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A B S T R A C T 

A population of non-stellar black holes (BHs) ( � 100 M �) has been long predicted to wander the Milky Way (MW). We 
aim to characterize this population by using the L-Galaxies semi-analytical model applied on top of the high-resolution 

Millennium-II merger trees. Our results predict ∼10 wandering black holes (WBHs) with masses ∼2 × 10 

3 M � in a typical 
z = 0 MW galaxy, accounting for ∼ 2 per cent of the total non-stellar BH mass budget of the galaxy. We find that the locations 
of these wanderers correlate with their formation scenario. While the ones concentrated at � 1 kpc from the galactic nucleus 
on the disc come from past galactic mergers, the ones formed as a consequence of ejections due to gravitational recoils or the 
disruption of satellite galaxies are typically located at � 100 kpc. Such small and large distances might explain the absence of 
strong observ ational e vidence for WBHs in the MW. Our results also indicate that ∼ 67 per cent of the wandering population 

is conformed by the lefto v ers of BH seeds that had little to no growth since their formation. We find that WBHs that are lefto v er 
seeds become wanderers at an earlier time with respect to grown seeds, and also come from more metal-poor galaxies. Finally, 
we show that the number of WBHs in a MW-type galaxy depends on the seeding efficiency. 

Key words: black hole physics – methods: numerical – Galaxy: evolution – software: simulations. 
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 I N T RO D U C T I O N  

hile the formation mechanism of stellar-mass black holes (BHs) 
s well established, the origin of supermassive BHs ( ≥ 10 6 M �)
s unclear (see e.g. Inayoshi, Visbal & Haiman 2020 ; Volonteri, 
abouzit & Colpi 2021 for a full re vie w). Observ ational e vidence
f more than 300 supermassive BHs at z ∼ 7 (Fan et al. 2001 , 2003 ;
illott et al. 2007 , 2010 ; Mortlock et al. 2011 ; Venemans et al. 2013 ;
u et al. 2015 ; Banados et al. 2018 ; Decarli et al. 2018 ; Matsuoka et

l. 2019; Wang et al. 2021 ; Naidu et al. 2022 ; Castellano et al. 2022 ;
dams et al. 2023 ) and even z ∼ 11 (Maiolino et al. 2024 ) requires

he formation of BH ‘seeds’ at even higher redshift from which these
upermassive BHs grew via accretion and mergers. 

Possible seed BH formation channels include (1) the direct 
ollapse of low-metallicity Population III stars of a few hundred solar
asses (Fryer, Woosley & Heger 2001 ; Madau & Rees 2001 ; Heger
 Woosley 2002 ; Heger et al. 2003 ; Spera & Mapelli 2017 ), (2) the

irect collapse of rapidly inflowing dense gas in the first protogalaxies 
Eisenstein & Loeb 1994 ; Loeb & Rasio 1994 ; Bromm & Loeb
003 ; Lodato & Natarajan 2006 ), (3) the direct collapse induced
y the major merger of massive gas-rich galaxies (Mayer & Bonoli
 E-mail: juntzaga96@gmail.com 
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018 ) and (4) runaway collisions of stars in dense stellar clusters
Coleman Miller & Hamilton 2002 ; O’leary et al. 2006 ; Devecchi &
olonteri 2009 ; Giersz et al. 2015 ; Mapelli 2016 ). Theoretical models
upport that a fraction of these seeds did not grow into supermassive
Hs, and instead remained with a similar mass up until current

edshift (e.g. Greene 2012 ; Reines & Comastri 2016 ; Spinoso et al.
023 ). This means that characterizing the properties and formation 
echanisms of lefto v er seeds found in the local Universe is crucial

or a thoroughgoing understanding of the non-stellar BH population 
ll along its history. But where can we find these seeds? 

One of the potential locations for lefto v er seeds could be the
ore of dwarf galaxies, where seed BHs might not have had the
hance to grow substantially (Volonteri 2010 ; Greene 2012 ; Reines
 Comastri 2016 ). Indeed, BHs in the intermediate mass regime

10 2 –10 6 M �, IMBH onwards) could be lefto v er seeds. The first
bserv ational e vidence for IMBHs traces back to the late 80s, with
he elliptical galaxy Pox 52 (Kunth, Sargent & Bothun 1987 ) and the
piral galaxy NGC 4395 (Filippenko & Sargent 1989 ). To detect BHs
hrough kinematics, one must be able to resolve the stellar motions
hat take place within their gravitational sphere of influence. Since 
his type of observation is greatly dependant on the spatial resolution
f the sample, the limiting distance for kinematic observations is set
o ∼4 Mpc (Nguyen et al. 2018 ; Greene, Strader & Ho 2020 ). For
his reason, a variety of methods can be employed in the absence of
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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inematic signatures or to complement them. For example, IMBHs
n dwarf galaxies are often found in active galactic nuclei (AGNs)
hrough optical spectroscopy (Greene & Ho 2004, 2007 ; Dong et al.
007 , 2012 ; Izotov, Thuan & Guse v a 2007 ; Reines, Greene & Geha
013 ; Chilingarian et al. 2018 ; Mezcua & S ́anchez 2020 , 2024 ;
alehirad, Reines & Molina 2022 ), through the detection of hard
-ray emission or radio emission (Reines et al. 2011 , 2014 , 2020 ;
ezcua et al. 2016 , 2018 ; Mezcua, Suh & Ci v ano 2019 ) or even

y utilizing near-infrared photometry (Fischer et al. 2006 ; Giallongo
t al. 2015 ; Bohn et al. 2021 ). 

IMBHs can also be found as the result of in situ formation in
earby globular clusters (Kızıltan, Baumgardt & Loeb 2017 ). The
resence of seeds in globular clusters was first suggested by Silk &
rons ( 1975 ) when studying their X-ray emission. Since then, many

tudies have aimed at detecting the radiative accretion signature of
MBHs within globular clusters, but no conclusive results have been
btained (e.g. Maccarone, Fender & Tzioumis 2005 ; Bash et al. 2007 ;
accarone & Servillat 2008 ; Cseh et al. 2010 ; Strader et al. 2012 ;
aggard et al. 2013 ; Wrobel, Nyland & Miller-Jones 2015 ; Mezcua
017 ; Tremou et al. 2018 ; Baumgardt et al. 2019 ; Wrobel & Nyland
020 ). While several candidates have been found from dynamical
odels, there has been no direct X-ray nor radio detections of the

ources. A few minor exceptions arise, like globular cluster G1 in
31 (Pooley & Rappaport 2006 ; Kong 2007 ; Ulvestad, Greene & Ho

007 ) and more recently the outbursting source 3XMM J215022.4–
55108 (Lin et al. 2018 , 2020 ), both of them detected in the X-ray
e gime. In an y case, since globular clusters have scarce amounts of
as and dust, any signatures of accretion from a putative leftover
eed in the X-ray and radio regimes are expected to be very low. 

There is also observational evidence of non-nuclear IMBHs in the
orm of of ultraluminous and hyperluminous X-ray sources (ULXs
nd HLXs, respectively; e.g. Matsumoto et al. 2001 ; Farrell et al.
009 ; Jonker et al. 2010 ; Mezcua & Lobanov 2011 ; Mezcua et al.
013a , 2013b , 2015 , 2018 ; Comerford et al. 2015 ; Kim et al. 2015 ;
in et al. 2016 , 2020 ). ULXs are extragalactic and off-nuclear X-ray
ources with luminosities L X ≥ 10 39 erg s –1 that are less luminous
han AGNs but more luminous than any other stellar process with
ntrinsic X-ray luminosities. Since most of these L X ∼ 10 39 erg s -1 

ources can be explained by stellar–mass BHs undergoing super-
ddington accretion, HLXs, characterized by their even higher X-ray

uminosities ( L X ≥ 10 41 erg s –1 ) remain the best seed BH candidates
Barrows, Mezcua & Comerford 2019 ). Some examples include
LX-1 (e.g. Farrell et al. 2009 ; Davis et al. 2011 ; Webb et al. 2012 ),
82-X1 (Kaaret et al. 2001 ; Pasham, Strohmayer & Mushotzky

