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5.5. Accretion and gravitational drag

Figure 12. Depiction of a BBH evolving in a possible interstellar or DM environment.
Each individual BH accretes and exherts a gravitational pull on the surrounding
matter. Both effects contribute to decelerate the BHs, leading to a faster inspiral.
Credit: Ana Sousa.

The formation and growth of compact objects may lead to large overdensities of DM
around them [1859–1861]. Whatever the nature and amount of DM surrounding them, a
binary of two BHs or compact stars evolving in a DM-rich environment will be subjected
to at least two effects, depicted in Fig. 12. As it moves through the medium it accretes
the surrounding material, but also exherts a gravitational pull (known as “gravitational
drag”) on all the medium, which affects the inspiral dynamics. To quantify these effects,
it is important to know how DM behaves. Collisionless DM causes, generically, a
gravitational drag different from that of normal fluids [1549, 1789]. The gravitational
drag caused by DM which is coherent on large scales may be suppressed [1836], but
further work is necessary to understand this quantitatively.

The phase evolution of a pair of BHs, taking gravitational radiation, accretion and
drag as well as the DM self-gravity was studied recently [1532, 1549, 1789, 1862–1864].
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These estimates are all Newtonian, and the results depend crucially on the local DM
density. Perhaps more importantly, back-reaction on the DM distribution was not taken
into account in a systematic manner. The only studies available including backreaction,
look only at the very last orbits of the binary, and are unlikely to capture well the full
physics of DM dispersal [1107].

5.6. The merger of two dark stars

Gravitational drag and accretion have a cumulative effect: even though their
magnitude is small, the effect piles up over a large number of orbits. By contrast,
drag and accretion have a tiny effect during merger. The merger signal carries, mostly,
an imprint of the configuration of the colliding objects. For BHs, the no-hair results
strongly suggest that the colliding objects belong to the Kerr family, and it seems
hopeless to find any DM imprints here. However, the no-hair results can be by-passed,
as they assume stationarity of the spacetime or certain matter properties, as explained
in Sec. 4 [1407, 1519, 1609]. Detailed investigations of BHs other than Kerr are still
to be done. Smoking-gun effects arising from the merger of such objects are, likewise,
unknown.

As we discussed, compact stars can grow DM cores at their center. It is conceivable
that the DM core might imprint a signature on different phases of the coalescence of
two of these objects. The effects of tidal deformations within the gravitational wave
signal produced by binary DM stars have been investigated in [1865]. Moreover, the
imprint on the post-merger spectrum, so far only for analog-mechanical models, has
been studied in [1866].

5.7. Non-perturbative effects: superradiance and spin-down.

Spinning BHs are huge energy reservoirs from which all rotational energy can
ultimately be extracted. In particular, due to the absence of a Pauli exclusion principle
for bosons, bosonic waves can effectively extract energy from spinning BHs through a
process known as rotational superradiance [1156]. The superradiant energy extraction
might be used to rule out (or detect) ultralight bosons that might be a significant
component of DM, such as the QCD axion or axion-like particles predicted by the
string axiverse scenario [1147], dark photons [1529, 1867] and even massive spin-2
fields [1560]. For boson masses in the range 10−21 – 10−11 eV, their Compton wavelength
is of the order of the horizon of typical astrophysical BHs, the gravitational coupling
of these two objects is strongest, and long-lived quasi-bound states of bosonic particles
around BHs can form. For rotating BHs these states are typically superradiant, thus
becoming an effective tap of rotational energy. The extracted energy condenses as a
bosonic cloud around the BH producing “gravitational atoms” [1147, 1166, 1849]. The
evolution of these systems leads to several observational channels. For complex bosonic
fields, GW emission is suppressed and the end-state of the superradiant instability
might be a Kerr BH with bosonic hair [1168, 1171]. These solutions are themselves
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unstable [1632] which, over the age of the Universe, would likely lead to a slowly-
rotating BH surrounded by a bosonic cloud populating the most unstable modes. On
the other hand for real bosonic fields, this cloud would disperse over long timescales
though the emission of nearly-monochromatic GWs, either observable individually or as
a very strong stochastic GW background [1850, 1868–1872]. These are appealing GW
emitters with appropriate amplitude and frequency range for Earth- and space-based
detectors. Although estimates from Ref. [1850, 1872] suggest that current LIGO data
can already be used constrain some range of scalar field masses, an analysis on real data
has not yet been performed.

These models also predict that BHs affected by the instability would spin-down
in the process, and therefore the mere observation of rotating BHs can place severe
limits on these particles, thereby strongly constraining the theory. In fact, observations
of spinning BHs can already be used to bound the photon [1529, 1867] and graviton
masses [1560]. These studies demonstrate that BHs have an enormous potential as
theoretical laboratories, where particle physics can be put to the test using current
observations.

