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ABSTRACT

The discovery of the complex stellar populations hosted in two massive stellar systems in the Galactic bulge, namely Terzan 5 and
Liller 1, posed intriguing questions about their origin and their possible connection with the formation and early evolution of the bulge
itself. Indeed, despite their globular cluster appearance, they host subpopulations with significantly different ages (by several gigayears)
and metallicities (by about 1 dex) tracing a chemical abundance pattern that is consistent only with that observed in the bulge. These
surprising properties can be naturally explained in the context of a self-enrichment scenario, opening the fascinating possibility that
they could be the remnants of primordial massive structures that contributed to the bulge formation (so-called bulge fossil fragments,
BFFs) capable of retaining supernova ejecta within their potential well. In this paper we present a first attempt to quantify the expected
contribution of BFFs to the gravitational wave emission. In particular, by adopting Terzan 5 as a prototype of BFF, using its chemical
evolutionary model, and following a scaling relation derived for globular clusters, we present a first-guess estimate of the number of
binary black hole mergers expected in this stellar system. Within the adopted simplifying assumptions and the uncertainties about the
initial conditions of the proto-Terzan 5 system, we find that several hundreds of binary black hole mergers are expected, a number that
is between ∼15 and ∼250 times larger than that produced by a typical globular cluster. Hence, this study identifies in the BFF family a
new population of stellar systems potentially able to produce a significant number of gravitational wave emitters, which has not been
considered in any previous investigation of gravitational wave sources. Moreover, considering the deep potential well and the high
collisional rate of these systems, we speculate that they could also be the natural place where black holes with masses above 60 M⊙
and even intermediate-mass black holes can form via repeated dynamical interactions.
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1. Introduction
The ongoing photometric, spectroscopic, and kinematic charac-
terization of Galactic stellar systems that we started a couple of
decades ago (see, e.g., Origlia et al. 2002, 2003; Valenti et al.
2010; Lanzoni et al. 2007, 2018; Leanza et al. 2022, 2023, 2024;
Libralato et al. 2018; Dalessandro et al. 2024; Ferraro et al.
2009, 2018a,b, 2025; Saracino et al. 2015, 2016, 2019; Cade-
lano et al. 2022, 2023; Pallanca et al. 2019, 2021, 2023; Deras
et al. 2023, 2024; Loriga et al. 2025) has revealed the existence
of a few intriguing and unexpected objects in the bulge. In fact,
Terzan 5 and Liller 1, which have been considered as genuine
globular clusters (GCs) for more than 50 years, have been found
to show the signatures of a much more complex formation and
evolutionary history. The analysis of proper motion-selected and
differential reddening-corrected color–magnitude diagrams has
shown that, in both systems, an old stellar population of 12–
13 Gyr cohabits with a more centrally concentrated and much
younger component (of 4.5 Gyr in Terzan 5 and 1–2 Gyr in
Liller 1; Ferraro et al. 2016, 2021). Detailed spectroscopic inves-
tigations of the stellar content in these systems (Origlia et al.
2011; Massari et al. 2014; Crociati et al. 2023; Fanelli et al. 2024)
indicate that the main and oldest component has an iron abun-
dance of [Fe/H] = −0.3, while the youngest subpopulation has
⋆ Corresponding author: francesco.ferraro3@unibo.it

a super-solar metallicity ([Fe/H] ≃ + 0.3; note that not a single
genuine Galactic GC or local dwarf galaxy shows such a high
metallicity). A further (minor) component with [Fe/H] = −0.79
has been discovered in Terzan 5 (Origlia et al. 2013, 2019). The
[α/Fe]–[Fe/H] pattern drawn by the subpopulations with a mea-
sured O, Mg, and Si abundance in Terzan 5 (Origlia et al. 2011,
2013, 2019, 2025) is impressively similar to that observed in
Liller 1 (Crociati et al. 2023; Alvarez Garay et al. 2024; Fanelli
et al. 2024; Ferraro et al. 2025) and clearly shows that the old-
est stellar populations (at subsolar metallicity) formed from gas
enriched exclusively by Type II supernovae (SNeII), while the
youngest components have been enriched also by Type Ia super-
novae (SNeIa; see, e.g., Romano et al. 2023). Intriguingly, this
pattern is fully consistent with that observed for bulge field stars
(Johnson et al. 2014) and clearly incompatible with those of the
Galactic disk and halo, and any dwarf galaxy in the local Uni-
verse (Tolstoy et al. 2009). Indeed, as is discussed in Origlia
et al. (2025) and Ferraro et al. (2025), this pattern unambigu-
ously indicates a strong parental link between the two systems
and the bulge, even in the presence of some specific elemental
abundance differences (Taylor et al. 2022) due to the fact that
Terzan 5, Liller 1, and the bulge followed different specific evo-
lutionary paths. The kinship with the bulge is further testified
by the observed kinematics: the reconstructed orbits of both sys-
tems (Vasiliev & Baumgardt 2021) show that they spent their
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entire life in the bulge, excluding the possibility that they are the
result of a recent accretion event. The preliminary star forma-
tion histories reconstructed for these systems (Dalessandro et al.
2022; Crociati et al. 2024) show that a main burst occurred 12–
13 Gyr ago (which could be quite prolonged in time), followed
by a continuous star formation with very low intensity and with
the most recent burst that occurred 1–2 Gyr ago in Liller 1, and
∼4 Gyr ago in Terzan 5. This kind of star formation history is
totally incompatible with that of genuine GCs (e.g., Krause et al.
2016; Calura et al. 2019; Wirth et al. 2024).