014 ), and NGC 2276-3c (Sutton et al. 2012 ; Mezcua et al. 2013b ,
015 ), three ULXs that would have belonged to the nucleus of a
warf galaxy before being stripped during a minor merger with the
urrent host galaxy (King & Dehnen 2005 ; Soria, Hau & Pakull
013 ; Mezcua et al. 2015 ). 
Plenty of observational evidence has been found regarding IMBHs,

oth central and non-nuclear, both at local Universe and up to redshift
 ∼ 3.4 (Mezcua et al. 2019 ); and since most of these detections are
arried out by examining radiative signatures, it is safe to assume
hat an even greater population of IMBHs is yet to be found when
lso accounting for non-active ones. This population –a fraction of
hich is theorized to correspond to lefto v er seeds– would hav e been

ccreted via hierarchical merging into the Milky Way (MW) through-
ut its history (Volonteri & Perna 2005 ; Bellovary et al. 2010 ). At z
 0, these lefto v er seeds should be wandering within the MW, thus

ontributing to its population of wandering black holes (WBHs). 
The study of WBHs has recently gained significant attention

hanks in part to the advancements in numerical simulations of galaxy
NRAS 535, 3293–3306 (2024) 
ormation and evolution (Volonteri, Haardt & Madau 2003 ; Volonteri
 Perna 2005 ; Bellovary et al. 2010 ; Gonz ́alez & Guzm ́an 2018 ;

zquierdo-Villalba et al. 2020 ; Greene et al. 2021 ; Ricarte et al.
021b ). In terms of the total expected amount of WBHs in MW-
ype galaxies, Ricarte et al. ( 2021a ) used the ROMULUSC zoom-in
osmological simulation on a 10 14 M � galaxy cluster to predict o v er
ne thousand WBHs and found a correlation between the expected
umber of wanderers in a galaxy and its halo mass. Re-scaling to the
W halo mass, ∼10 WBHs are predicted to wander our galaxy. This

rediction is in agreement with a previous work by Tremmel et al.
 2018 ) where they studied a sample of 26 MW-mass haloes extracted
rom the ROMULUS25 cosmological simulation. They found ∼12
anderers within 1 virial radius of a MW -mass galaxy , ∼5 of them
ithin 10 kpc of the Galactic Centre. In agreement with a higher

oncentration of WBHs in the central regions, Ricarte et al. ( 2021a )
ound that 50 per cent of all wanderers are within 0.1 virial radii.
ollowing a similar trend, Weller et al. ( 2022 ) used the illustris
NG50 simulation to study the kinematics and dynamics of star
lusters acting as IMBH proxies in MW analogues, and they found
hat o v er 4 per cent of the total population of w anderers w as predicted
ithin 1 kpc of the Galactic Centre. 
We find a more optimistic prediction of the o v erall number of
BHs in an MW analogue in the work of Greene et al. ( 2021 ), who

sed the semi-analytic model SatGen (Jiang et al. 2021 ) to estimate
100 expected WBHs in the MW halo. Ho we ver, this prediction

ssumes that every inf alling dw arf satellite hosts a central BH that
ill later become a WBH of the MW -type galaxy . O’Leary & Loeb

 2009 , 2012 ) used � 1000 merger tree histories of the MW to calculate
he number and mass distribution of those WBHs that may have been
jected from their small host galaxies during the MW formation
istory. They found that � 100 WBHs with masses � 10 4 M � should
e in the MW halo today, surrounded by compact star clusters that
ake up for ∼ 1 per cent of their WBH’s mass. 
Kruijssen et al. ( 2019 ) compared the age–metallicity of 96
W globular clusters to the globular cluster population of the E-
OSAICS project, consisting of 25 cosmological zoom-in simula-

ions of MW-mass galaxies based on the EAGLE galaxy formation
imulations. The study concluded that the MW has experienced
15 accretion events from � 4.5 × 10 6 M � satellites. Of these
15 accretion events, the MW experienced ∼9 mergers at z > 2

nd ∼6 mergers at z < 2. On the other hand, Weller et al. ( 2022 )
sed the Illustris TNG50 cosmological simulation to determine that

87 per cent of WBHs in a MW-type galaxy exhibit a tendency to
rift towards the Galactic Centre, with sinking time-scales ∼10 Gyr.
ombining the findings of Kruijssen et al. ( 2019 ) (who observed
ergers at z > 2 and z < 2) and Weller et al. ( 2022 ) (who established

n upper bound limit of sinking time-scales z∼ 2), it seems plausible
hat both a population of non-disrupted infalling satellites hosting
on-stellar BHs and a population of recoiled WBHs should be
xpected in MW-type galaxies at the current redshift. 

As for the spatial location of these wanderers, Tremmel et al.
 2018 ) estimated with a > 4 σ significance that WBHs are preferen-
ially found outside of the Galactic disc. This could incentivize a
earch for small, compact star clusters around these wanderers in the
ow-density environment of the halo. However, most of the WBHs
eem not to have retained a stellar counterpart or to be located at
arger fractions of the virial radius (Ricarte et al. 2021a ). 

The aim of this research is to characterize both the WBH and the
efto v er seed populations in the MW at z = 0, and to impro v e our
nderstanding of their merger history. We expect to (1) impro v e our
nowledge on the co-evolution of WBHs and galaxies, specifically
he final abundance and radial distribution of WBHs in MW-type
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alaxies, (2) obtain useful information that can help interpret past 
bservational searches of WBHs as well as guide future ones (see 
ection 3.1 for more details) and (3) study the early BH seeding
fficiency in the model and its impact to the final population of

BHs. This characterization has been carried out by using the semi-
nalytic simulation for galaxy evolution L-Galaxies (Henriques 
t al. 2015 ; see Section 2 ). In Section 3 , we study the populations of

BHs and lefto v er seeds at z = 0 and the time of their formation, and
e also re vie w the ef fects of v arying the initial seeding prescription

n the model. We summarize and discuss our results in Section 4 . A
ambda cold dark matter cosmology with parameters �m 

= 0 . 315, 
� 

= 0 . 685, �b = 0 . 045, σ8 = 0 . 9, and H 0 = 67 . 3 km s −1 Mpc −1 is
dopted throughout the paper (Planck Collaboration et al. 2014 ). 

 T H E  L-GALAXIES SEMI-ANA LY TICAL  M O D E L  

n this work, we make use of the L-Galaxies semi-analytic code 
Guo et al. 2011 ; Henriques et al. 2015 ; see Section 2.2 ), which was
esigned to model galaxy formation and evolution on the merger trees 
f the Millennium ( MR , Springel et al. 2005 ) and Millennium-
I ( MR-II , Boylan-Kolchin et al. 2009 ) cosmological, N -body
imulations. Since we are particularly interested in studying the 

BH population and its link with the lefto v er seeds from the
igh- z Universe, we make use of the MR-II merger trees, whose
ass resolution allows us to trace the formation and evolution 

f WBHs in dark matter (DM) haloes of 10 8 –10 14 M �. In the
ollowing subsections, we briefly describe the properties of the MR- 
I simulation and the baryonic physics included in L-Galaxies 

o trace the formation and evolution of galaxies and their WBHs. 

.1 The DM component: the Millenium-II simulation 

illenium-II is a large DM N-body simulation that follows 
160 3 particles of 6.89 × 10 6 h −1 M � within a 100 h −1 Mpc comov-
ng box. Structures formed in the simulation (i.e. the so-called DM 

aloes) are identified and stored at 68 different epochs or snapshots
y making use of the SUBFIND algorithm. DM haloes hosting at 
east more than 20 particles are stored and arranged according to their
volutionary path in the so-called merger trees (Springel et al. 2005 ).
aking into account the particle mass resolution and the box size, the
inimum and maximum mass of a DM halo inside the MR-II merger

rees corresponds to 1.38 × 10 8 and 8.22 × 10 14 M �, respectively. 
his makes MR-II the perfect simulation to trace not only the hosts
f MW-type galaxies but also the ones of the dwarf satellites that
t some point might deposit their WBH population in them. Even 
hough the finite time resolution offered by the MR-II merger trees
 ∼ 300 Myr) is adequate to study the evolution of DM haloes, it
inders the possibility of tracing accurately the baryonic physics 
nvolved in galaxy evolution (with dynamical times that can be up 
s short as few Myrs). To o v ercome this limitation, L-Galaxies
oes an internal time discretization between the Millenium-II 
utputs with a time resolution that varies between 5 and 20 Myr,
epending on redshift. 

