories, where strong syn-
ergies will exist between space-based detectors like LISA and ground-based detectors
like ET and CE. For example, in the case of LISA, preparations are already underway
to implement a “global fit" for analyzing synthetic datasets spanning years (e.g., [22]),
which will include signals from several supermassive black hole mergers, millions of
Galactic white dwarf binary inspirals, stellar-mass black hole inspirals, and extreme
mass-ratio inspirals. We are already witnessing the deployment of machine learning
and artificial intelligence methods in both GW detection and parameter inference-such
as simulation-based inference using convolutional neural networks (e.g., [23, 24])-as
well as in the forward modeling of GW emission from various sources. These tech-
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niques are becoming increasingly critical as we prepare for the data deluge expected
from future detectors, and also for successful follow-up by other electromagnetic and
astroparticle telescopes for nearby golden events.

Secondly, in the case of the GRAVITY + experiment, before addressing beyond-GR
effects, there is an urgent need to account for the stronger foreground of Newtonian
perturbations from other classical objects, such as stellar-mass black holes, neutron
stars, and white dwarfs, near Sagittarius A*. How many of these classical objects is tied
to the star formation history of the universe, as well as to how Sagittarius A* acquired
its own mass. Fully modeling the astrophysical environment, while also incorporat-
ing beyond-GR effects, remains a significant challenge. Disentangling these effects
will require considerable effort in both modeling and simulations, collaborations with
observers and instrumentalists, especially as the precision of our data increases dra-
matically with the arrival of the ELT.

Finally, we must be prepared for the possibility that our current and next-generation
detectors may not detect or reveal any hints of “new" physics. In that case, we must
ask ourselves: what are the implications of black hole measurements for testing GR
and beyond-standard-model physics? How do we interpret the absence of new physics
in these observations, and what would this mean for future facilities and for our
understanding of fundamental physics?
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