The super-solar metallicity of the young component
observed in both systems is larger than that measured in any
Galactic GC, ruling out the possibility (Pfeffer et al. 2021) that
they formed from the merger of two such systems. This scenario,
as well as the accretion of a giant molecular cloud by a genuine
GC (McKenzie & Bekki 2018; Bastian & Pfeffer 2022), is also
inconsistent with the observed star formation history. In fact,
these are expected to be rare events that can occur at most once
in the lifetime of a stellar system, while Terzan 5 and Liller 1
seem to have experienced a prolonged or multi-burst star for-
mation activity. The hypothesis that they are the former nuclear
star clusters of an accreted dwarf galaxy (Brown et al. 2018;
Alfaro-Cuello et al. 2019) is at odds with their bulge-confined
orbit and with the observed [α/Fe]–[Fe/H] pattern, which is
incompatible with that of dwarf galaxies and in agreement only
with that of the Galactic bulge. Thus, all the observational results
collected so far show that Terzan 5 and Liller 1 are complex
stellar systems disguised under the false appearance of GCs, and
clearly point to the intriguing possibility that they experienced
self-enrichment processes and are deeply linked to the Galactic
bulge. In fact, the age (12–13 Gyr) and the chemical composition
([Fe/H] = −0.3 and [α/Fe]= +0.35) of the oldest subpopulation
turn out to be remarkably similar in Terzan 5 and Liller 1
(Ferraro et al. 2021), and indicate that these systems formed
at the same epoch of the Milky Way formation, from the same
(highly metal-enriched and α-enhanced) material from which
the proto-bulge assembled. The fact that the young subpop-
ulations are more metal-rich and more centrally segregated
than the old components (Lanzoni et al. 2010; Ferraro et al.
2021) is suggestive of a self-enrichment scenario and indicates
that the progenitors of these systems were massive enough
to retain the (iron enriched) SN ejecta within their potential
wells. Thus, Terzan 5 and Liller 1 could be the relics of two
primordial clumps (similar to those observed in clumpy galaxies
at z > 2; see, e.g., Elmegreen et al. 2009a,b) that, at the epoch
of the Milky Way assembly, contributed to the formation of the
Galactic bulge (e.g., Immeli et al. 2004; Elmegreen et al. 2008;
Bournaud & Elmegreen 2009) – the first discovered “bulge
fossil fragments” (BFFs, as named by Ferraro et al. 2021). Of
course, most of these primordial structures merged to form the
Milky Way spheroid, but the densest portion of a few of them
could have survived the total destruction (Bournaud 2016) and
now be observable under the false identity of GCs.

In the framework of a self-enrichment scenario, the BFFs
should be the most efficient factories of compact objects in
the Galaxy. In fact, a large number of neutron stars (NSs)
and black holes (BHs) is expected to be formed from the
large number of SNII explosions needed to explain the chem-
ical patterns observed in the systems. The compact objects
retained within the potential well are likely to become part
of binary systems that are hardened by stellar interactions.
Indeed, Terzan 5 and Liller 1 have the highest collision rate
among all Galactic GCs (Verbunt & Hut 1987; Lanzoni et al.
2010). This could also naturally explain the huge reservoir of

X-ray sources and millisecond pulsars detected in Terzan 5
(e.g., Ransom et al. 2005; Heinke et al. 2006; Cadelano et al.
2018; Padmanabh et al. 2024)1.

Binary systems hosting degenerate objects as BHs and NSs
are the most powerful gravitational wave (GW) sources and,
so far, the only ones detectable with the current generation of
instruments. Since the first detection (Abbott et al. 2016), several
events involving BH-BH systems have been observed (Abbott
et al. 2023a), but only a few of them have involved NS–NS sys-
tems (such as GW170817, Abbott et al. 2017, and GW190425,
Abbott et al. 2020) and BH–NS systems (Abbott et al. 2021, see
also Abbott et al. 2023b).