.2 The treatment of the galaxies 

-Galaxies is a state-of-the-art semi-analytical model that cou- 
les many different astrophysical processes with DM merger trees 
xtracted from N -body simulations. In this work, we use as a
oundation the version presented in Henriques et al. ( 2015 ) with
he modifications of Izquierdo-Villalba et al. ( 2019 , 2020 , 2022 ),
ncluded to impro v e the predictions for galaxy morphology, extend 
he physics of WBHs and introduce the formation and evolution of
H binaries. 
The model assumes that as soon as a DM halo is formed, a fraction

f the baryonic component of the universe collapses within it. This
aryonic component has a mass that corresponds to 15.5 per cent
f the DM halo mass, and is given by the cosmic mean baryon
raction for the Planck cosmology (see Henriques et al. 2015 ). The
aryon component is heated and distributed within the halo in the
orm of a diffuse, spherical, and quasi-static hot gas atmosphere. 
he hot gas atmosphere undergoes a cooling process regulated by 

he functions of Sutherland & Dopita ( 1993 ), and, as a result, a
raction of the gas condensates and migrates towards the centre of the
M halo. The continuous cooling results in the cold gas component
ecoming massive enough for star formation to take place, leading to
he formation of a stellar disc (White & Rees 1978 ; White & Frenk
991 ; Springel et al. 2001 ). 
Right after the star formation e vents, massi ve and short-lived

tars explode and inject energy into the surrounding medium via 
upernovae feedback, warming up and expelling part of the galaxy’s 
old gas. Besides supernovae feedback, the model also invokes the so- 
alled radio-mode feedback from central supermassive BHs, which 
fficiently suppresses gas cooling in massive galaxies. On top of the
ecular evolution, galaxies interact among themselves thanks to the 
ierarchical assembly of DM haloes. 
L-Galaxies tracks the formation and evolution of orphan 

alaxies at each time-step. There are two scenarios in which a galaxy
an lose its DM halo and become an orphan galaxy. In the first
cenario, a larger DM halo strips DM particles from a smaller satellite
alo that hosts a galaxy. As a result, the satellite DM halo is left with
ewer than 20 DM particles and will no longer be resolved by the
imulation in the next snapshot. The galaxy from the satellite DM
alo has lost its halo and is now tagged as being an orphan. In this
ase, the galaxy with which the orphan galaxy will merge corresponds 
o the one hosted in the central halo of the friend-of-friend group.
n the second scenario, a DM halo hosting a galaxy is absorbed (or
erged) by a central DM halo. This galaxy, usually a dwarf satellite

lthough not necessarily, is now considered an orphan galaxy and 
tarts inf alling tow ards the centre of the massive DM halo. The
uration of the merging process is ruled by the dynamical friction
resented in Binney & Tremaine ( 1987 ) and the decay of the satellite
rbit is modelled following Guo et al. ( 2011 ) (see also supplemental
aterial of Henriques et al. 2015 for further information). 
These interactions are classified by L-Galaxies as major and 
inor depending on the mass ratio of the two merging systems, and

heir outcomes are completely different. While major interactions 
re assumed to be able to destroy the disc component of central
alaxies and lead to the formation of pure elliptical galaxies, minor
nteractions do not have an effect on the disc of central galaxies
nd instead trigger the build-up of a stellar bulge due to the
bsorption of satellite galaxies. Finally, environmental processes 
re also accounted for by L-Galaxies . Specifically, the infalling 
f galaxies in more massive haloes causes the loss of the entire
 alaxy’s hot g as atmosphere and the removal of its cold gas and
tellar component through tidal forces (ram pressure and galaxy tidal 
isruption processes, respectively). 

.3 The treatment of BHs and the formation of WBHs 

n top of the galaxy physics, the version of L-Galaxies used
n this work includes a sophisticated model to treat the formation
nd evolution of BHs, the dynamical evolution of BH binaries and
MNRAS 535, 3293–3306 (2024) 
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M

Figure 1. Probability used by L-Galaxies to seed a central BH in function 
of redshift in a DM halo of 10 9 M � (blue) and in a DM halo with the 
minimum mass allowed of 1.38 × 10 8 M � (green). The solid lines indicate 
the probability function followed by the standard seeding prescription (see 
equation 1 ). The dashed lines represent the probability function of the boosted 
seeding while the dotted lines indicate the probability function of the weaker 
seeding. 
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he formation and evolution of WBHs. In the following section, we
utline the rele v ant physics for this work. 

.3.1 Formation and growth of BHs 

he formation of the first BHs in L-Galaxies has been e xtensiv ely
tudied in Spinoso et al. ( 2023 ). Specifically, the authors included
he genesis of light seeds (Population III remnants) and massive
eeds (i.e. intermediate-mass and heavy BH-seeds) by using sub-
rid approaches and accounting for the local spatial variations of the
ntergalactic metallicity and the UV-background produced by star
ormation ev ents. F ollowing this results, in this work we address the
enesis of the first BHs in a much more simplified way, taking into
ccount the analytical seeding probability presented in Spinoso et al.
 2023 ) and modified by Izquierdo-Villalba et al. ( 2023 ). In brief, at
ny redshift, the probability that a newly resolved halo inside the MR-
I merger trees is seeded with a BH is similar to the one predicted
y the complete model of Spinoso et al. ( 2023 ). In this way, every
ime a halo is resolved at z≥ 7 (i.e. redshift at which galaxies tend to
e pristine in L-Galaxies ), it has a probability P of being seeded
ith a central BH with mass randomly chosen from [10 2 –10 4 ] M �

see fig. 3 of Spinoso et al. 2023 ): 

 = A (1 + z) γ
(

M halo 

M 

th 
halo 

)
(1) 

here M halo is the virial mass of the newly resolved halo, z its redshift
nd A , γ , M 

th 
halo three free parameters set to 0.015, 7/2, and 7 × 10 10 

 �, respectively. To guide the reader, Fig. 1 shows how the seeding
robability varies with redshift in the case of two representative
M halo masses, 10 9 M � and the DM halo mass resolution of
illenium-II , which corresponds to 1.38 × 10 8 M �. To quantify
ow the uncertainties related to BH formation impact the population
f WBHs in MW-type galaxies, we will assume dif ferent v alues for
he parameter A in equation ( 1 ). Specifically, we will explore (1) a
oosted seeding scenario ( A boosted = 2.0 A ) where the galaxies have a
arger probability of being seeded with respect to the fiducial model,
nd (2) a weaker seeding scenario ( A weaker = 0.5 A ) where galaxies
NRAS 535, 3293–3306 (2024) 
re less frequently seeded than in the fiducial case (see Fig. 1 for
he behaviour of the boosted and weaker models compared to the
ducial one). 
Once a BH is formed, it can grow via three different channels: hot

as accretion , cold gas accretion , and merg er s with other BHs. The
rst growth mechanism is triggered by the continuous accretion of hot
as that surrounds the galaxy (Croton et al. 2006 ). Ho we ver, since
he rate of accretion is orders of magnitude below the Eddington
imit, the contribution of this hot gas accretion to the BH mass
rowth is minimal. On the other hand, cold gas accretion is the main
hannel dri ving BH gro wth. This mechanism is triggered by galaxy
ergers (where the central BH accumulates a fraction of cold gas

rom the merged galaxy) and disc instability events (where the BH
ccretes an amount of cold gas proportional to the mass of stars
hat have triggered the stellar instability). In both cases, the cold gas
vailable for accretion is assumed to settle in a reservoir around the
H and is progressively consumed according to a two-phase model

as suggested by Hopkins & Hernquist 2009 and first implemented in
-Galaxies by Bonoli et al. 2009 ; Marulli et al. 2009 ). In the first
hase, the central BH consumes a fraction (set to 70 per cent) of the
vailable gas reservoir following an Eddington-limited growth. In the
econd phase, the central BH consumes the remaining gas following
 quiescent growth regime characterized by progressively smaller
ccretion rates (for further details on the most recent implementation
ee Izquierdo-Villalba et al. 2020 ). 

Finally, BHs in the model can also increase their masses through
H coalescences. These do not happen instantaneously, but L-
alaxies includes a detailed model for the dynamical evolution
f massive BH binaries. The evolutionary pathway of these systems
an be described by three different stages, as suggested by Begelman,
landford & Rees ( 1980 ): pairing , hardening and gravitational wave
hases. The former takes place just after a galaxy merger when the
wo BHs are separated at ∼ kpc scales. In particular, the BH hosted
y the satellite galaxy experiences dynamical friction that causes
ts sinking towards the galactic nucleus. In the model, to estimate
he time spent by a BH in the pairing phase, we use the expression
y Binney & Tremaine ( 1987 ) to take into account, among others
ariables, the mass of the pairing WBH, the velocity dispersion of
he satellite galaxy and the position at which the BH is deposited by
ts satellite galaxy just after the galactic merger (which is considered
o be when the satellite galaxy has lost 85 per cent of its total

ass by tidal stripping). Once the dynamical friction phase ends,
he satellite BH reaches the galactic nucleus of the primary galaxy
nd binds with its central BH ( ∼ pc scales). As a result, a BH binary
s formed. This is when the hardening phase starts and the orbital
eparation of the BH binary begins to shrink. This process is modelled
ifferently according to whether the environment that drives the two
Hs to coalescence is a gas-rich or gas-poor environment. Mergers

n gas-rich environments require the binary to be surrounded by a gas
eservoir with a mass larger than the mass of the binary. For mergers
n gas-poor environments, it is assumed that the gas reservoir around
he BHs is smaller than the total mass of the binary. In these cases, the
ardening is caused by the extraction of binary energy and angular
omentum through three-body interactions with background stars

hat cross the binary orbit. Independently of the environment, the
H binary eventually reaches ∼ sub - pc scales, and the emission of
ra vitational wa ves brings the two BHs to the final coalescence in a
ew Myrs. As described in Section 2.1 , the baryonic evolution inside
-Galaxies is traced by performing an internal time discretization
f 5–20 Myr between the Millenium-II outputs. The evolution of
he binary eccentricity and semi-major axis is also traced within that
ime step by solving their variation via an adaptative time step fourth-
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rder Runge–Kutta integrator. Since BH binaries can evolve on time- 
cales shorter than the ones provided by L-Galaxies (shorter in 
he hardening phase and longer in the GW-dominated phase) the 
ariable time step in the integration used in a sub-grid allows us
o accommodate the integration of the binary orbit according to its
volution stage. Finally, to trace the binary pathway down to its
nal coalescence, it is necessary to trace its evolution on scales 
uch smaller than the softening scale of the Millennium-II .
o this end, Izquierdo-Villalba et al. ( 2023 ) introduced an analytical
odel in L-Galaxies to trace the sub-pc scales of the BH binaries

ssuming that the binary hardens according to a stellar distribution 
leading the stellar hardening) and the presence of accretion discs 
gas hardening) around the BH, together with the emission of GWs. 

