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A B S T R A C T 

Astrophysical models of binary-black hole mergers in the universe require a significant fraction of stellar-mass black holes (BHs) 
to receive negligible natal kicks to explain the gravitational wave detections. This implies that BHs should be retained even 

in open clusters with low escape velocities ( � 1 km s −1 ). We search for signatures of the presence of BHs in the nearest open 

cluster to the Sun – the Hyades – by comparing density profiles of direct N -body models to data from Gaia . The observations are 
best reproduced by models with 2–3 BHs at present. Models that never possessed BHs have an half-mass radius ∼ 30 per cent 
smaller than the observed value, while those where the last BHs were ejected recently ( � 150 Myr ago) can still reproduce the 
density profile. In 50 per cent of the models hosting BHs, we find BHs with stellar companion(s). Their period distribution peaks 
at ∼10 

3 yr, making them unlikely to be found through velocity variations. We look for potential BH companions through large 
Gaia astrometric and spectroscopic errors, identifying 56 binary candidates – none of which is consistent with a massive compact 
companion. Models with 2–3 BHs have an ele v ated central velocity dispersion, but observations cannot yet discriminate. We 
conclude that the present-day structure of the Hyades requires a significant fraction of BHs to receive natal kicks smaller than 

the escape velocity of ∼ 3 km s −1 at the time of BH formation and that the nearest BHs to the Sun are in, or near, Hyades. 

Key words: black hole physics – methods: numerical – binaries: general – stars: kinematics and dynamics – star clusters: 
individual: Hyades cluster. 
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 I N T RO D U C T I O N  

he disco v ery of binary black holes (BBH) mergers with gravi-
ational wave (GW) detectors (The LIGO Scientific Collaboration 
021 ) has led to an active discussion on the origin of these systems
for example, Belczynski et al. 2016a ; Mandel & de Mink 2016 ;
odriguez, Chatterjee & Rasio 2016 ; Samsing et al. 2022 ). A popular

cenario is that BBHs form dynamically in the centres of globular 
lusters (GCs, for e xample, Porte gies Zwart & McMillan 2000 ;
ntonini & Gieles 2020a ) and open clusters (OCs, for example, Di
arlo et al. 2019 ; Rastello et al. 2019 ; Kumamoto, Fujii & Tanikawa
020 ; Banerjee 2021 ; Torniamenti et al. 2022 ). This scenario has
ained support from the disco v ery of accreting BH candidates in an
xtragalactic GC (Maccarone et al. 2007 ) and several Milky Way 
Cs (Strader et al. 2012 ; Chomiuk et al. 2013 ; Miller-Jones et al.
015 ) as well as the disco v ery of three detached binaries with BH
 E-mail: stefano.torniamenti@studenti.unipd.it 
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andidates in the Milky Way GC NGC 3201 (Giesers et al. 2018 ,
019 ) and one in the 100 Myr star cluster NGC 1850 in the Large
agellanic Cloud (Saracino et al. 2022 , but see El-Badry & Burdge

022 ; Saracino et al. 2023 ). 
Various studies have also pointed out that populations of stellar- 
ass BHs may be present in GCs, based on their large core radii

Mackey et al. 2007 , 2008 ); the absence of mass se gre gation of
tars in some GCs (Alessandrini et al. 2016 ; Peuten et al. 2016 ;
eatherford et al. 2020 ); the central mass-to-light ratio (Baumgardt 

t al. 2019 ; H ́enault-Brunet et al. 2019 ; Zocchi, Gieles & H ́enault-
runet 2019 ; Dickson et al. 2023 ); the core o v er half-light radius

Askar, Arca Sedda & Giersz 2018 ; Kremer et al. 2020 ), and the
resence of tidal tails (Gieles et al. 2021 ). 
Recently, Gieles et al. ( 2021 ) presented direct N -body models of

he halo GC Palomar 5. This cluster is unusually large ( ∼ 20 pc) and
s best-known for its extended tidal tails. Both these features can be
eproduced by an N -body model that has at present ∼ 20 per cent
f the total mass in stellar-mass BHs. They show that the half-light
adius, R eff , is a strong increasing function of the mass fraction in
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Table 1. Left: Total mass scale ( M p ) and radius scale ( a p ) for the 
two components of the best-fitting Plummer model, from Evans & Oh 
( 2022 ). Right: the resulting mass ( M ) and half-mass radius ( r hm 

) for 
the stars within 10 pc, obtained by truncating the best-fitting Plummer 
models at r t = 10 pc. 

Plummer parameters Stars within 10 pc 
M p (M �) a p (pc) M (M �) r hm 

(pc) 

Low-mass 117.3 6.21 71.9 5.67 
High-mass 207.5 3.74 170.5 4.16 
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Hs ( f BH ). Because all models were evolved on the same orbit, this
mplies that the ratio of R eff o v er the Jacobi radius is the physical
arameter that is sensitive to f BH . 
At the present day, all of the searches for BH populations in

tar clusters focused on old ( � 10 Gyr) and relatively massive
 � 10 4 M �) GCs in the halo of the Milky Way, and there is thus-
ar no work done on searches for BHs in young OCs in the disc
f the Milky Way. The reason is that most methods that have
een applied to GCs are challenging to apply to OCs: for mass-
o-light ratio variations, precise kinematics are required, which is
ampered by orbital motions of binaries (Geller, Latham & Mathieu
015 , Rastello, Carraro & Capuzzo-Dolcetta 2020 ) and potential
scapers (Fukushige & Heggie 2000 ; Claydon, Gieles & Zocchi
017 ; Claydon et al. 2019 ) at the low velocity dispersions of OCs
few 100 m s −1 ). In the last few years, the advent of the ESA Gaia
urv e y (Gaia Collaboration 2016 , see Gaia Collaboration 2022 for
he latest release) has allowed us, for the first time, to study in detail
he position and velocity space of OCs (for example, see Cantat-
audin 2022 for a recent re vie w), and to identify their members with

onfidence. Several hundreds of new objects have been disco v ered
for example, Cantat-Gaudin et al. 2018a , b ; Castro-Ginard et al.
018 , 2020 , 2022 ; Liu & Pang 2019 ; Sim et al. 2019 ; Hunt &
effert 2021 ; Chi et al. 2023 ; Hunt & Reffert 2023 ), and could be
istinguished from non-physical o v erdensities that were erroneously
isted as OCs in the previous catalogues (Cantat-Gaudin & Anders
020 ). 
The possibility to reveal the full spatial extension of OCs members

as made it feasible to describe in detail their radial distributions, up
o their outermost regions (Tarricq et al. 2022 ), and to study them
s dynamical objects interacting with their Galactic environment. In
articular, OCs display extended haloes of stars, much more extended
han their cores, which are likely to host a large number of cluster

embers (Nilakshi et al. 2002 ; Meingast, Alves & Rottensteiner
021 ). Also, evidence of structures that trace their ongoing disrup-
ion, like tidal tails, has been found for many nearby OCs, like the
yades (Reino et al. 2018 ; Lodieu et al. 2019 ; Meingast & Alves
019 ; R ̈oser, Schilbach & Goldman 2019 ; Jerabkova et al. 2021 ),
lanco 1 (Zhang et al. 2020 ), Praesepe (R ̈oser & Schilbach 2019 ),
nd even more distant ones like UBC 274 (Piatti 2020 ; Casamiquela
t al. 2022 ). This wealth of data provides the required information to
haracterize the structure of OCs in detail and, possibly, to look for
he imprints given by the presence of dark components, in the same
ay as done for GCs. 
In this exploratory study, we aim to find constraints on the presence

f BHs in the Hyades cluster, the nearest – and one of the most
idely studied – OCs. We use the same approach as in the Palomar
 study of Gieles et al. ( 2021 ), hence a good understanding of
he behaviour of R eff at the orbit of the Hyades is required, that
s, the model clusters need to be evolved in a realistic Galactic
otential. To this end, we explore the large suite of N -body models
y Wang & Jerabkov a ( 2021 ), concei ved to model the impact
f massive stars (that is, the BH progenitors) on the present-day
tructure of Hyades-like clusters. By comparing these models to the
adial profiles of Hyades members with different masses from Gaia
Evans & Oh 2022 ), we aim to constrain if a BH population is 
equired. 