Several recent papers (e.g., Choksi et al. 2019; Kremer et al.
2019; Samsing et al. 2019, and references therein) indicate that
GCs are the most promising factories of GW sources through
binary BH (BBH) mergers, because of their intense internal
dynamical activity. Taking into account the high production of
binary systems with a degenerate companion that is predicted for
BFFs, the aim of the present paper is to provide a first estimate of
the contribution of this new class of stellar systems to GW emis-
sion. To this purpose we focus on Terzan 5, taking advantage
of the chemical evolutionary model specifically developed for
this system (Romano et al. 2023) and using the relation of Hong
et al. (2018) quantifying the expected number of BBH mergers
in GC-like systems.

2. BH and NS remnants in Terzan 5: Constraints
from its chemical evolution

Romano et al. (2023) have recently presented a chemical evolu-
tionary model demonstrating that the self-enrichment of a stellar
system with a total initial mass of a few 107 M⊙ can reproduce
all the chemical abundances and patterns observed in Terzan
5. They used numerical models (Romano & Starkenburg 2013;
Romano et al. 2015) that solve the classical set of equations
of chemical evolution (Tinsley 1980; Matteucci 2021) including
stellar yields for stars with different initial masses and chemi-
cal compositions (Karakas 2010; Doherty et al. 2014a,b; Nomoto
et al. 2013; Iwamoto et al. 1999).

Among the various models explored by Romano et al.
(2023), the evolution of a gas clump with an initial mass of
4 × 107 M⊙ and a metallicity of Z ∼ 0.005 (Model S02s in
their paper) has been found to reproduce the chemical pat-
terns observed in Terzan 5. As is shown in the top panel of
Fig. 1, this model (shaded orange area) quantitatively accounts
for the observed iron distribution, which consists of two peaks
at subsolar metallicities (at [Fe/H] = −0.79 and [Fe/H] = −0.3)
comprising about 62% of the current mass of the system, and
a super-solar one (at [Fe/H] = +0.3) comprising the remaining
38% of the mass. Moreover, as is shown in the bottom panel of
Fig. 1, the same model (shaded orange region) correctly recon-
structs the enrichment action of SNeII and SNeIa, reproducing
the observed abundance pattern in the [α/Fe]–[Fe/H] diagram
(gray dots, from Origlia et al. 2011, 2013, 2025), with the two
oldest (12 Gyr old) subpopulations at subsolar metallicity being
enriched only by SNeII (as certified by their α−enhancement,
[α/Fe]= +0.35) and the younger (4.5 Gyr old) and super-solar
component being enriched by both SNeIa and SNeII (as testified
by their solar α content).

1 Indeed, ∼15% of the entire population of millisecond pulsars
observed in Milky Way GCs is found in Terzan 5 (Ransom et al. 2005;
Cadelano et al. 2018; Padmanabh et al. 2024).
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Fig. 1. Top panel: observed iron distribution of Terzan 5 (gray his-
togram, from Massari et al. 2014) compared to the prediction of model
S02s by Romano et al. (2023, orange shaded region). Bottom panel:
[α/Fe]–[Fe/H] abundance pattern observed in Terzan 5 (gray circles,
from Origlia et al. 2011, 2013, 2025) compared to the prediction of
model S02s presented in Romano et al. (2023, orange shaded region).
In both panels, the width of the shaded area represents the uncertain-
ties related to different assumptions about the presence (lower curve)
or the absence (upper curve) of hypernovae that, during the explosion,
release energies one order of magnitude larger than those of normal
core-collapse SNe.

To reproduce the currently observed subpopulations, which
comprise ∼1.3 × 106 M⊙ of subsolar metallicity stars and
0.7 × 106 M⊙ of super-solar metallicity stars (see Lanzoni et al.
2010), the model predicts that the proto-Terzan 5 system formed
a total of 5×106 stars. By assuming a Kroupa (2001) initial mass
function (IMF) in the mass range 0.1–100 M⊙, and that all stars
more massive than 8 M⊙ explode as SNeII, a total of 7.9 × 104

explosions are predicted. Each SNII is expected to leave a com-
pact remnant according to the initial mass of the exploded star:
stars less massive than 25 M⊙ are expected to produce a NS,
while more massive stars should generate BHs. In particular (see
Fig. 1 in Heger et al. 2003), stars with initial masses above 40 M⊙
are expected to directly produce a BH, while stars in the range
of 25–40M⊙ experience too weak explosions to eject most of
the material, and therefore suffer from fallback onto the central
NS, which then collapses and forms a BH (MacFadyen et al.
2001). Under these assumptions, the enrichment process of the
proto-Terzan 5 system would produce a total of 6.6 × 104 NSs
and 1.3 × 104 BHs.