In some cases, ho we ver, the lifetime of a BH binary can be long
nough that a third BH which finishes the pairing phase can reach
he galaxy nucleus and interact with the binary system. When this
appens, the model refers to the tabulated values of Bonetti et al.
 2018 ) to determine if the triple interaction leads to the prompt
erger of the BH binary or to the ejection of the lightest BH from the

ystem (hereafter tagged as slingshot scenario). In this latter case, 
he separation of the BH binary that remains in the galactic core is
omputed following Volonteri et al. ( 2003 ) and the final eccentricity
s select as a random value between [0–1]. 

.3.2 The WBH population 

lthough all the BHs formed in L-Galaxies start their lives 
nside a galactic nucleus, many different mechanisms can mo v e them
way from the heart of the host galaxy. BHs displaced outside their
alaxies nuclei but in bound orbits within the DM halo are tagged
s WBHs. L-Galaxies distinguishes and tracks the orbits of three 
ifferent classes of WBHs according to the physical mechanism that 
isplaced them: disrupted , pairing , and recoiled . In the following
aragraphs, we outline these types of WBHs and briefly describe 
heir formation mechanism. For a full detailed description of the 
andering population, we refer the reader to Izquierdo-Villalba et al. 

 2020 , 2022 ). 

(i) Disrupted WBHs: The lifetime of these WBHs starts in the 
ucleus of small orphan satellite galaxies that at some point in their
ives start infalling into a more massive DM halo. As soon as the
alaxy becomes an orphan and starts its journey to merge with the
entral galaxy, L-Galaxies tracks the trajectory of the orphan 
atellite galaxy at each time step and compares its baryonic (cold 
as and stellar gas) density within the half-mass radius to the DM
ensity of the massive halo. If at any point during the infalling, the
ensity from the massiv e DM halo e xceeds that of the satellite, the
atellite is completely disrupted, indicating that the satellite is not 
ble to survive the tidal forces exerted by the massive DM halo. As a
esult, its cold gas (stellar) component is stripped and deposited in the
ot gas atmosphere (intercluster medium) that surrounds the primary 
alaxy. Notice that orphan galaxies cannot retain the disrupted (or 
jected) WBHs they hosted before losing their DM component. This 
s because the model assumes that as soon as the galaxy becomes
rphan, the disrupted (or ejected) WBHs moving inside the DM 

alo are also stripped away and incorporated into the halo of the
ost massive galaxy. Under these circumstances, the newly acquired 

disrupted or ejected) WBHs mo v e inside the halo of their new
entral galaxy and their orbital motion is referred with respect to 
hat galaxy. A schematic view of the formation of these WBHs
s presented in the first row of Fig. 2 . Once a disrupted WBH is
ormed, L-Galaxies follows its orbit by solving self-consistently 
ts equation of motion. To do so, the code uses the final position and
elocity of the galaxy before being disrupted as the starting point of
ntegration of the disrupted WBH population. Then, the code follows 
heir orbit by taking into account the gravity acceleration and the
ynamical friction e x erted by any of the intercluster components (i.e
M, stars and hot gas, see equation 32 of Izquierdo-Villalba et al.
020 ). 
(ii) Pairing WBHs: Similarly to disrupted WBHs, pairing WBHs 

re BHs that originally were hosted in the nuclei of an orphan
atellite galaxy. Unlike disrupted WBHs, ho we ver, the host galaxies
f pairing WBHs survive the tidal forces e x erted o v er them, meaning
hat they remain with a higher density compared to the massive DM
alo throughout the whole infall. During this process, the satellite 
alaxy manages to reach the primary galaxy and merge with it. Notice
hat, unlike the disrupted and ejected WBHs, in case the satellite
alaxy had pairing WBHs prior to becoming orphan (coming from 

ergers with other galaxies when it was still a central galaxy), these
re still able to be retained by the galaxy during its lifetime as orphan.
his is because these WBHs are assumed to be moving inside the
alaxy, thus can only be unbound by a full galaxy disruption. Once
he orphan galaxy survives the tidal stripping all the way towards
he primary galaxy and the merger is completed, the pairing WBHs
osted in the orphan galaxy are deposited inside the central one. As a
esult, the BH population of the orphan satellite galaxy is deposited
n the outskirts of the newly formed galaxy and progressively sink
owards the nucleus of the merger remnant thanks to the dynamical
riction force e x erted by the stellar component. A schematic view
f the formation of these WBHs is presented in the second row of
ig. 2 . Unlike disrupted WBHs, we do not follow the orbit of pairing
BHs. Instead, we assume that they will reach the Galactic Centre

fter spending a time t dyn in the paring phase. This time is computed
ccording to the dynamical friction equation of Binney & Tremaine 
 1987 ) which assumes, for simplicity, a spherical isothermal galaxy.
egarding the evolution of the pairing WBHs, we assume a simple
odel in which the BHs spiral towards the galactic nucleus inside an

sothermal host on a near-circular orbit. This assumption predicts that 
he radius of the orbit should decay linearly in time. Consequently,
he radial position of the BH inside the galaxy is updated at each time
tep of L-Galaxies by multiplying the previous distance by the 
actor (1 −�t/t dyn ) 1 / 2 , where �t is the time since the BH started the
airing phase (see similar approach used in Guo et al. 2011 , to follow
he orbit of satellite galaxies inside DM haloes). Finally, in this work,
he minimum allowed distance with respect to the Galactic Centre 
o consider a pairing WBH as a wandering object is 100 pc. Pairing

BHs at distances below this threshold are assumed to no longer
ander since they will form in the next time step of L-Galaxies (a

ew Myr) a binary system with the central BH of the central galaxy. 
(iii) Recoiled WBHs: This type of WBHs follows the same 

ormation pathway of pairing WBHs; a satellite galaxy merges with 
 central galaxy after surviving the tidal forces applied by a DM
alo and the BH of the satellite becomes a pairing WBH. After a
ertain time (from mega to giga years), the pairing WBH reaches the
ucleus of the galaxy and forms a BH binary that evolves through the
ardening and gravitational wave phase. When these two phases are 
 v er, the two BHs in the binary system coalesce. Due to the merger
nd conservation of linear momentum, the remnant BH receives a 
ick (determined according to Lousto et al. 2012 ). If the magnitude
f the velocity characterizing such a kick is large enough, the BH
scapes from the centre of the galaxy and is deposited inside the
M halo that hosts the galaxy. A schematic view of the formation
f these WBHs is presented in the last row of Fig. 2 . Once the BH is
jected from the galaxy, L-Galaxies follows its orbit in the same
MNRAS 535, 3293–3306 (2024) 
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M

Figure 2. Schematic representation of the three different WBH formation mechanisms accounted in L-Galaxies . Each row represents a type of WBH, and 
the columns showcase, from left to right, the steps that lead them to become wanderers. First row : Disrupted WBHs originate from the complete disruption of 
their host galaxy during their inf all tow ards a central galaxy. Once the BH is deprived of its host galaxy, it is assumed that its accretion disc (in case it was in an 
accreting phase), is also remo v ed. Second row : P airing WBHs are infalling BHs that hav e arriv ed to the Galactic Centre of the larger galaxy and are considered 
by L-Galaxies as being a few mega to giga years to form a binary system with the central BH of the larger galaxy. Third row : Recoiled WBHs are BHs 
that have also arrived to the Galactic Centre of the larger galaxy, but then the y hav e continued their sinking process until reaching a distance of < 100 pc to 
the central BH. As a result, they have undergone a merging process with its subsequent gravitational recoil. The kick velocity depends on the properties of the 
two progenitors. If the modulus of the recoil velocity is larger than the escape velocity of the galaxy, the kicked BH is ejected from the host galaxy, starting its 
wandering phase. The WBH has been depicted bigger in this case to highlight that it is the result of adding the masses of the infalling wanderer and the previous 
central BH. Ho we ver, since the central BH mass of high- z galaxies is usually < 10 6 M �, recoiled WBHs rarely fit the supermassive BH category. Also, even 
though a recoil event removes the central BH from the original host galaxy from its galactic nucleus, due to the active merging history of most galaxies and the 
fact that a pairing WBHs eventually fill this absence, the majority ( > 90 per cent ) of recoiled WBHs end up in galaxies that showcase a central BH. 
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ay as described for the disrupted WBHs. Notice that the slingshot
cenario presented in Section 2.3.1 forms wandering BHs similar to
he recoiled ones. In these cases, the BH kick that ejects the BH is
ot caused by the merger of two BHs but by scattering after three-
ody interaction (the two BHs in the binary and the intruder pairing
BH). For these cases, the orbits are followed in the same way as

resented in the recoiled case and, for conv enience, the y are tagged
s recoiled as well, since they only represent � 1 per cent of the
otal WBH population. 