The paper is organized as follows. In Section 2 , we describe the
etails of the N -body models and our method to compare them to
bservations. In Section 3 , we report the results for the presence of
Hs in the Hyades. In Section 4 , we report a discussion on BH-

tar candidates in the cluster. Finally, Section 5 summarizes our
onclusions. 
NRAS 524, 1965–1986 (2023) 
 M E T H O D S  

.1 The Hyades cluster 

he Hyades is the nearest OC to us, at a distance d ≈ 45 pc (Perryman
t al. 1998 ). By relying on 6D phase-space constraints, R ̈oser et al.
 2011 ) identified 724 stellar members moving with the bulk Hyades
pace velocity, with a total mass of 435 M � (R ̈oser et al. 2011 ). The
idal radius is estimated to be r t ≈ 10 pc , and the resulting bound mass
s ≈ 275 M � (R ̈oser et al. 2011 ). Also, the cluster displays prominent
idal tails, which extend over a distance of 800 pc (Jerabkova et al.
021 ). 
The Hyades contains stars with masses approximately between

.1 M � and 2.6 M �. R ̈oser et al. ( 2011 ) found that average star mass
f the cluster decreases from the centre to the outward regions, as a
onsequence of mass se gre gation. Recently, Evans & Oh ( 2022 ) per-
ormed a detailed study of the Hyades membership and kinematics,
ith the aim to quantify the degree of mass segregation within the

luster. In particular, they applied a two-component mixture model
o the Gaia DR2 data (Gaia Collaboration 2018a ) and identified
he cluster and tail members with masses m > 0 . 12 M � (brighter
han m G < 14.06). They assigned a mass value to each observed
ource through a nearest neighbour interpolation on the Gaia colour-
agnitude space (BP–RP versus m G ). Finally, they defined two

omponents, named ‘high-mass’ and ‘low-mass’ stars, based on a
olour threshold at BP–RP = 2, corresponding to 0.56 M �. The
omponent median masses are 0.95 M � and 0.32 M �, respectively.
hese values were taken as nominal masses for the two components.
Because of mass se gre gation, this two-component formalism has

urned out to be required to adequately describe the radial cumulative
ass profiles o v er the entire radius range and within the tidal radius

Evans & Oh 2022 ). In particular, the mass distributions of the stellar
omponents within 10 pc are well described by a superposition of two
lummer ( 1911 ) models. Table 1 reports the parameters of the best-
tting Plummer model (Evans & Oh 2022 ). The estimated total mass
nd half-mass radius of stars inside the tidal radius are M l = 71 . 9 M �
nd r hm, l = 5.7 pc for the low-mass component, and M h = 170 . 5 M �
nd r hm, h = 4.16 pc for the high-mass stars. 

In this work, we will use the density profiles given by the best-
tting Plummer models reported in Table 1 as observational points

o compare to our N -body models. For this reason, hereafter we will
efer to these best-fitting profiles as to ‘observed profiles’. 

.2 N- body models 

e use the suite of N -body simulations introduced in Wang &
erabkova ( 2021 ), which aim to describe the present-day state of
he Hyades cluster. The simulations are generated by using the N -
ody code PETAR (Wang, Nitadori & Makino 2020a ; Wang et al.
020b ), which can provide accurate dynamical evolution of close
ncounters and binaries. The single and binary stellar evolution
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re included through the population synthesis codes SSE and BSE 

Hurley, Pols & Tout 2000 ; Hurley, Tout & Pols 2002 ; Banerjee et al. 
020 ). 
The ‘rapid’ supernova model for the remnant formation and 
aterial fallback from Fryer et al. ( 2012 ), along with the pulsational

air-instability supernova from Belczynski et al. ( 2016b ), are used. 
n this prescription, if no material falls back onto the compact 
emnant after the launch of the superno va e xplosion, natal kicks
re drawn from the distribution inferred from observed velocities 
f radio pulsars, that is a single Maxwellian with σ = 265 km s −1 

Hobbs et al. 2005 ). For compact objects formed with fallback, kicks
re lowered proportionally to the fraction of the mass of the stellar
nvelope that falls back ( f b ). In this case v kick, fb = (1 − f b ) v kick , where
 kick is the kick velocity without fallback. For the most massive 
Hs that form via direct collapse ( f b = 1) of a massive star, no
atal kicks are imparted. In this formalism, the kick is a function of
he fallback fraction, and not of the mass of the compact remnant.
n this recipe and for the adopted metallicity of Z = 0.02, about
5 per cent (50 per cent ) of the formed BH number (mass) has f b =
, and therefore does not receive a natal kick. 
The tidal force from the Galactic potential is calculated through 

he GALPY code (Bovy 2015 ) with the MWPOTENTIAL2014 . This
rescription includes a power-law density profile with an exponential 
ut-off for the bulge, a Miyamoto & Nagai ( 1975 ) disc, and a NFW
rofile (Navarro, Frenk & White 1995 ) for the halo. 

.2.1 Initial conditions 

he suite of N -body models consists of 4500 star clusters, initialized
ith a grid of different total masses M 0 and half-mass radii r hm, 0 .
he initial values for M 0 are set to 800, 1000, 1200, 1400, or 1600
 �, while r hm, 0 takes values 0.5, 1, or 2 pc. The initial positions and

elocities are sampled from a Plummer ( 1911 ) sphere, truncated at
he tidal radius (see below). 

The cluster initial mass function (IMF) is sampled from a Kroupa 
 2001 ) IMF between 0 . 08 and 150 M �. For each couple [ M 0 , r h, 0 ],

ang & Jerabkova ( 2021 ) generate 300 models by randomly sam-
ling the stellar masses with different random seeds. On the one hand,
his allows us to quantify the impact of stochastic fluctuations in the
MF sampling, which, for clusters with a limited number of particles, 
re generally large (for example, see Goodman, Heggie & Hut 1993 ;
oekholt & Portegies Zwart 2015 ; Wang & Hernandez 2021 ). On the
ther hand, different random samplings result in different fractions 
f O-type stars with m > 20 M � (the BH progenitors), which deeply
ffect the cluster global evolution (see Wang & Jerabkova 2021 ). 

In the models considered, the mass fraction of O-type stars f O 
anges from 0 to 0.34 (the expected fraction for the chosen IMF is
.13). The stochasticity of the mass sampling may result in clusters
ith f O = 0, meaning that they do not contain stars massive enough

o form BHs at all. The percentage of clusters with f O = 0 depends
n the initial cluster mass, and varies from 6 per cent for clusters
ith M 0 = 800 M � to 0.7 per cent for clusters with M 0 = 1600 M �.
verall, 2.4 per cent of the clusters do not host stars with m >

0 M �. No primordial binaries are included in the simulations (see 
he discussion in Section 4.2 ). 

All the clusters are evolved for 648 Myr, the estimated age of the
yades (Wang & Jerabkova 2021 ). The initial position and velocity 
f the cluster are set to match the present-day coordinates in the
alaxy (see Gaia Collaboration 2018b ; Jerabkova et al. 2021 ). For

his purpose, the centre of the cluster is first integrated backwards 
or 648 Myr in the MWPOTENTIAL2014 potential by means of the 
ime-symmetric integrator in GALPY . The final coordinates are then 
et as initial values for the cluster position and velocity (Wang &
erabkova 2021 ). The resulting initial tidal radius is (see also fig. 5
n Wang, Tanikawa & Fujii 2022 ): 

 t, 0 ≈ 12 

[
M 0 

1000 M �

]1 / 3 

pc , (1) 

hile the tidal filling factor, defined as r hm , 0 / r t, 0 , spans from 0.03 to
.18. Stars that initially lie outside the tidal radius are remo v ed from
he cluster. 

.3 Comparing models to obser v ations 

e build the model density profiles from the final snapshots of
he N -body simulations. First, we centre the cluster to the density
entre, calculated as the square of density weighted average of the
ositions (Casertano & Hut 1985 ; Aarseth 2003 ). Then, we build the
rofiles for low-mass and high-mass stars within r t , separately. To
e consistent with the observed profiles (see Section 2.1 ), we define
ll the stars belo w 0 . 56 M � as lo w-mass stars, and all the luminous
ain-sequence and post-main sequence stars abo v e this threshold as

igh-mass stars. Also, because we want to compare to observable 
adial distributions, we only include the visible components of the 
luster (main sequence and giant stars), without considering white 
warfs, neutron stars, and BHs. We divide the stellar cluster into
adial shells containing the same number of stars. Due to the relatively 
ow number of stars, we consider N bin = 10 stars per shell. 

To assess how well the models reproduce the observed profiles, 
e refer to a χ2 comparison, where we define the reduced χ2 , χ2 

ν

with an expected value near 1), as: 

2 
ν = 

1 

ν

∑ 

i 

( ρobs ,i − ρmod ,i ) 2 

δρ2 
i 

, (2) 

here ν is the number of degrees of freedom, which depends on
he number of density points obtained with the binning procedure. 
he quantities ρobs, i and ρmod, i are the density in the i th bin for the
bserved and model profile, respectively. The error δρ2 

i is given by 
he sum of the model and the observed bin uncertainties. For both
bserved and N -body profiles, we determine the uncertainty as the
oisson error: 

ρ = 

m̄ 

4 / 3 π
(
r 3 f − r 3 i 

)√ 

N bin , (3) 

here m̄ is the mean mass of the bin stars, and r 3 i and r 3 f are the
in upper and lower limit. For the N -body models, the bin lower
upper) limit is set as the position of the innermost (outermost) star,
nd m̄ is the mean stellar mass in each bin. For the observed profiles,
e consider the same bin boundaries as the N- body models, and

et m̄ to the nominal mass of the component under consideration. 
hen, we estimate analytically from the Plummer ( 1911 ) distribution

he number of stars between r i and r f and the corresponding 
ncertainty. 
Our comparison is performed by considering the high-mass 

ensity profile only. This choice is moti v ated by the fact that the
bserved mass function in fig. 2 of Evans & Oh ( 2022 ) displays
 depletion below 0.2 M �, which may hint at possible sample
ncompleteness. We thus focus only on the high-mass range to obtain
 more reliable result. Also, high-mass stars, being more se gre gated,
epresent better tracers of the innermost regions of the cluster, where
Hs are expected to reside, and thus provide more information about

he possible presence of a dark component. We emphasize that this
MNRAS 524, 1965–1986 (2023) 
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s intended as a formal analysis with the objective of determining
hether a model is able to give a reasonable description of the
bserved cluster profile. 
In order to filter out the simulations that present little agreement

ith the observations, we consider only the models with a final
igh-mass bound mass within ±20 M � from the observed value of
 h = 170 . 5 M � (see Table 1 ). Among the simulated models, 636

lusters (14 per cent of all the N -body models) lie within this mass
ange. 