All these studies neglect the possible decay of ultralight bosonic fields into Standard
Model particles which is justified given the current constraints on ultralight bosons in
this mass range (see e.g. [1824, 1873]). However, the superradiant instability leads to the
generation of boson condensates around BHs with a very large particle number, which
could enhance their decay through channels other than gravitational. For the coupling
typical of the QCD axion with photons, stimulated decay into photon pairs becomes
significant for axion masses above & 10−8 eV, and consequently for BHs with masses
. 0.01M� [1874]. If such systems exist, they would lead to extremely bright lasers with
frequencies in the radio band. For the expected mass of the QCD axion ∼ 10−5 eV, such
lasing effect would occur around primordial BHs with masses around ∼ 1024 Kg and
lead to millisecond radio-bursts, which could suggest a link to the observed fast radio
bursts [1874].

In addition to these effects, the coupling of light DM bosons with Standard Model
particles may also turn NSs unstable against superradiant amplification. Rotational
superradiance is in fact a generic process and can happen in any rotating object, as
long as some sort of dissipation mechanism is at work [1156]. Thus, even NSs can be
superradiantly unstable against some models of DM, such as dark photons coupled to
charged matter, which can already be used to put constraints on these models [1875].

An important question that remains to be fully investigated is: if ultralight bosons
do exist and we detect them through one or several of these channels, will we be able to
start using compact objects to do precision particle physics, in particular can one infer
fundamental properties such as their mass, spin and fundamental interactions? This
will require a better understanding of higher-spin fields around rotating BHs.

Although some progress has been made to deal with massive vector fields using
time-domain simulations, either in full GR [1152, 1166] or by fixing the background
geometry to be a Kerr BH [1150, 1876], frequency-domain computations, which are more
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appropriate to span the parameter space, have mainly been dealt with by employing a
small-spin approximation [1529, 1560, 1867], using an analytical matched asymptotics
approach [1871] or using a field theory approach [1877], these last two being only valid
in the Newtonian limit. Computations of the instability rates without employing any
of these approximations have only recently started to be available [1878, 1879]. An
estimate of the stochastic background coming from vector or tensor fields has also not
been computed. Finally, besides some some estimates on the GWs from a bosenova
collapse due to axion self-interations [1880], a detailed analysis of how self-interactions
or interactions with other fields could affect the GW emission and its detectability is
still missing.

5.8. Pulsar timing

The gravitational drag from particle DM candidates in the orbital motion of binary
pulsars has been studied in [1881, 1882]. This may be important to constrain DM models
that generate a thick DM disk [1882] or to study the DM density closer to the galactic
center, if a pulsar binary is discovered there and can be timed to high precision.

DM, specially if under the form of light bosons, can also produce other peculiar
effects, accessible through EM observations. In models where DM comes in the form of
an ultralight boson, the DM configuration is able to support itself through pressure,
which is in turn caused by a time-dependence of the field. This time-periodicity
gives rise to an oscillating gravitational potential which is able to produce tiny, but
potentially measurable, differences in the time-of-arrival signal from precise clocks, such
as pulsars [1883, 1884].

5.9. Mini-galaxies around BHs

In addition, in these theories, BHs can grow (permanent or long-lived) time-
oscillating, non-axisymmetric bosonic structures [1156]. Planets or stars in the vicinity
of these BH are subjected to a periodic forcing, leading to Lindblad and co-rotation
resonances. This phenomenon is akin to the forcing that spiral-armed galaxies exhert
on its planets and stars, and it is conceivable that the same type of pattern appears, on
smaller-scales, around supermassive hairy BHs [1864, 1885].

5.10. GW detectors as DM probes

Finally, there are interesting proposals to use the GW detectors themselves as
probes of DM, when used as extremely sensitive accelerometers [1886–1888].
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Postscript
Gravity sits at the heart of some of the most important open problems in

astrophysics, cosmology and fundamental physics, making it a subject of strong
interdisciplinarity. Black holes are, in some ways, the “atoms” of gravity, the “simplest”
astrophysical objects, yet they harbour some of the most remarkable predictions of GR,
including that of its own ultimate failure. Gravitational-wave astronomy will allow
us to test models of BH formation, growth and evolution, as well as models of GW
generation and propagation. It will provide evidence for event horizons and ergoregions,
test GR itself and may reveal the existence of new fundamental fields. The synthesis
of these results has the potential to shed light on some of the most enigmatic issues in
contemporary physics. This write-up summarized our present knowledge and key open
challenges. We hope that it can serve as a guide for the exciting road ahead.
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