As per the wanderers themselves, disrupted and recoiled WBHs
re treated as not having an accretion disc. In the case of disrupted

BHs, their accretion disc is remo v ed, and in the case of recoiled
BHs, their accretion disc is also neglected since it is unclear how
assive the retained disc would be after a recoil (see Blecha et al.

011 ). In the case of pairing WBHs, they are able to increase their
as reservoir during the galaxy–galaxy interaction and therefore
xperience accretion enhancements. Ho we ver, no feedback effects
re considered during this phase. In summary, once dislodged from
heir satellite galaxy, WBHs of any kind have no direct impact on
he evolution of the new host galaxy through feedback mechanisms.
he only time that a direct impact takes place (in the form of radio

eedback) is when a pairing WBH reaches the Galactic Centre of the
rimary galaxy and becomes its new central BH, but in this scenario,
NRAS 535, 3293–3306 (2024) 
he BH is no longer considered a wanderer. Finally, the model does
ot consider any dynamical interaction between WBHs and infalling
alaxies; they are just dominated by the DM halo potential. 

We also stress that as the redshift gets lower and the merger history
f galaxies gets more complex, satellite galaxies deposit not only their
entral BHs in the DM haloes of larger galaxies but also the WBH
opulation that is orbiting them as a consequence of the three main
andering events we just mentioned. Consequently, it is expected

hat the majority of the WBHs orbiting low redshift galaxies are not
enerated in situ but inherited from other galaxies (see e.g fig. 8 of
zquierdo-Villalba et al. 2020 ). F or instance, we hav e checked that

70 per cent of the WBHs detected in a MW-type galaxy at z =
 are actually inherited from the wandering populations of previous
alaxies. 

.4 Milky Way-type galaxies 

imilarly to previous works (see e.g, Licquia & Newman 2013 ;
urphy, Yates & Mohamed 2022 ), we have defined MW-type

alaxies as those fulfilling the following constraints: 

(i) Have a stellar mass within [2 ×10 10 –8 ×10 10 ] M �. 
(ii) Have a DM halo with mass [6 ×10 11 –3 ×10 12 ] M �. 
(iii) Have a star formation rate in the range [0.5—2.5] M � yr −1 . 
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Figure 3. Distribution of MW-type galaxies as a function of the number of 
WBHs that they are hosting. The dashed lines indicate the expected number 
of WBHs of a given population. Top panel: fraction of MW galaxies hosting 
any kind of WBH (yellow) compared to the fraction of MW galaxies hosting 
lefto v er seeds (violet). Bottom panel: fraction of MW galaxies hosting WBHs 
that have undergone a process of disruption (magenta), an ejection (blue), or 
that are in the process of forming a binary system with their central BH 

(green). See more details regarding the formation mechanisms of the WBHs 
in Section 2.3.2 . 
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(iv) Have a bulge to total stellar mass ratio within [0.1–0.5]. 
(v) Are central galaxies of their subhaloes. 

.5 Lefto v er seeds 

lthough plenty of literature has discussed the characterization of 
efto v er seeds (e.g. Rashkov & Madau 2013 ; Ferrara et al. 2014 ;
reene et al. 2019 ; Mezcua 2019 , 2020 ), no definitive consensus has
een reached regarding their properties. Typically, they are theorized 
s BHs that have had little to no growth in their mass since their time
f formation. In this work, we will tag as a lefto v er seed any BH that
as not outgrown more than twice its original mass. Since the range
f masses for newly seeded BHs is within [10 2 –10 4 ] M �, the mass
ange for lefto v er seeds at z = 0 will be [10 2 –2 × 10 4 ] M �. 

 RESULTS  

n this section, we present the results obtained from utilizing 
-Galaxies to characterize the WBH population in MW-type 
alaxies at the current redshift (see Section 3.1 ). Additionally, we 
elve into the merger history of the WBH population, establishing a 
onnection between their current properties and the redshift at which 
hey became wanderers (see Section 3.2 ). In Section 3.3 , we focus on
he lefto v er seed population of WBHs, characterizing it in the same
ay as the previous subsections and comparing it with WBHs that 

nstead managed to substantially grow in mass. Finally, we conduct 
 comprehensi ve re vie w of the L-Galaxies seeding prescription 
nd its effects on the stellar mass of the galaxies that hosted the

BHs before they became wanderers (see Section 3.4 ). 

.1 The population of WBHs in MW-type galaxies 

he L-Galaxies fiducial model run on the MR-II offers infor- 
ation on ∼27.000 galaxies at z = 0. After applying our constraints

or MW-type galaxies (see Section 2.4 ), we end up with a sample of
17 galaxies. All of these MW-type galaxies host at least one WBH,
ith the predicted number of WBHs per galaxy being 10 + 5 

−3 
1 (see the

ellow histogram in the top panel of Fig. 3 ). 
We also study the statistics of WBHs depending on their formation 

hannel (see Section 2.3.2 ). The results are presented in the bottom
anel of Fig. 3 . Of the 117 MW-type galaxies, ∼ 97 per cent of them
ost at least one disrupted WBH, with the expected number being 7 + 5 

−3 

or this type of wanderer; ∼ 85 per cent of MW-type galaxies host 
ne or more pairing WBH, with the expected number being 3 + 1 

−2 ; and
42 per cent of MW-type galaxies host one or more recoiled WBH, 

ith the expected number being 1 + 1 
−0 . The higher expected number 

f disrupted WBHs compared to the other tw o f amilies might be
xplained by the fact that pairing and recoiled WBHs result from
heir host satellite galaxies sinking into a massive DM halo and 

erging with a larger galaxy. Since this entire process takes more 
ime than a disruption event, which can occur as soon as a satellite
alaxy loses most of its mass, disrupted WBHs end up being the
ost abundant population. 
Fig. 4 presents a view of the mass distribution of the WBH

opulation (points and diamonds) as a function of its distance to 
he Galactic Centre, colour-coded according to each of the three 

BH types. We find that pairing WBHs are expected to be found at
.1 + 2 . 1 

−0 . 8 kpc from the Galactic Centre and to have a mass of 
(
2.0 + 9 . 5 

−1 . 6 ×
 All predicted numbers are computed as the median of the distributions, and 
he errors as the 20th and 80th percentiles, respectively. 

b  

w
 

m  
0 3 
)

M � (Fig. 4 , green square); disrupted WBHs are expected to be
ound at 174 + 84 

−78 kpc from the Galactic Centre and to have a mass
f 
(
2.0 + 7 . 0 

−1 . 7 × 10 3 
)

M � (Fig. 4 , red square); and recoiled WBHs are
xpected to be found at 182 + 174 

−92 kpc from the Galactic Centre and to
ave a mass of 

(
1.6 + 79 

−11 × 10 4 
)

M � (Fig. 4 , blue square). This picture
s coherent with the evolutionary stage of our population of WBHs.
airing WBHs are in the process of sinking towards their galactic
ucleus after the galaxy interaction whereas disrupted and recoiled 
BHs are embedded in the DM haloes in orbits that can linger

n the halo outskirts thanks to large gravitational wave recoils and
alaxy disruption processes occurring primarily at the halo outskirts. 
elving into the pairing population, these type of WBHs are most

ikely found in the galactic disc, where the stellar density is higher
nd the dynamical friction allows for a more efficient sinking. This,
n turn, exacerbates the detection of potential compact stellar clusters 
ound to them, as stellar o v erdensities in the disc are easily confused
ith open clusters. 
On the other hand, we see that recoiled WBHs showcase higher
ass values than the other WBH families. This is expected since
MNRAS 535, 3293–3306 (2024) 
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M