 RESU LTS  

s the cluster tends towards a state of energy equipartition, the most
assi ve objects progressi vely segregate to ward its innermost regions,
hile dynamical encounters push low-mass stars further and further

way (Spitzer 1987 ). BHs, being more massive than any of the stars,
end to concentrate at the cluster centre, quenching the se gre gation
f massive stars. As a consequence, their presence in a given star
luster is expected to affect the radial mass distribution of the cluster’
tellar population (Fleck et al. 2006 ; Hurley 2007 ; Alessandrini
t al. 2016 ; Peuten et al. 2016 ; Weatherford et al. 2020 ). In the
tar cluster sample under consideration, the number of BHs within
0 pc, N BH , ranges from 0 to 5. Star clusters with N BH = 0 can result
rom the ejection of all the BHs, because of supernovae kicks (50
er cent of the cases) and/or as the result of dynamical interactions.
s for supernovae kicks, since our N -body models have initial

scape velocities v esc � 6 km s −1 , which decrease to v esc � 3 km s −1 

t 24 Myr, only BHs formed with kicks lower than 3 km s −1 can be
etained (see also Pavl ́ık et al. 2018 ). Also, as mentioned earlier, the
MF may not contain stars massive enough to form BHs (12 per cent
f the models within the mass cut that end up with 0 BHs, see 
ection 2.2 ). 
In the following, we will assess if N BH ≤ 5 BHs can produce

uantifiable imprints on the radial distributions of stars. 

.1 χ2 
ν distributions 

ig. 1 shows the distributions of χ2 
ν for different N BH . If we apply

he mass cut introduced in Section 2.3 , we automatically select most
f the models with χ2 

ν closer to the expected value near 1, and
emo v e those that are highly inconsistent with the observed profiles.
he result of our comparison impro v es with increasing the number
f BHs up to N BH = 4, which ho we ver applies to only 1 per cent
f the cases. If we focus on the cases with a large number of
ood fits ( N BH ≤ 3), the median value of the reduced chi-squared
istributions decrease from χ2 

ν ≈ 3 to χ2 
ν ≈ 1 for N BH increasing 

rom 0 to 3. 
When only models within the mass cut are considered, they have
 BH ≤ 3 in 98 per cent of the cases. This is mainly because star
lusters that contain a high initial mass fraction in O-type stars (which
volve into BHs) are easily dissolved by the strong stellar winds
Wang & Jerabkova 2021 ), and result in present-day cluster masses
ar below the observed one. If the initial mass fraction in O-type
tars is more than twice as high as that expected from a Kroupa
 2001 ) IMF, our models cannot produce clusters in the selected mass 
ange. 

Table 2 reports the final rele v ant masses and mass fractions of
he N -body models, for dif ferent v alues of N BH . In all the cases, the
otal mass in high-mass stars is ≈ 170 M �, as a consequence of the
hosen criterion for filtering out models with little agreement with
he observed cluster. The total visible mass, M vis ≈ 240 M �, does not
how any dependence on N BH , with the only exception of the sample
NRAS 524, 1965–1986 (2023) 
ith 5 BHs. For the latter case, as mentioned earlier, the initial
arger mass fraction of O-stars brings about a more efficient mass-
oss across the tidal boundary, and results in lower cluster masses.
n contrast, the total mass M tot increases with N BH : the mass in BHs
pans from ≈ 10 M � ( f BH = 0.04) when N BH = 1, to ≈ 45 M � for
he case with 5 BHs ( f BH = 0.16). 

.2 Two-component radial distributions 

o highlight the difference between models with and without BHs,
e randomly draw 16 models from simulations (within the mass cut)
ith 0 BHs and from a sample obtained by combining the sets with
 and 3 BHs. For each distribution, we e v aluated the median values
or selected bins and the spread, as 1 . 4 × MAD 

(√ 

N bin 

)−1 
, where

AD is the median absolute deviation. 
Fig. 2 displays the density profiles of the high-mass (top) and

ow-mass (bottom) stars of these samples, compared to the observed
rofiles (see Section 2.1 ). The density profiles of the N -body models
ith BHs are mostly consistent with the observed distributions. High-
ass stars in clusters with N BH = 0 display a more concentrated

istribution reminiscent of the cusped surface brightness profiles of
ore collapsed GCs (Djorgovski & King 1986 ). The models with
Hs have cored profiles, which Merritt et al. ( 2004 ) attributed to

he action of a BH population. Although in our models there are
nly 2 or 3 BHs, it has been noticed already by Hurley ( 2007 ) that
 single BBH is enough to prevent the stellar core from collapsing.
t is worth noting that the Plummer models that were fit to the
bservations are cored and would therefore not be able to reproduce
 cusp in the observed profile. But from inspecting the cumulative
ass profile in fig. 3 of Evans & Oh ( 2022 ) we see that the observed

rofile follows the cored Plummer model very well, with hints of a
lightly faster increase in the inner 1 pc of the high-mass components,
ompatible with what we see in the top right-hand panel of 
ig. 2 . 
The density profile of low-mass stars is also well described by
odels with BHs, although they were not included in the fitting

rocedure. This component presents central densities lower than
igh-mass stars of about an order of magnitude, as a consequence
f mass se gre gation within the cluster. A better description of the
elative concentration of stars with different masses (and thus of the
egree of mass segregation) is given by the ratio of their half-mass
adii (for example, see Vesperini et al. 2013 ; de Vita, Bertin & Zocchi
016 ; Vesperini et al. 2018 ; Torniamenti, Bertin & Bianchini 2019 ).
ig. 3 displays the ratio of the half-mass radius 1 of high-mass to

hat of low-mass stars, for all the models with 0 BHs and with 2–3
Hs. For the latter case, BHs produce less centrally concentrated
istributions of visible stars, and trigger a lower degree of mass
e gre gation. Also, models with BHs yield a much better agreement
ith the observed value. 

.3 Half-mass radii 

ig. 4 shows the impact of BHs on r hm 

, defined as the half-mass
adius of all the visible stars. The distributions shift towards higher
alues for increasing numbers of BHs, which is because r hm 

is
arger, but also because of the quenching of mass se gre gation of
he visible components. Our models suggest that 3 BHs can produce
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Figure 1. Distributions of χ2 
ν from the fits to the density profiles for star clusters with different numbers of BHs in the Hyades at the present day. The filled area 

include the entire distributions of star clusters, while the solid line displays the star clusters with 150 M � ≤ M h ≤ 190 M �. The vertical lines show the median 
value of the distributions when all the clusters are considered (dotted line) and when the mass cut is applied (solid line). In the models with 0 BHs, the two lines 
o v erlap. 
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 ∼ 40 per cent increase in the expected value of r hm 

. As a further
int on the presence of a BH component, the observed value almost
oincides with the expected value for N BH = 3. 

The r hm 

distribution of the N BH = 0 sample is mostly inconsistent
ith the observed value of the Hyades cluster. Unlike the other 

ases, this distribution shows a more asymmetric shape, with a peak 
t r hm 

� 3 pc, and a tail which extends towards larger values. We
nvestigated if this tail may come from clusters that have recently 
jected all their BHs, and have still memory of them. Fig. 5 shows
he the distribution of the half-mass radii for the cases without BHs
t the present day. We distinguished between different ranges of t BH ,
efined as the time at which the last BH was present within the
luster. The stellar clusters that have never hosted BHs, because they 
re ejected by the supernova kick or because there are no massive stars 
o produce them (see Section 3 ), constitute the bulk of the distribution.
hese models end up to be too small with respect to the Hyades, and

hus are not consistent with the observations, regardless of their M 0 

nd r hm, 0 (see also the discussion in Section 4.1 ). From Fig. 5 we also
ee that the N -body models where all the BHs were ejected in the
rst 500 Myr show the same r hm 

distribution as those that have never
osted BHs. For these clusters, the successive dynamical evolution 
as erased the previous imprints of BHs on the observable structure, 
ecause the most massive stars had enough time to se gre gate to the
entre after the ejection of the last BH. 

Finally, star clusters where BHs were present in the last ∼ 150 
yr, but are absent at present, preserved some memory of the ejected
H population, and display larger r hm 

, in some cases consistent with
he observed value. Since the present-day relaxation time (Spitzer 
987 ) for our N -body models is t rlx ≈ 45 Myr, we find that the only
odels that have ejected their last BH less than 3 t rlx ago can have
adii similar to models with BHs. 