Figure 4. Mass distribution of the WBHs in MW-type galaxies as a function 
of their distance to the Galactic Centre. The WBHs are colour-coded 
according to whether they are in the process of forming a binary system 

with the central BH of their galaxy (green), whether they have undergone a 
recoil event (blue) or if they have undergone a disruption event (magenta). 
The diamond-shaped points represent the population of lefto v er seeds while 
the dots their non-lefto v er counterpart. The big symbols on top of the points 
indicate the median values of WBH mass and distance to Galactic Centre for 
the total sample of WBHs (square), the lefto v er seed subsample (diamond) 
and the non-lefto v er seed subsample (circle). The errors represent the 20th 
and 80th percentile of each distribution. 
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Figure 5. Expected number of WBHs that MW-type galaxies host within 
a certain distance to their Galactic Centre, with the magenta-shaded region 
indicating the 80th and 20th percentiles. The green-dashed line represents the 
median cumulative number of wandering SMBHs as a function of distance 
from halo centre for all MW–mass haloes in the ROMULUS25 hydrodynamic 
simulation by Tremmel et al. ( 2018 ). 
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ecoil events are the result of a coalescence that includes a central
H, and central BHs have generally had some time to grow before

he merger. A small fraction ( < 0.1 per cent) of the WBH population
n MW-type galaxies does not experience disruption, pairing or
ecoiled events. This is the case for the slingshot wanderers. Slingshot
anderers are the result of a triple BH interaction at the centre of a
alaxy, which leads to the ejection of the lightest BH (see Section
.3.2 ). Of the 1310 WBHs scattered among 117 MW-type galaxies,
nly one WBH was tagged as having undergone a slingshot event.
hen compared to the o v erall sample of galaxies, slingshot events

re slightly more probable, occurring in ∼ 0 . 3 per cent of all WBHs.
Combining these results with previous observational works (e.g.

’Leary & Loeb 2012 ; Greene et al. 2021 ), we can derive a
ore holistic interpretation to the nature of WBHs. Since one

otential method to detect WBHs in our galaxy could reside in the
ompact cluster of stars that are still bound to them, the search for
ypercompact (15–30 arcsec) stellar o v erdensities could be one of
he most promising paths to reveal this population (O’Leary & Loeb
009 ). Ho we ver, most used surveys like SDSS (O’Leary & Loeb
012 ) and Gaia & DECaLS (Greene et al. 2021 ) have a limiting band
epth that only allows for the study of well-defined stars in colour–
agnitude diagrams up to ∼25 kpc. This limits the search for WBHs

o almost the pairing population e xclusiv ely, and giv en the high-
ensity environment of the g alactic disc, h ypercompact clusters can
asily be mistaken for regular open clusters. Additionally, we must
ake into account the spatial limitation of these surv e ys; the DECaLS
atabase co v ers about 1/5 of the sky and SDSS about 1/3. This
urther reduces the possibility of finding a member of the pairing

BH population, which in our model represents ∼ 25 per cent of
he o v erall predicted population of wanderers ( ∼10). We will use
hese results to also interpret the upcoming observational analysis of
ntzaga et al. (in preparation). 
NRAS 535, 3293–3306 (2024) 
Other observational techniques to detect these pairing wanderers
nclude microlensing events when they pass along the line of sight of
 background star (Toki & Takada 2021 ), radio-to-X-ray detection
hanks to telescopes like AXIS that have improved their detectability
n high-density environments (Seepaul, Pacucci & Narayan 2022 ;
acucci et al. 2024 ) and indirect dynamical evidence when the
anderer is electromagnetically invisible (Kızıltan et al. 2017 ). 
In Fig. 5 , we compare our results with the ROMULUS25 hydro-

ynamic simulation from Tremmel et al. ( 2018 ). We find a good
greement in the total number of WBHs expected in a MW-type
alaxy ( ∼10), and especially in the number of WBHs within 5 kpc of
he Galactic Centre ( ∼2), which in our case corresponds to the pairing

BH population. Ho we ver, we find the radial distribution of the non-
airing WBH population to be far more extended than predicted in
remmel et al. ( 2018 ), with ∼ 60 per cent of all WBHs being farther

han 100 kpc from their Galactic Centre (see Fig. 5 ). This is probably
ue to the fact that the initial seeding mass for BHs in ROMULUS25
s 10 6 M �, while L-Galaxies uses a lighter distribution (100–
0 4 ) M �. Since the WBH population in ROMULUS25 has larger
asses, the sinking process takes place more efficiently, and therefore
BHs end up closer to the Galactic Centre. It is worth mentioning

hat ROMULUS25 does not consider multibody BH interactions nor
ra vitational wa ve recoil from BH mergers as wanderer -triggering
vents for their BHs. In ROMULUS25 , a BH is tagged as a wanderer
f it is further than 700 pc from the centre of its host halo, but no
ecoiled WBH population is contemplated. 

In Fig. 6 , we compute the ratio between the total mass of all
BHs in each MW-type galaxy with respect to the mass of their

espective central BH, and compare our results with the analysis of
he ROMULUS25 simulation from Ricarte et al. 2021a . We find that
n L-Galaxies WBHs account for 2 + 14 

−1 . 8 per cent of the local non-
tellar BH mass budget of a MW-type galaxy, which is lower than the

10 per cent found by ROMULUS25 . The disagreement between
hese two values is most likely due to the minimum WBH mass in
OMULUS25 being 10 6 M �. In comparison, the minimum WBH
ass accounted for in L-Galaxies is ∼100 M �, which makes for
 more centralized distribution of the BH mass budget in the galaxy.
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Figure 6. The magenta dots show the relation between the total WBH mass 
of the MW galaxies as a function of the mass of their central BHs. Only 
those MW-type galaxies hosting a central BH are shown (103 out of 117). 
The magenta line indicates the median of the ratio for MW-type galaxies in 
our simulation, while the shaded area indicates the 20th and 80th percentiles. 
We find that WBHs in a MW-type galaxy have a combined total mass that 
represents an ∼ 2 per cent with respect to the mass of their central BH. 
The green line indicates the same ratio in the hydrodynamic simulation 
ROMULUS25 , as extracted from Ricarte et al. ( 2021a ), where they find a ratio 
of ∼ 10 per cent . Grey-dotted lines have been added for visual reference, 
showing ratios of mass separated by two orders of magnitude. 
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Note that some of the galaxies in our sample have a central BH
ith a mass significantly lower than the ones predicted by the scaling

elations derived from massive galaxies. This is in part because the 
nclusion of recoil events causes central BHs to be off-centre (thus
ot growing) for even extended periods of time, and partially because 
n some cases, the galaxy incorporated as central BH is one of the
nfalling satellites (see Izquierdo-Villalba et al. 2020 ). 

.2 The history of WBHs in MW-type galaxies 

he study of the merger history of the WBH population is crucial to
mpro v e our understanding of these objects in the current Universe.
ig. 7 shows some of the properties that BHs (points and diamonds)
howcase at the time they become wanderers. We find the earliest 
vent of disruption to occur at z∼ 14, while in the case of recoil
vents this happens at z∼ 7, and in the case of pairing at z∼ 6. Until
igure 7. Redshift at which WBHs first became wanderers versus their current ma
f the galaxy where the wandering event takes place (right panel). The colours and
lue and red squares representing the whole sample medians of the recoiled and dis
∼ 5, the formation channel for WBHs is heavily dominated by 
isruption events. These early disruption events result in wanderers 
hat do not continue to grow beyond the upper mass limit of the
nitial BH seeding given by L-Galaxies , hence being all below
0 4 M �. When focusing e xclusiv ely on disruption ev ents, early
nes ( z≥ 5) take place in galaxies with lower metallicities (–1.47
ompared to -1.12 for disruption events at z< 5) and are also linked to
anderers that end up wandering in farther orbits at current redshift

193 kpc compared to 169 kpc). This is rele v ant when trying to
etect WBHs in the MW through observational means. As discussed 
y Greene et al. ( 2021 ), ∼100 BHs with masses 10 3 –10 5 M � are
xpected to be wandering in the MW surrounded by ∼1 pc size
tellar clusters containing 500–5000 stars. Even though in this work 
e find a smaller number of putative WBHs, the values found for
alactic metallicity in the galaxies of origin can be used to tighten the
earch for stellar clusters that might still be bound to the wanderers,
nd that would have once belonged to that same galaxy of origin.
onstraining the metallicity values is also useful when proceeding 
ith the isochrone fitting of the stellar population’s CMDs (e.g. to
erify the old nature of these kind of clusters). 

Observationally, pairing WBHs could be differentiated from the 
est of wanderers by their unique radial distribution close to the
alactic Centre (see Fig. 4 ), and also their dynamical interactions
ith the stellar medium. Disrupted and recoiled WBHs could be 
ifferentiated between each other by the metallicity of the stellar 
opulations bound to them. In this case, recoiled WBHs should 
e surrounded by stellar populations with higher metallicity due 
o potential star capture during the infall process towards the galactic
ore of a central galaxy). 

.3 The population of lefto v er seeds in MW-type galaxies 

e study the subsample of WBHs that have not outgrown more than
wo times their original seeding mass (see Section 2.5 ). We find that

67 per cent of the WBH population in a MW-type galaxy at z = 0
atisfies this constraint. We also find that all of the MW-type galaxies
ost at least one or more lefto v er seed, with the median number per
alaxy being 6 + 4 

−2 (see Fig. 3 , top panel). 
Of the 117 MW-type galaxies, ∼ 93 per cent of them host at least

ne disrupted lefto v er seed, with the expected number being 5 + 3 
−2 for

his type of seed; ∼ 72 per cent of MW-type galaxies host one or
ore pairing lefto v er seeds, with the expected number being 1 + 2 

−0 ;
nd ∼ 12 per cent of MW-type galaxies host one or more recoiled 
efto v er seeds, with the expected number being 1 + 0 

−0 . When compared
ith the o v erall sample of WBHs, it seems that lefto v er seeds are less
MNRAS 535, 3293–3306 (2024) 

ss (left panel), distance to Galactic Centre (middle panel), and the metallicity 
 symbols used are the same as in Fig. 4 . Note that in the middle panel, the 
rupted populations, respectively, overlap in the same space. 
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ffected by recoiled events. This can be explained by the fact that
ecoiled WBHs are generally the most massive of the three families,
nd since lefto v er seeds are defined as having a limit in growth, it
s expected that fewer of them will be tagged as recoiled lefto v er
eeds. 

The diamond-shaped points in Fig. 4 showcase the mass distri-
ution of the lefto v er seed wandering population as a function of
ts distance to the Galactic Centre, colour-coded according to each
f the three formation mechanisms. We find that pairing seeds are
xpected to be found at 0.6 + 1 . 3 

−0 . 4 kpc from the Galactic Centre and
o have a mass of 

(
0.7 + 2 . 4 

−0 . 5 × 10 3 
)

M �; disrupted seeds are expected
o be found at 177 + 81 

−76 kpc from the Galactic Centre and to have a
ass of 

(
1.1 + 3 . 1 

−0 . 9 × 10 3 
)

M �; and recoiled seeds are expected to be
ound at 138 + 175 

−50 kpc from the Galactic Centre and to have a mass of
6.1 + 5 . 5 

−2 . 5 × 10 3 
)

M �. When compared to the sample of non-lefto v er
eeds, disrupted seeds are ∼ 13 per cent farther from the Galactic
entre; recoiled seeds are ∼ 25 per cent closer to the Galactic
entre; and pairing seeds are ∼ 70 per cent closer to the Galactic
entre. 
As per the merger history, we find that the majority of WBHs in
W-type galaxies (both lefto v er seeds and non-lefto v er seeds) that

ecame wanderers at high redshift are most likely tagged as disrupted
see Fig. 7 ). This is probably due to pairing and recoiled WBHs being
he result of a galaxy merger that requires a satellite galaxy to sink
nto a massive DM halo, therefore occurring at a later time in the
imulation. 

We also compare the expected wandering event redshift of a
efto v er seed to its non-lefto v er counterpart. We find that disrupted
eeds become wanderers at a higher redshift ( ∼3.4 versus ∼1.4);
airing seeds become wanderers at a lower redshift ( ∼0.4 versus
0.8); and recoiled seeds and non-seeds have very similar redshifts

f formation. In the case of the disrupted population, this is most
ikely due to BHs drastically slowing their growth rate once becoming
 anderers. That w ould e xplain why the majority of lefto v er seeds

xperience their disruption event at a higher redshift compared to
heir non-lefto v er counterparts, which hav e had more time to continue
heir growth. In the case of the pairing population, lefto v er seeds
re tagged as pairing at a lower redshift probably due to being
osted by galaxies with a lower mass compared to their non-lefto v er
ounterparts. This means that pairing seeds would sink slower into
he galactic core due to experiencing less dynamical friction. Finally,
n the case of the recoiled population, especially the recoiled seeds,
e find very low numbers, as expected. 
Finally, we compare the lefto v er and non-lefto v er populations in

erms of the metallicity of the galaxy that originally hosted them
Fig. 7 , right panel). We find that disrupted and pairing lefto v er
eeds come from more metal-poor galaxies than non-lefto v er seeds
–1.3 versus –0.9 in the case of disrupted ones and –1.4 versus –0.7
n the case of pairing ones). This is most likely due to old, low-

ass, low-metallicity galaxies being the ones to host BHs that have
ittle to no growth during their lives. In the case of the recoiled

BHs (both lefto v er seeds and non-lefto v er seeds), the metallicity
 does not correspond to the galaxy that originally hosted the BH,
ut rather the one where the coalescence process took place. We
nd that, in contrast to disrupted and pairing lefto v er seeds, recoiled
eeds come from more metal-rich environments (–0.4 versus –0.6).
espite ∼ 70 per cent of the recoiled seed population being related to
alactic environments with metallicity Z > –0.5, only ∼ 30 per cent
f their non-lefto v er counterparts are found in that regime. From an
bserv ational standpoint, metallicity v alues associated with lefto v er
eeds in low-density environments (non-pairing seeds), are key in
NRAS 535, 3293–3306 (2024) 
ur effort to identify potential stellar populations bound to them, as
hese populations w ould lik ely exhibit metallicity values similar to
hose of their host galaxies. By narrowing the range of metallicities,
e can generate more accurate mock isochrones to aid in the CMD
tting process and potentially distinguish lefto v er seed candidates
rom regular WBHs. 

.4 The impact of BH seeding efficiency on the population of 
BHs 

e study the effects of varying the initial seeding prescription of
-Galaxies on the merger history of the WBH population. We do
o by running the model on two new seeding prescriptions: a boosted
ne where the seeding probability P is doubled with respect to the
ducial model, and a weaker one where the probability is halved (see
ection 2.3 for more details). 

.4.1 The global population of WBHs in MW-type galaxies 

e do not show the plots here to not o v ercrowd the paper, but we
ompared the WBH population in the boosted and weaker models to
he fiducial one. In the boosted model, a typical MW galaxy hosts
0per cent more WBHs, with masses ∼ 10 per cent smaller for
he non-pairing WBHs and ∼ 25 per cent smaller for the pairing
nes. In the weaker model, a typical MW galaxy hosts 50 per cent
ewer WBHs, with masses ∼ 20 per cent greater for the non-pairing

BHs and ∼ 85 per cent greater for the pairing ones. In terms of the
ercentage of WBHs of each class, while the fiducial model shows a
atio of ∼70/25/5, corresponding to disrupted, pairing and recoiled

BHs respectively, the boosted model shows a ratio of ∼71/20/9
nd the weaker model a ratio of ∼68/28/4. This indicates that, while
he presence of disrupted and recoiled WBHs increases in models
ith higher seeding probabilities, the presence of pairing WBHs
ecreases. One possible explanation may lie in the fact that models
ith boosted BH seeding tend to fa v our earlier galactic mergers,
iving BHs from satellite galaxies more time to reach the centre
f larger galaxies, where they can be absorbed or ejected by their
entral BHs. Regarding the locations of WBHs within the galaxy, we
nd that the distance to the Galactic Centre of all the wandering
opulations is almost invariant to the seeding probability of the
odel, with differences < 10 per cent (with the exception of the

ecoiled population in the boosted model, located ∼ 20 per cent
arther than the fiducial model, most likely due to interactions with
ore massive central BHs). 
We also study the seeding probability’s effect in the WBH popula-

ion’s merger history. Fig. 8 showcases the distribution of the number
f WBHs per bin of stellar mass of the galaxy that hosted them when
ecoming wanderers. As expected, a higher seeding probability in
he early Universe results in a greater amount of galaxies hosting the
ype of BHs that will later become wanderers in MW-type galaxies.
o we ver, we see an inverted correlation between the expected stellar
ass of the host galaxy and the seeding probability of its model.
his correlation can be observed in the disrupted WBH population,
hich is the largest of the three samples, where host galaxies in the
oosted model have an expected stellar mass of (5.8 × 10 5 ) M �,
hile the fiducial and weaker models showcase bigger ones (8.0 ×
0 5 and 1.2 × 10 6 M �, respectively). The pairing WBH population
irrors this behaviour with the boosted, fiducial and weaker models

aving an expected stellar mass for the host galaxies of 8.9 × 10 5 ,
.6 × 10 6 , and 3.8 × 10 6 M �, respectively. The same applies for
he recoiled WBH population, with the boosted, fiducial and weaker
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Figure 8. Number of disrupted (left panel), pairing (middle panel), and recoiled (right panel) WBHs as a function of the stellar mass of the galaxy that hosted 
them originally. In the case of the recoiled WBHs (right), the x -axis does not represent the stellar mass of the galaxy where the WBHs were first seeded, but 
rather the galaxy with which the BH–BH fusion and the subsequent recoil took place. The fiducial model is shown in red, while a version with boosted BH 

seeding is shown in olive and a weaker one in blue (see Section 2.3 for more details). 