BHs that were ejected from the Hyades in the last 150 Myr display
 median distance ∼60 pc from the cluster ( ∼80 pc from the Sun).
nly in two cases, the dynamical recoil ejected the BH to a present-
ay distance > 1 kpc, while in all the other cases the BH is found
loser than 200 pc from the cluster centre. 

.4 High-mass stars parameter space 

s explained in Section 3.3 , the presence of even 2–3 BHs has a
easurable impact on the observable structure of such small-mass 

lusters. High-mass stars are most affected by the presence of BHs,
ecause they are prevented from completely se gre gating to the cluster
ore. In Fig. 6 we sho w ho w the number of BHs within the cluster
elates to the total mass in high-mass stars ( M h ) and to their half-mass
adius ( r hm, h ). In this case, we consider all the simulated models,
ithout any restriction on the high-mass total mass, and we show
ow the average number of BHs in the N -body models varies in the
 h − r hm, h space. 
The total mass in high-mass stars can be as high as 400 M �, while

he half-mass radius takes values from 1 to 8 pc. The most diluted
lusters feature the lowest mass, because they are closer to being
isrupted by the Galactic tidal field. In contrast, models with higher
 h are characterized by the fewest BHs, because of the absence

f massive progenitors, which enhance the cluster mass-loss. As 
xplained in Section 3.2 , r hm, h grows for increasing number of BHs
t the cluster centre. In the Hyades mass range, the expected value
f r hm, h when N BH = 3 is larger by almost ∼ 60 per cent with
MNRAS 524, 1965–1986 (2023) 
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Figure 2. Density profiles for high-mass stars (upper panels) and low-mass stars (lower panels), for 16 models drawn from the cases with N BH = 0 (left-hand 
panel) and N BH = 2–3 (right-hand panel). The blue dashed lines are the individual models. The blue solid line is the median of the distribution at selected radial 
distances, with the associated errors. The Plummer uncertainties are comparable to those of the N -body models. The orange line is the observed profile (Evans & 

Oh 2022 ). 

Figure 3. Ratio of the half-mass radius of the high-mass stars ( r hm, h ) to 
that of low-mass stars ( r hm, l ), for star clusters with N BH = 0 (orange) and 
N BH = 2–3 (blue). The dashed vertical lines represent the medians of the 
distributions, and the vertical black line displays the observed value for the 
Hyades (Evans & Oh 2022 ). 
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espect to the case with 0 BHs. The observed values (Evans & Oh
022 ) lie in a region of the parameter space between 2 and 3 BHs,
 further corroboration of the previous results of Section 3 . Finally,
igher numbers of BHs are disfa v oured by our models, because they
NRAS 524, 1965–1986 (2023) 
redict an e ven lo wer degree of mass segregation for high-mass 
tars. 

.5 Velocity dispersion profiles 

e quantified the impact of central BHs on the velocity dispersion
rofile. To this purpose, we compared the profiles obtained from
he samples of 16 models with N BH = 0 and with N BH = 2–
 introduced in Section 3.2 . Fig. 7 displays the resulting ve-
ocity dispersion profiles, calculated as the mean of the disper-
ions of the three velocity components. The presence of 2 − 3
Hs produces a non-negligible increase of 40 per cent in the 

nner 1 pc. 
The rise in dispersion is reminiscent of the velocity cusp that forms

round a single massive object (Bahcall & Wolf 1976 ). Such a cusp
evelops within the sphere of influence of a central mass, which can
e defined as GM •/ σ 2 , with M • the mass of the central object and σ
he stellar dispersion. For M • = 20 M � and σ = 0 . 3 km s −1 we find
hat this radius is ∼ 1 pc , roughly matching the radius within which
he dispersion is ele v ated. Although a BBH of 20 M � constitutes

10 per cent of the total cluster mass, the mass with respect to the
ndividual stellar masses is much smaller (factor of 20) compared
o the case of an intermediate-mass BH in a GC (factor of 10 4 ) or
 supermassive BH in a nuclear cluster (factor of 10 6 ). As a result,
 BBH in Hyades makes larger excursions from the centre due to
rownian motions. From equation (90) in Merritt ( 2001 ) we see that

he wandering radius of a BBH of 20 M � in Hyades is ∼ 0 . 15 pc .
lthough this is smaller than the sphere of influence, it is still a
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Figure 4. Distributions of half-mass radii of visible stars for N -body models with different N BH . The dashed vertical lines represent the medians of the 
distributions, and the vertical black line displays the observed value for the Hyades (Evans & Oh 2022 ). 

Figure 5. Distributions of r hm 

for star clusters with no BHs. We distinguish 
between N -body models where BHs have never been present, because they 
were ejected by their natal kicks or there were not stars massive enough 
(purple, vertical dotted line), star clusters were BHs were ejected before 
500 Myr (green filled area, vertical dash-dotted line), and star clusters were 
BHs were ejected after 500 Myr (yellow hatched area, vertical dashed line). 
The black line displays the v alue deri ved from observations (Evans & Oh 
2022 ). 
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ignificant fraction of this radius. We therefore conclude that the 
le v ated dispersion is due to the combined effect of stars bound
o the BBH, stars being accelerated by interaction with the BBH
Mapelli et al. 2005 ) and the Brownian motion of its centre of mass.

The average increase of the velocity dispersion profile in the 
nnermost parsec for models containing BHs indicates the potential 
or further validation through observations. Studies estimating the 
elocity dispersion of the Hyades provide central values as low as
.3 km s −1 (Makarov, Odenkirchen & Urban 2000 ; Madsen 2003 ),
nd upper limits of 0.5 km s −1 (Douglas et al. 2019 ) and 0.8 km s −1 

R ̈oser et al. 2011 ). The Gaia data membership selection is often a
rade-off between completeness and contamination and, especially 
or low-mass evolved star clusters, it requires a special case. For
xample, the data sets from Jerabkova et al. ( 2021 ) or R ̈oser et al.
 2019 ), who aimed to detect the extended tidal tails of the Hyades,
ay not be the ideal for the construction of the velocity dispersion

rofile. 
Since a detailed comparison between theoretical and observed ve- 

ocity dispersion profiles requires a dedicated membership selection 
nd a thorough understanding of the involved uncertainties, we will 
eave it to a follow-up focused study. Moreover, the N -body models
y Wang & Jerabkova ( 2021 ) do not consider primordial binary stars
see discussion in Section 4.2 ), which might affect the calculated 
elocity dispersion. 

.6 Dynamical mass estimation 

ased on the stellar mass and the velocity dispersion, Oh &
vans ( 2020 ) concluded that the Hyades is supervirial and therefore
isrupting on an internal crossing time-scale. The measured velocity 
ispersion within the cluster is commonly used to calculate the 
ynamical mass of the cluster, as: 

 dyn � 

10 〈 σ 2 
1D 〉 R eff 

G 

. (4) 

e apply this to our N -body models and compare it to the actual
otal mass. To be consistent with observations, we defined σ 1D as the
ine-of-sight velocity dispersion of high-mass stars and the ef fecti ve
adius R eff as the radius containing half the number of high-mass
MNRAS 524, 1965–1986 (2023) 
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Table 2. Properties of the Hyades models with 150 M � ≤ M h ≤ 190 M �, for different numbers of BHs in the Hyades at the present day 
( N BH , column 1): total mass in visible stars (column 2), total mass in high-mass stars (column 3), total mass (column 4), BH mass fraction 
(column 5), initial mass fraction in O-type stars (column 6), initial total mass (column 7), initial half-mass radius (column 8). The last column 
reports the percentage of models that evolve into clusters within the mass cut, for the selected N BH . The reported values are the medians of 
the distributions, while the subscripts and superscripts are the difference from the 16 per cent and 84 per cent percentiles, respectively. 