Figure 9. Number of disrupted (left panel), pairing (middle panel), and recoiled (right panel) lefto v er seeds as a function of the stellar mass of the galaxy that 
hosted them originally. In the case of the recoiled seeds (right panel), the x -axis does not represent the stellar mass of the galaxy where the lefto v er seeds were 
first formed, but rather the galaxy with which the BH-BH fusion and the subsequent recoil took place. The fiducial model is shown in red, while a version with 
boosted BH seeding is shown in olive and a weaker one in blue (see Section 2.3 for more details). 
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odels being, in this case, 1.8 × 10 7 , 5.5 × 10 7 , and 6.2 × 10 7 M �,
especti vely. Ho we ver, the overall higher expected mass of the three
odels in the recoiled population (at least when compared to the 

ther two populations) is due to L-Galaxies not considering the 
tellar mass of the galaxy where the WBH was originally seeded (as
t was the case for the disrupted and pairing populations), but rather
he central galaxy where the coalescence and subsequent recoil took 
lace. 
To explain the inverse correlation between the seeding probability 

nd the expected stellar mass of galaxies during the merger history,
e need to take into account that low-mass galaxies are the most

bundant type of galaxies at high z. This means that an increase
n the initial seeding probability will have a greater effect on them,
aking them much more likely to host a central BH. Hence, we can

rgue that the larger the number of low-mass galaxies seeded with 
entral BHs, the larger the number of small galaxies undergoing a 
erger event where a BH is deposited, and therefore the smaller the

verage stellar mass of that type of galaxy. Also, a boosted seeding
odel is related to a highly active merger history that forces an earlier

ransition of central BHs into wanderers. In such cases, the galaxies 
osting them would not have as much time to grow as those affected
y a fiducial seeding. On the other hand, a weaker seeding is related
o an early Universe characterized by a merger-deprived galactic 
volution, where galaxies that contain central BHs have more time to 
erge with each other until they find one that indeed hosts a central
H and triggers a wandering event. 
(  
.4.2 The population of leftover seeds in MW-type galaxies 

e study the effects of varying the BH seeding prescription in the
efto v er seed population. In the boosted model, a typical MW galaxy
osts ∼ 80 per cent more lefto v er seeds, with masses ∼ 5 per cent
maller for the non-pairing seeds and ∼ 10 per cent smaller for the 
airing ones. In the weaker model, a typical MW galaxy hosts 50
er cent fewer lefto v er seeds, with masses ∼ 10 per cent smaller
or the non-pairing seeds and ∼ 40 per cent greater for the pairing 
nes. As per the locations of the lefto v er seeds within the galaxy, we
nd again invariability except for two of the WBH populations of the
oosted model which are located farther from the Galactic Centre 
ompared to the fiducial model; ∼ 35 per cent in the case of the
airing population, and ∼ 45 per cent in the case of the recoiled one.
n terms of the ratio between the o v erall population of lefto v er seeds
nd non-lefto v er seeds, all three models are fairly consistent, showing
hat ∼ 60 per cent of the total population has not grown more than
wice its original mass. Ho we ver, when we delve into the different
ypes of WBHs, we find that in the disrupted and pairing populations,
he ratio of lefto v er seeds to non-lefto v er seeds increases as the
eeding probability of the model becomes higher. In contrast, this 
atio decreases for recoiled WBHs when moving from the fiducial to
he boosted model; but due to insufficient data on recoiled wanderers
n the weaker model, we cannot draw a correlation. In any case, a
igher ratio of lefto v er seeds in the boosted model implies a higher
atio of lower-mass WBHs that experience less dynamical friction 
resulting in longer times to reach the Galactic Centre) and also that
MNRAS 535, 3293–3306 (2024) 
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re prone to more powerful ejection kicks during a recoiled event.
his could explain why disrupted and pairing lefto v er seeds appear
 arther aw ay from the Galactic Centre as the seeding probability of
he model increases. 

As per the effect of the seeding prescription in the lefto v er seeds’
erger history, Fig. 9 displays the distribution of the number of

efto v er seeds per bin of stellar mass of the galaxy that hosted them
hen becoming wanderers. The same inverse correlation between

eeding probability and stellar mass can be observed also for the
efto v er seeds. In the disrupted population, the stellar mass of the
ost galaxy increased from 2.8 × 10 5 M � in the boosted model, to
.1 × 10 5 M � in the fiducial and 3.6 × 10 5 M � in the weaker one.
he same applies for the pairing population, where the stellar mass

ncreases from 2.3 × 10 5 M � in the boosted model, to 2.4 × 10 5 M �
n the fiducial and 3.9 × 10 5 M � in the weaker one. Even though the
ecoiled population has too little data compared to the other two, it
s clear that the inverse correlation also applies for the leftover seed
opulation. 

 C O N C L U S I O N S  

e have utilized the semi-analytical model L-Galaxies to charac-
erize the WBH population of MW-type galaxies at z = 0. We divide
he wandering population in three categories: disrupted WBHs (BHs
rom satellite galaxies that got disrupted by tidal forces upon entering
 massive DM halo), pairing WBHs (BHs hosted by satellite galaxies
hat managed to reach and merge with a central galaxy and are now
inking towards the galactic core), and recoiled WBHs (BHs that got
jected into a bound orbit as the result of a pairing WBH merging
ith the central BH of a galaxy). We also study the population of

efto v er seeds, which in this work are defined as WBHs that have not
rown more than twice their original seeding mass. We extract the
ollowing conclusions: 

(i) A typical MW galaxy is expected to host ∼10 WBHs,
70 per cent of which have undergone a disruption event, ∼

5 per cent are in the process of forming a binary system with the
entral BH and ∼ 5 per cent have undergone a recoil ev ent. The y
ccount for ∼ 2 per cent of the total BH mass budget of the galaxy.

(ii) The locations of WBHs within the galaxy correlate with their
ormation scenario. While pairing WBHs are concentrated at � 1 kpc
rom the galactic nucleus on the stellar disc, disrupted and recoiled
re found � 100 kpc away from it. Such small and large distances
ight hinder their observational detection and explain the absence

f strong observational evidence of WBHs in the MW. 
(iii) A typical WBH has an expected mass of ∼2 × 10 3 M �,

ut recoiled WBHs, which have undergone a coalescence event, are
redicted to have a mass one order of magnitude higher. 
(iv) While the total number of expected WBHs in a MW-type

alaxy is in agreement with the prediction by Tremmel et al.
 2018 ) using the hydrodynamic simulation ROMULUS25 , we find
 higher spread in the radial distribution. This could be explained by
OMULUS25 having higher seed masses and thus WBHs probably

nfalling in shorter time-scales. Also, L-Galaxies takes into
ccount the recoil scenario when studying the WBH populations. 

(v) A typical MW galaxy is expected to host ∼6 lefto v er seed
Hs, which we define in this work as WBHs that have not outgrown
ore than twice their original seeding mass. Non-pairing lefto v er

eeds are located ∼ 14 per cent farther from the Galactic Centre
ompared to their non-lefto v er counterparts. P airing seeds, ho we ver,
re expected ∼ 70 per cent closer to the Galactic Centre. 
NRAS 535, 3293–3306 (2024) 
(vi) Lefto v er seeds come from more metal-poor galaxies than
on-lefto v er seeds (–1.4 compared to –0.8). This difference in the
etallicity of the stellar environment surrounding them could be used
hen searching for hyper-compact clusters (Greene et al. 2021 ). 
(vii) We have also analysed the impact of varying the BH seeding

rescription of L-Galaxies . We find that a higher seeding pre-
cription leads to an increase of low-mass galaxies hosting central
Hs at high- z. This, in turn, provokes that more satellite galaxies are

ikely to leave their central BH as wanderers of the new DM host. 

Overall we find that WBHs are either located within 1 kpc of the
alactic Centre –most likely on the stellar disc– or more than 100
pc away from it, making them difficult to detect. The wide spread in
etallicity found in the galaxies that hosted the WBHs before they

ecame wanderers could be an indicator of the range of metallicities
f the compact stellar populations that are predicted to be bound
round WBHs. In a future work we will explore this in more depth
y modelling clusters of stars around the WBHs. 
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