N BH M vis (M �) M h (M �) M tot (M �) f BH f O M 0 (M �) r h , 0 (pc) P cut 

0 BHs 233 . 9 + 21 . 4 
−22 . 1 170 . 5 + 12 . 3 

−15 . 1 254 . 0 + 24 . 4 
−24 . 1 0 0 . 09 + 0 . 06 

−0 . 05 1016 . 1 + 194 . 5 
−16 . 1 0 . 98 + 0 . 99 

−0 . 48 13.8 
1 BHs 242 . 5 + 21 . 0 

−21 . 9 170 . 5 + 15 . 6 
−10 . 7 274 . 1 + 22 . 5 

−25 . 0 0 . 04 + 0 . 02 
−0 . 01 0 . 12 + 0 . 06 

−0 . 06 1201 . 4 + 200 . 3 
−200 . 6 0 . 99 + 0 . 99 

−0 . 49 13.6 
2 BHs 241 . 2 + 21 . 8 

−22 . 1 168 . 1 + 14 . 5 
−11 . 1 280 . 2 + 22 . 9 

−25 . 4 0 . 07 + 0 . 02 
−0 . 02 0 . 15 + 0 . 05 

−0 . 05 1401 . 4 + 200 . 3 
−200 . 6 1 . 00 + 0 . 99 

−0 . 50 14.2 
3 BHs 242 . 7 + 27 . 6 

−26 . 2 173 . 0 + 10 . 9 
−18 . 0 289 . 6 + 30 . 8 

−28 . 4 0 . 09 + 0 . 02 
−0 . 01 0 . 15 + 0 . 05 

−0 . 04 1400 . 5 + 195 . 5 
−197 . 3 1 . 96 + 0 . 03 

−1 . 27 16.8 
4 BHs 249 . 3 + 14 . 2 

−29 . 4 167 . 1 + 14 . 1 
−7 . 2 294 . 5 + 23 . 7 

−22 . 4 0 . 11 + 0 . 02 
−0 . 01 0 . 17 + 0 . 03 

−0 . 04 1400 . 5 + 195 . 3 
−0 . 2 1 . 97 + 0 . 04 

−0 . 71 27.2 
5 BHs 216 . 7 + 25 . 5 

−8 . 5 155 . 6 + 6 . 0 −3 . 4 281 . 4 + 18 . 8 
−14 . 2 0 . 16 + 0 . 01 

−0 . 02 0 . 18 + 0 . 02 
−0 . 05 1598 . 5 + 0 . 3 −270 . 2 1 . 97 + 0 . 00 

−0 . 02 27.2 

Figure 6. Contour plot of the total mass ( M h ) and the half-mass radius ( r hm, h ) 
of the high-mass stars. The colourmap encodes the local mean number of 
BHs in that region of the parameter space. The orange star displays the values 
derived from observations (Evans & Oh 2022 ). 
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tars. We find a systematic bias of M dyn o v erestimating the total mass
f the cluster typically by a factor of ∼1.5 for N BH = 0 and a factor of
2 for N BH > 0. This is due to the presence of energetically unbound

tars that are still associated with the cluster, the so-called potential
scapers (Fukushige & Heggie 2000 ), whose fraction increases as
he fraction of the initial stars remaining within the cluster decreases
Baumgardt 2001 ). 

In our N -body models, the clusters in the Hyades mass range
within the selected mass cut) typically retain a fraction ∼0.2 of the
nitial stars. For these models, the percentage of potential escapers
ncreases from � 5 per cent in the initial conditions to ∼ 40 per cent
t the present day. The fraction of potential escapers is similar to
hat found in Claydon et al. ( 2017 ) for models initialized with a
roupa ( 2001 ) IMF (between 0.1 and 1 M �) that evolve in a Galactic
otential similar to the cusp of a Navarro–Frenk–White (Navarro
t al. 1995 ) potential, the same adopted for the dark matter halo in
he MWPOTENTIAL2014 (see Section 2.2 ). If we do not include the
otential escapers in the calculation of the dynamical mass (equation
 ), we find values that are consistent with the actual total mass of the
luster. We therefore conclude that the high dispersion of Hyades is
ot because it is dissolving on a crossing time, but because it contains
otential escapers and BHs. 
NRAS 524, 1965–1986 (2023) 
.7 Angular momentum alignment with BBH 

he presence of a central BBH may also affect the angular mo-
entum of surrounding stars. In particular, three-body interactions

etween the central BBH and the surrounding stars can lead to a
irect angular momentum transfer. As a consequence, the interacting
tars are dragged into corotation, and display angular momentum
lignment with the central BBH (Mapelli et al. 2005 ). This scenario
orks for BBHs with massive components ( > 50 M �), which are

ble to affect the angular momentum distribution for a relatively
igh fraction of stars (Mapelli et al. 2005 ). We tested this scenario
or BBHs with components of lower masses, by considering our
odels of the Hyades with a central BBH. In this case, stars show

sotropic distribution with respect to the central BBH, independently
f the distance from the cluster centre. Thus, no signature of angular
omentum alignment is found. 

.8 Tidal tails 

he relaxation process increases the kinetic energy of stars to veloc-
ties higher than the cluster escape velocity, unbinding their orbits
nto the Galactic field. When this mechanism becomes ef fecti ve,
tellar clusters preferentially lose stars through their Lagrange points
K ̈upper, MacLeod & Heggie 2008 ), leading to the formation of the
wo so-called tidal tails. The members of tidal tails typically exhibit a
ymmetrical S-shaped distribution as they drift away from the cluster,
ith o v erdensities corresponding to the places where escaping stars

lo w do wn in their epicyclic motion (K ̈upper et al. 2010 ; K ̈upper,
ane & Heggie 2012 ). 
Until few years ago, tidal tails had mainly been observed in GCs

for example, see Odenkirchen et al. 2003 for the case of Palomar 5),
hich are more massive, older, and often further from the Galactic
lane than OCs. Thanks to the Gaia surv e y, we hav e now the
ossibility to unveil such large-scale (up to kpc) structures near OCs
issolving into the Galactic stellar field (for example, Meingast &
lves 2019 ; R ̈oser et al. 2019 ). Since the Gaia survey only provides

adial velocity values for bright stars (Cropper et al. 2018 ), the
earch for tidal tail members mostly relies on projected parameters,
ike the proper motions, which have complex shapes. In this sense,
ock observations from N- body models are generally adopted as
 reference to reco v er genuine tail members, and to distinguish
hem from stellar contaminants (for e xample, see Jerabko va et al. 
021 ). 
Here, we focus on the impact of the present-day number of BHs

n the tidal tail structure. As reported in Table 2 , models with a larger
umber of BHs generally result from the evolution of more massive
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Figure 7. 1D velocity dispersion profiles for 16 models drawn from the cases with N BH = 0 (left-hand panel) and N BH = 2–3 (right-hand panel). The blue 
dashed lines are the single models. The blue solid line is the median of the distribution at selected radial distances, with the associated errors. 
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lusters ( M 0 is ∼ 10 per cent larger), because of the more efficient 
ass-loss. This may produce a quantifiable impact on the number 

nd density profile of the predicted tails. Fig. 8 shows the number
ensity profiles of the tidal tails from the 16 models with 0 BHs and
ith 2–3 BHs introduced in Section 3.2 . The median profiles and the

ssociated uncertainties are built in the same way as for the density
rofiles. To reduce the projection effects due to spatial alignment and 
mphasize the tail structure along the direction of the tail itself, we
isplay the number of stars as a function of the Y Galactic coordinate,
otated so that the V Y component is aligned with the tail. Also, to
btain a sample that mimics Gaia completeness, we consider only 
tars with magnitude m G < 18 mag. The profiles of models with and
ithout BHs are almost indistinguishable, hinting at a tiny impact 

rom the BH content. This appears in contradiction with the fact that
he initial masses of the models with BHs are 50 per cent higher
han the models without BHs (see Table 2 ), while their present-day

asses are similar. Ho we ver, f O is also larger for clusters that retain
Hs, and this leads to an enhanced mass-loss from winds in the
rst ∼50 Myr (see figs 5 and 7 in Wang & Jerabkova 2021 ). This
esults in models with N BH = 2–3 having a number of stars in the
ails that is only ∼ 10 per cent (about 200 stars) larger than those 
ithout BHs. The recent mass-loss rates of the two sets of models

s comparable. The position of the epicyclic overdensities is not 
ffected by the number of BHs (see also fig. 8 of Wang & Jerabkova 
021 ). 
This results means that the tidal tails of clusters as low-mass

s Hyades cannot be used to identify BH-rich progenitors, as was 
uggested from the modelling of the more massive cluster Pal 
 (Gieles et al. 2021 ). Future work should show whether tails
f more massive OCs are sensitive to the (larger) BH content 
f the cluster. Also, future studies might specifically target the 
pic yclic o v erdensities in more detail and establish their phase-
pace properties for mode models to provide large statistical grounds. 

hile the current observational data are not sufficient to provide such 
nformation, this will likely change with the future Gaia data releases 
nd the complementary spectroscopic surv e ys SDSS-V (Almeida 
t al. 2023 ), 4MOST (de Jong et al. 2019 ), and WEAVE (Dalton et al. 
012 ). 
 DI SCUSSI ON  A N D  OBSERVATI ONA L  TESTS  

.1 Dependence of the results on the initial parameters 

s shown in Figs 3 and 4 , models with 2–3 BHs are fa v oured to match
he observed radial distributions of the Hyades. Ho we ver, we cannot
se the final distributions as posteriors since the initial sampling was
one on a rigid grid with fixed number of models at each grid point. In
his section, we thus explore how the choice of the initial parameters
an affect our results, and if different initial values of M 0 and r hm, 0 

ould lead to a different conclusion concerning the consistency of 
odels with 0 BHs with observations. 
Fig. 9 shows the percentage distributions of the models that match

he observations, as a function of M 0 and r hm, 0 , and for different
alues of N BH . We define such models as those that lie within the
elected mass cut (see Section 2.3 ) and whose half-mass radius does
ot differ more than 20 per cent from the observed value. For the
onsidered N BH , we e v aluate the percentage of clusters that originate
rom each M 0 − r hm, 0 combination. Independently on N BH , models 
ith M 0 < 1000 M � can hardly produce Hyades-like clusters. This

s also evident from fig. 6 of Wang et al. ( 2022 ), which indicates
hat more massive clusters are needed to reproduce the observed 
roperties. 
Most of the models with N BH < 3 lie well within the initial mass

ange, with lower percentages at the low- and the high-mass end.
o clear dependence on the initial radius is found. In contrast,

tar clusters with 3 BHs mainly result from M 0 and r hm, 0 at the
pper boundary of the parameter distributions. This is mainly due 
o the larger number of massive progenitors, which enhance the 
luster mass-loss, as already pointed out in Section 3.4 . At the same
ime, models with larger radii retain more BHs (fewer dynamical 
nteractions) and they therefore need to be more massive. 

Our analysis suggests that more massive and extended initial con- 
itions may produce Hyades-like clusters. Ho we ver, these clusters 
re likely to host N BH ≥ 3. Thus, a more e xtensiv e e xploration of
he initial parameter space is expected to strengthen the conclusion 
hat a fraction of BHs needs to be retained within the cluster to

atch the observed properties of the Hyades. Furthermore, Fig. 5 
MNRAS 524, 1965–1986 (2023) 
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Figure 8. Tidal tail profiles for 16 models drawn from the cases with N BH = 0 (left-hand panel) and N BH = 2–3 (right-hand panel). The Y Galactic coordinate is 
rotated, so that the V Y component is aligned with the tail. The profiles are obtained from the N -body models by considering all the visible stars with magnitude 
m G < 18. 

Figure 9. Percentage distributions of models that match the observations as a function of M 0 and r hm, 0 , for different numbers of BHs in the Hyades at the 
present day. Here, we define the models that match the observations as those that lie within the selected mass cut (see Section 2.3 ) and whose half-mass radius 
does not differ more than 20 per cent from the observed value. 
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ndicates that models with no retained BHs end up too small,
ndependently on their initial radius. Therefore, clusters with larger
nitial radii and no retained BHs are expected to shrink and lose mass
t a constant density (H ́enon 1965 ), as also found for the case of
alomar 5 (see Gieles et al. 2021 ). As a consequence, there is no
int that, by extending the range of initial conditions, we will find
ifferent conclusions on the consistency of models with no BHs with
bservations. 

.2 Possible effect of primordial binaries 

he N -body models considered for this work do not contain pri-
ordial binaries, but observations find that young star clusters have

igh binaries fractions, especially among massive stars (Sana et al.
012 ; Moe & Di Stefano 2017 ). Here we discuss the possible
ffect of primordial binaries on the structure of clusters and, in
articular, whether there may be a de generac y with the effect of
Hs. Wang et al. ( 2022 ) investigated the impact of different mass-
ependent primordial binary fractions on the dynamical evolution
f star clusters with N -body simulations. Their results show that
NRAS 524, 1965–1986 (2023) 
assive primordial binaries (component masses > 5 M �) dominate
 v er low-mass binaries and that in the presence of massive binaries
he evolution of the core and half-mass radius is insensitive to the
inary fraction among low-mass stars (see fig. 5 in Wang et al. 2022 ).
odels with 100 per cent binaries have a ∼ 10 per cent larger half-
ass radius than models without binaries. This difference is less than

he difference we find between clusters with and without BHs. 
Ho we ver, the model clusters of Wang et al. ( 2022 ) are more
assive ( N ∼ 10 5 ), so they all contain some BHs. Hurley ( 2007 )

resents N -body models of clusters without BHs and with modest
inary fractions (5 per cent and 10 per cent). The BH natal kicks
re larger in his model and BH retention is therefore rare. He finds
hat the binary fraction does not affect the evolution of the core and
alf-mass radius. Giersz & Heggie ( 2011 ) find from Monte Carlo
odels of 47 Tucanae that the evolution of the half-mass radius

s not affected by primordial binaries. Hurley ( 2007 ) showed that
hen two BHs are retained, the effect of the BBH that inevitably

orms on the observed core and half-mass radius is far larger than the
rimordial binaries. In particular, his fig. 6 shows that the model with
 BBH has a central surface density that is a factor of ∼4 lower than
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odels with binaries and without BBH. Given the modest binary 
raction of Hyades ( ∼ 20 per cent ; Kopytova et al. 2016 ; Evans &
h 2022 ; Brandner, Calissendorff & Kopytova 2023 ), we therefore 

onclude that it is unlikely that primordial binaries have the same 
ffect on the density profile as BHs. Ho we ver, it would be interesting
o verify this. 

In conclusion, we recognize that the presence of primordial 
inaries play a crucial role on the long-term evolution of a cluster like
he Hyades. Ho we ver, a detailed characterization of the primordial 
inary impact on the cluster present-day structure, as well as a 
omplete disentanglement of their observational signatures from 

hose left by BHs, requires a more in-depth study. For this reason,
e will explore it in a future work. 

.3 BH companions 

hree-body interactions within a stellar cluster strongly fa v our the 
ormation of binary systems, mainly composed of the most massive 
bjects (Heggie 1975 ). As a consequence, BHs tend to form binaries
referentially with other BHs, and when in binaries with a lower mass
tellar companion, they rapidly exchange the companion for another 
H (Hills & Fullerton 1980 ). In general, the result is a growing BBH
opulation in the cluster core (Portegies Zwart & McMillan 2000 ). 
n OCs, ho we ver, gi ven the limited number of BHs by the initial low
umber of massive stars, a non-negligible fraction of BH-star binary 
ystems may form and survive. 

Binary stars in dynamically active clusters are expected to display 
emimajor axis distributions that depend on the cluster properties. 
oft binaries (with binding energy lower than the average cluster 
inetic energy) are easily disrupted by any strong encounter with 
nother passing star or binary (Heggie 1975 ). The upper limit for
he semimajor axis is thus given by the hard–soft boundary of the
luster: 

 max = 

Gm 1 m 2 

2 〈 mσ 2 〉 , (5) 

here m 1, 2 are the masses of the binary components, and E b =
 m σ 2 〉 is the hard–soft boundary (He ggie 1975 ). F or an OC with
≈ 0 . 5 km s −1 , the upper limit for a binary composed of a black-

ole ( m 1 = 10 M �) and a star ( m 2 = 1 M �) is of the order of a max ∼
0 −1 pc. 
When a hard binary is formed, it becomes further tightly bound 

hrough dynamical encounters with other cluster members (Heggie 
975 ; Goodman 1984 ; Kulkarni, Hut & McMillan 1993 ; Sigurds-
on & Phinney 1993 ). Each encounter causes the binary to recoil,
ntil the binary becomes so tight that the recoil is energetic enough
o kick it out from the cluster. For this, the lower limit a min can be
ssumed to be the semimajor axis at which the binary that produces a
ecoil equal to the escape v elocity v esc . F ollowing Antonini & Rasio
 2016 ): 

 min = 0 . 2 
Gm 1 m 2 

v 2 esc 

m 

2 
3 

m 

2 
12 m 123 

, (6) 

here m 3 = 〈 m 〉 , m 12 = m 1 + m 2 , and m 123 = m 1 + m 2 + m 3 .
or an open cluster with v esc ≈ 0 . 5 km s −1 , m 1 = m 2 = 10 M �, and
 3 = 0 . 5 M �, we obtain a min ∼ 10 −5 pc (2 AU). For a BH-star binary

ystem ( m 2 = 1 M �), a min ∼ 10 −4 pc. 
BHs in our N -body models, as expected, show a tendency to

ynamically couple with other objects, and form binary and triple 
ystems. When N BH > 0, only 6 per cent of the BHs are not bound
n binary or multiple systems. Even in models where only 1 BH is
resent, the single BH tends to form binaries with (mainly) stars or
ther remnants (white dwarfs of neutron stars). Fig. 10 shows the
istribution of semimajor axes and periods for binaries and triple 
ystems of clusters with N BH ranging from 1 to 4. Independently of
 BH , most of the binaries display semimajor axes from 10 −5 to 10 −1 

c, consistently with our approximate calculation. When more than 
 BH is present, dynamical interactions tend to fa v our the formation
f BBHs. As reported in Table 3 , the fraction of BBHs represents by
ar the largest fraction of binary systems hosting BHs if more than 1
Hs is present. 

.4 Binary candidates in the Hyades 

n this section, we present a search for possible massive companions
o main sequence stars in the Hyades. We identify binary candidates
y searching for members with enhanced Gaia astrometric and 
pectroscopic errors (following Belokurov et al. 2020 ; Penoyre et al.
020 , and Andrew et al. 2022 ). 

.4.1 Selecting cluster members 

e start with all Gaia DR3 sources with 	 > 5 mas, RA between 62
nd 72 degrees, Dec between 13 and 21 and RUWE , which stands for
enormalized unit-weight error, greater than 0 (ef fecti vely enforcing 
 reasonable 5-parameter astrometric solution) – giving 5640 sources 
s shown in Fig. 11 . We also apply an apparent G-band magnitude
ut of m G < 15 abo v e which the astrometric accuracy of Gaia
tarts to degrade rapidly due to Poisson noise. Analysis beyond this
agnitude is eminently possible, but for such a nearby population 

f stars this cut excludes a minority of the cluster (even more so the
ikely binary systems, as binary fraction increases with mass) and 
eans that Gaia should have a near constant ( ∼0.2 mas, Lindegren

t al. 2021 ) precision per observation and thus allows uncomplicated 
omparison of sources. 

To select cluster members we use the position, proper motion, 
nd parallax to construct an (unnormalized) simple membership 
robability: 

 member = e 
−∑ 

x 

(
x−x 0 
σ ′ 
x 

)2 

, (7) 

here 

′ 2 
x = σ 2 

x + σ 2 
AEN + σ 2 

x 0 
(8) 

ith x denoting each of the parameters of RA, Dec, μRA ∗ ( =
RA cos (Dec)), μDec and 	 . σ x is the reported uncertainty on 
ach parameter in the Gaia catalogue and σ AEN is the astro-
etric excess noise (AEN) of the fit. x 0 and σx 0 are the
ssumed values and spread of values expected for the cluster as
isted in Table 4 . The inclusion of the AEN ensures that potentially
nteresting binaries, which may have a significantly larger spread in 
heir observed values and thus fall outside of the expected variance
f the cluster, are not selected against. 
The value of p member for stars in the field is shown in Fig. 12 from

hich we choose a critical value of log 10 ( p member ) = −1.75 giving
29 members which can be seen and identified on the Hertzsprung–
ussell diagram shown in Fig. 13 . 

.4.2 Astrometric and spectroscopic noise 

ollowing the method introduced in Andrew et al. ( 2022 ), we can
se the astrometric and spectroscopic noise associated with the 
easurements in the Gaia source catalogue (which assumes every 
MNRAS 524, 1965–1986 (2023) 
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M

Figure 10. Distributions of periods (upper panels) and semimajor axes (lower panels) of the binary and triple systems hosting BHs, for N -body models with 
different N BH . We distinguish between different types of BH companions: stars (orange dash-dot line, hatched area), white dwarfs or neutron stars (green dashed 
line), and BHs (black). 

Table 3. Fractions of binary systems hosting BHs, for 
different N BH (column 1). We distinguish between dif- 
ferent types of BH companions: stars (column 2), white 
dwarfs or neutron stars (column 3), and BHs (column 4). 

N BH f BH-Star f BH-Remn. f BH-BH 

1 BHs 0.78 0.22 0.0 
2 BHs 0.15 0.02 0.83 
3 BHs 0.02 0.07 0.91 
4 BHs 0.07 0.07 0.86 
5 BHs 0.2 0.0 0.8 
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tar is single) to identify and characterize binary systems. This
s possible for binaries with periods from days to years, as these
an show significant deviations from expected single-body motion.
s Gaia takes many high-precision measurements, the discrepancy
etween the expected and observed error behaviour is predictable
nd, as we will do here, can be used to estimate periods, mass ratios,
nd companion masses. 

The first step is to select systems with significant excess noise. For
strometry, we can use a property directly recorded in the catalogue,
amed RUWE . This is equal to the square root of the reduced
hi-squared of the astrometric fit and should, for well-behaved
bserv ations, gi ve v alues clustered around 1. Values significantly
bo v e 1 suggest that either the model is insufficient, the error is
nderestimated, or there are one or more significant outlying data
oints. Given that binary systems are ubiquitous (a simple rule-of-
humb is that around half of most samples of sources host more
han one star, see for example Offner et al. 2022 ), these will be
he most common cause of excess error, especially in nearby well-
haracterized systems outside of very dense fields. 
NRAS 524, 1965–1986 (2023) 
It is possible to compute a reduced-chi-squared for any quantity
here we know the observed variance, expected precision, and the
egrees of freedom – and thus we can find the RUWE associated with
pectroscopic measurements as well. To do this, we need to estimate
he observational measurement error, which we do as a function of
he stars’ magnitude and colour (as detailed in Andrew et al. 2022 )
iving σ spec ( m G , m BP − m RP ), the uncertainty expected for a single
easurement for each source. Thus we can construct a spectroscopic

enormalized unit-weight error, which we’ll call RUWE spec to use
longside the astrometric which we’ll denote as RUWE ast . These
alues are shown for Hyades candidate members in Fig. 14 . 

Only a minority of Gaia sources hav e radial-v elocity observations,
hich can be missing because sources are too bright ( m G � 4, as

een at the top of the HR diagram), too dim ( m G � 14, as seen at
he bottom), in too dense neighbourhoods, or if they are double-lined
with visible absorption lines in more than one of a multiple system,
s may be the case with some likely multiple stars abo v e the main-
equence). We use only systems with rv method used = 1 as
nly these are easily invertible to give binary properties (Andrew
t al. 2022 for more details). 

The particular value at which RUWE is deemed significantly must
e decided pragmatically, and we adopt the values from Andrew
t al. ( 2022 ) of RUWE ast > 1.25 and RUWE spec > 2, where the higher
riteria for spectroscopic measurements stems from the smaller
umber of measurements per star and thus the wider spread in RUWE .
e select sources satisfying both of these criteria as candidate
yades binaries, giving 56 systems. There are some sources that

xceed one of these criteria and not the other, and these are interesting
otential candidates, but they cannot be used for the next step
n the analysis. Using both (generally independent) checks should
ignificantly reduce our number of false positives. It is worth noting
hat radial-velocity signals are largest for short-period orbits, whereas
strometric signals are largest for systems whose periods match the
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Figure 11. Position on sky (left-hand panel) and proper motion (right-hand panel) of sources in the field of the Hyades (with 	 > 5 mas). We show the parallax 
(top row) and angular offset from the centre of the cluster (bottom row). Aldebaran, a foreground star too bright for Gaia , is shown as a red open circle. The size 
of each point is set by their apparent magnitude and only sources with m G < 15 are shown (see Fig. 13 for reference). We show an angular offset of 3.2 mas 
(black circle, left-hand panel) and lines denoting μRA ∗ = 105 ± 35 mas yr −1 from this (black vertical lines, right-hand panel) and μDec = −25 ± 30 mas yr −1 

(black horizontal lines, right-hand panel). 

Table 4. Values for 	 , RA, Dec, μRA ∗ , μDec , and their 
reported uncertainty in the Gaia catalogue. 

	 RA Dec μRA ∗ μDec 

x 0 22 66.9 16.4 105 −25 
σx 0 7 3.2 3.2 35 30 
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ime baseline of the surv e y (34 months for Gaia DR3). This both tells
s about which systems we might miss or might meet one criterion
nd not the other. It also gives the explanation for one of the largest
ources of contaminants in this process: triples (or higher multiples) 
here each significant excess noise comes from a different orbit and 

hus the two cannot be easily combined or compared. 
If we know the RUWE and the measurement error, and assume
hat all excess noise comes from the contribution of the binary we
an invert to find specifically the contribution of the binary: 

b, spec = 

√ 

RUW E 

2 
spec − 1 · σspec ( m G 

, m BP − m RP ) . (9) 

nd 

b, ast = 2 
√ 

RUW E 

2 
ast − 1 · σast ( m G 

) , (10) 

here the factor of 2 comes from the fact that Gaia takes 1D
easurements of the stars 2D position. 
MNRAS 524, 1965–1986 (2023) 
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Figure 12. Cluster membership probability for stars in the Hyades field based 
on equation ( 7 ). We show the distribution for all stars (top) and, based on 
this, the cut at log 10 ( p member ) = −1.75 (vertical dashed line). The middle two 
panels show the position and proper motion distribution (similar to Fig. 11 ) 
coloured by log 10 ( p member ). Stars with values greater than −1.75 are shown 
with black outlines. The bottom panel shows the parallax distribution of all 
stars in our field and our candidates. 
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.4.3 Binary properties from excess error 

he contributions in equations ( 9 ) and ( 10 ) can be mapped back to
he properties of the binary and inverted to give the period and (after
stimating the mass of the primary) the mass of the companion, as
etailed in Andrew et al. ( 2022 ). For binary periods less than or equal
o the time baseline of the surv e y the period is approximately: 

 = 

2 πA 

	 

σb, ast 

σb, spec 
, (11) 

nd the mass ratio follows: 

 

3 − αq 2 − 2 αq − α = 0 , (12) 

here 

= 

A 

GM	 

σ 2 
b, spec σb, ast (13) 

nd A = 1 AU. M is the mass of the primary star which can be
stimated via: 

 = 10 0 . 0725(4 . 76 −m G ) , (14) 

here m G is the absolute magnitude of the star (Pittordis & Suther-
and 2019 ). This is only strictly rele v ant for main-sequence stars

but all evolved systems in the Hyades are too bright for Gaia
pectroscopic measurements and thus will not be included in later
nalysis (with the exception of white dwarfs, which are too dim). 

These equations assume the companion has negligible luminosity
f its own. If this assumption does not hold then the period is slightly
 v erestimated and the mass ratio (and companion mass) are slightly
nderestimated (see fig. 3 of Andrew et al. 2022 for more detailed
ehaviour). The inferred properties of all 56 systems are shown in
ig. 15 and recorded in Table 5 . 
There are some simple consistency checks we can apply to these

esults. Primarily we know that astrometric measurements should
nly be discerning for binaries with periods from months to decades
Penoyre, Belokurov & Evans 2022 ) – thus any deep blue or deep red
oints are likely spurious solutions – though there are only a handful
hat have erroneous seeming periods. 

As we are searching for significant-mass BHs, we focus on the
ources with the highest values of q and M c , but we should be careful
s this is equi v alent to selecting those with the largest errors and thus
ossibly those most likely to truly be erroneous (rather than caused
y a binary). For example, the highest mass ratio ( q > 1) sources are
mongst the dimmest and thus least reliably measured in the sample
these could be physical, most likely white dwarf companions – but

ould also be random error. The brighter stars that sho w e vidence of
ompanions have relatively modest properties – mass ratios below
 and companion masses significantly below those of a clear BH
ompanion. 

Given the period constraints on binaries including BHs present
n the simulations, as presented in Fig. 10 , it is not shocking that
e do not find any likely companions. We certainly cannot rule out

hat these or other stars in the Hyades might hav e massiv e compact
ompanions on smaller or wider orbits that Gaia would be insensitive
o. Instead, we are pleased to be able to present a list of candidate
inaries whose companions are most likely similar main-sequence
tars or white dwarfs. 

Stars with massive companions may still be identifiable via their
elocity offset. The orbital velocity of a 1 . 5 M � star in a binary with
 companion of 15 M � and a period of 10 3 (10 4 ) yr has an orbital
elocity of ∼ 7(3) km s −1 . Searching for these systems from velocity
ffsets is beyond the scope of this work but is an interesting avenue
or future exploration. 
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Figure 13. Sky maps and colour–magnitude diagrams for the Hyades candidates, coloured by Gaia colour. 
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.5 Implications for gravitational waves 

iven the vicinity of the Hyades, it is interesting to ask the question
hether a BBH in the Hyades would be observable as a continuous
ra vitational wa ve source with ongoing or future experiments. Let 
s therefore adopt a BBH with component masses of m 1 = m 2 =
0 M �, an average stellar mass of 〈 m 〉 = 0 . 5 M � and an escape
elocity from the centre of the cluster of v esc = 0 . 5 km s −1 . Then we
ssume that the semimajor axis is a = a min = 2 AU, i.e. the minimum
efore it is ejected in an interaction with a star (equation 4.3 ). This
s the most optimistic scenario, because it results in the smallest a ,
ut since the interaction time between stars and the BBH goes as
/ a , a BBH spends a relatively long time at this final, high binding
nergy. An estimate of the absolute duration can be obtained from
he required energy generation rate (Antonini & Gieles 2020b ), from
hich we find ∼ 5 Gyr. Because this is much longer than the Hyades’
ge, it is a reasonable assumption that a putative BBH is near this
ighest energy state. For the adopted parameters, a min � 2 AU. For a
ypical eccentricity of ∼0.7, the peak frequency ( ∼ 5 × 10 −4 mHz,
quation (37) in Wen 2003 ), i.e. below the lower frequency cut-off of
ISA ( ∼0.1 mHz) and the orbital period of ∼0.7 yr is comparable to

he maximum period that can be found by LISA ( ∼ 0 . 7 yr; Chen &
maro-Seoane 2017 ). Only for eccentricities � 0.99 (2 per cent
robability for a thermal distribution) the peak frequency is � 

.1 mHz. BH masses ( � 30 M �) result in orbital periods comfortably
n the regime that LISA could detect ( � 0.08 yr), but such high
asses are extremely unlikely given the high metallicity of the 
yades. 
Because of the low frequency, we consider now whether a BBH in

yades is observable with the Pulsar Timing Array (PTA). Jenet, 
reighton & Lommen ( 2005 ) show that a BBH at a minimum
MNRAS 524, 1965–1986 (2023) 
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Figure 14. Hyades candidates coloured by astrometric (top) and spectroscopic (bottom) renormalized-unit-weight-error ( RUWE ). Values significantly abo v e 1 
suggest that the system has an extra source of noise, most ubiquitously a binary companion. Many sources do not have radial velocity measurements in the Gaia 
source catalogue, and these are denoted with empty grey circles in the bottom plot. 
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istance to the sightline to a millisecond pulsar (MSP) of 0.03 pc
 ∼3 arcmin for the Hyades’ distance) causes a time-of-arri v al fluc-
uation of 0.2–20 ns, potentially observable (van Straten et al. 2001 ).
nfortunately, the nearest MSP in projection is PSR J0407 + 1607 at
.5 deg. 2 If the BBH was recently ejected, it may be close to a MSP
n projection, but the maximum distance a BBH could have travelled
s ∼1 deg (Section 3.2 ) and there are only 4 pulsars within a distance
f 10 deg, so this is unlikely as well. In conclusion, it is unlikely that
NRAS 524, 1965–1986 (2023) 

 ATNF Pulsar Catalogue by R.N. Manchester et al., at ht tp://www.at nf.csiro 
au/ research/pulsar/ psrcat

m  

a  
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s  

o  

w  
continuous) gra vitational wa ves from a BBH in or near the Hyades
ill be found. 

.6 Gravitational microlensing 

ecause of the vicinity of the Hyades, BHs have relatively large
instein angles and we may detect a BH or a BBH through
icrolensing. For a BH mass of 10 M � at a distance of 45 pc

nd a source at 5 kpc, the Einstein angle is θE � 40 mas. Assuming
hat background stars in the Galaxy are distant enough to act as a
ource, we find from the Gaia catalogue that the on-sky density
f background sources is � S � 10 −9 mas −2 . The Hyades mo v es
ith an on-sky velocity of v H � 100 mas yr −1 relative to the field

http://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 15. Periods, mass ratios ( q ), and companion masses ( M c ) of Hyades candidates inferred from astrometric and spectroscopic RUWE . Only sources with 
significantly high RUWE in both measurements are included here, and all others are shown with empty grey circles. 
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tars. This gives us a rough estimate of the microlensing rate of
 � 2 θE N BH � S v H � 2 × 10 −5 yr −1 , where we used N BH = 2. Even

f we consider astrometric lensing, for which the cross section for
 measureable effect is larger (for example Miralda-Escude 1996 ;
 aczynski 1996 ), the e xpected rate is too low. This is mainly because
f the low number of background sources because of Hyades’
ocation in the direction of the Galactic anticentre. Perhaps the orders
f magnitude higher number of stars that will be found by LSST can
mpro v e this. More promising in the short term is to search for BHs
n other OCs which are projected towards the Galactic centre. 

 C O N C L U S I O N S  

n this study, we present a first attempt to find dynamical imprints
f stellar-mass black holes (BHs) in Milky Way open clusters. In
articular, we focused on the closest open cluster to the Sun, the
yades cluster. We compared the mass density profiles from a suite
f direct N -body models, conceived with the precise intent to model
he present-day state of Hyades-like clusters (Wang & Jerabkova
021 ), to radial mass distributions of stars with different masses,
erived from Gaia data (Evans & Oh 2022 ). 
Our comparison fa v ours N -body models with 2–3 BHs at present.

n these models, the presence of a central BH component quenches
he se gre gation of visible stars, and leads to less concentrated
istributions. Star clusters with 2–3 BHs (and a BH mass fraction f BH 

 0.1) best reproduce the observed half-mass radius, while those that
ever possessed BHs display a value that is ∼ 30 per cent smaller.
his result is further confirmed by the radial distribution of high-
ass stars ( m ≥ 0 . 56 M �), which, being more se gre gated, are more

ffected by the presence of central BHs. Models in which the last BH
as ejected recently ( ≤150 Myr ago) can still reproduce the density
rofile. For these model, we estimate that the ejected (binary) BHs
re at a typical distance of ∼60 pc from the Hyades. 

Models with 2–3 BHs have a 1D dispersion in the innermost parsec
f ∼ 350 m s −1 compared to ∼ 250 m s −1 for the no BH case and
oth are consistent with the available data. The tidal tails of models
ith and without BHs are almost indistinguishable. 
In absence of primordial binaries, about 94 per cent of the BHs

n the present-day state of our N -body models dynamically couple
ith other objects and form binary and triple systems. Among them,
0 per cent of the clusters with BHs host BH-star binary systems.
heir period distribution peaks at ∼10 3 yr making it unlikely to
nd BHs through velocity variations. We explored the possible
andidate stars with a BH companion, based on their excess error
n the Gaia singe-source catalogue but otherwise high membership
robability. We found 56 possible binaries candidates, but none
hich show strong evidence of sufficient companion mass to be
 likely BH. Also, we explored the possibility to detect binary BHs
hrough gravitational waves with Pulsar Timing Array. We found that
continuous) gra vitational wa ves from a BBH in or near the Hyades
s unlikely to be found. Finally, we estimated that detecting dormant
Hs with gravitational microlensing is unlikely too. 
Our study suggests that, at the present day, the radial mass

istribution of stars provides the most promising discriminator to
nd signatures of BHs in open clusters. In particular, the most
assive stars within the cluster, and their degree of mass segregation,

epresent the best tracers for the presence of central BHs. For the case
f the Hyades, its present-day structure requires a significant fraction
f BHs to form with kicks that are low enough to be retained by the
ost cluster. 
Our approach of detailed modelling of individual OCs can be

pplied to other OCs to see whether Hyades is an unique cluster, or
NRAS 524, 1965–1986 (2023) 
hat BHs in OCs are common. Charting the demographics in OCs in
uture studies will be a powerful way to put stringent constraints
n BH kicks and the contribution of OCs to gravitational wave
etections. 
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