The vast majority (∼86%) of these remnants were produced
by the earliest explosions (∼12 Gyr ago), while only 14% of the
total were generated during the second main burst, 7.5 Gyr later.
Figure 2 schematically shows the contributions of the two main
bursts (indicated by the vertical gray strips) to the total num-
ber of BHs (top panel) and NSs (bottom panel). These numbers
can be different if the transition mass is set at 40 M⊙ (in place
of 25 M⊙), or if the minimum mass for SNII explosion is set to
11 M⊙ (instead of 8 M⊙). Table 1 lists the total number of SNeII,

Table 1. Number of TypeII SNe, NSs, and BHs expected on the basis of
different assumptions for the minimum initial mass to produce a SNII
explosion and the minimum initial mass to form a BH.

Minimum mass Transition mass NSNII NNS NBH

SNII explosion NS/BH

8 M⊙ 25 M⊙ 7.8 × 104 6.6 × 104 1.3 × 104

8 M⊙ 40 M⊙ 7.8 × 104 7.2 × 104 6 × 103

11 M⊙ 25 M⊙ 4.5 × 104 3.8 × 104 7 × 103

11 M⊙ 40 M⊙ 4.5 × 104 4.2 × 104 3 × 103

NSs, and BHs predicted by the model under different assump-
tions of the minimum mass for an SNII explosion and the NS-BH
transition mass. The number of NSs varies from about 4 × 104

to 8 × 104, while that of BHs comprises between 3 × 103 and
13 × 103. In addition, the number of BHs can increase if, as was
suggested by some simulations (Spera et al. 2015), a fraction
of stars in the range of 18–25 M⊙ directly form a BH without
exploding as SNe. All this clearly introduces some uncertainties
into the number of BBH mergers estimated in Sect. 3, but no
significant impact is expected on the general conclusions con-
cerning the possible significant production of BBH mergers in
BFFs.

3. Estimating the number of binary black hole
mergers

The properties outlined in the previous sections suggest that
BFFs are a new class of objects, well distinct from GCs, which
could make an exceptional contribution to the number of binary
mergers between stellar remnants producing GW emission. In
fact, the large number of SN explosions required to reach the
extremely high-metallicity regime (half-solar) of the main pop-
ulation currently observed in the two systems, their initial high
mass (which allows for the retention of dark remnants within the
deep potential well after SN explosions), and their high collision
rate (Lanzoni et al. 2010; Ferraro et al. 2021) all concur in favor-
ing dynamical interactions and stellar mergers. This suggests
that BFFs should be much more efficient GW factories com-
pared to non-collisional stellar structures with a similar stellar
mass such as dwarf galaxies, which also experienced a smaller
number of SN explosions (as testified by their lower star forma-
tion rate and lower metallicity). However, recent studies (e.g.,
Ye et al. 2020 and reference therein) indicate that dynamics is a
very subdominant channel for the production of mergers includ-
ing NSs. Thus, the following discussion is focused on BBH
mergers.

Detailed quantitative estimates of the BFF contribution to
the population of BBH mergers would require the modeling of
the formation and dynamical evolution of these systems through
tailored hydro and/or N-body simulations able to capture the
interplay between the effects of stellar dynamics and multiple
star formation episodes, the differences between the proper-
ties of various stellar populations, and the combined effect of
such a complex dynamical environment on the system’s binary
population. While detailed simulations with initial conditions
consistent with those expected for the proto-Terzan 5 system and
including its major star formation bursts (see Fig. 2; Crociati
et al. 2024 and Romano et al. 2023) are currently under con-
struction (Vesperini et al., in prep.), here we provide a first crude
estimate of the number of BBH mergers emitting GWs that we
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Fig. 2. Number of BHs (top panel) and NSs (bottom panel) present
within the potential well of Terzan 5 during its evolutionary history,
as predicted by model S02s of Romano et al. (2023). The two main star
formation bursts that characterize the enrichment history of the system
(at an age of ∼12 and 4.5 Gyr) are marked with two vertical shaded gray
strips.

expect in Terzan 5 on the basis of its chemical evolution model
(Romano et al. 2023) and an extrapolation at high mass of the
analytical expressions derived for GCs by Hong et al. (2018).
Although this calculation is clearly an approximation that, as
was pointed out above, will need to be refined and further inves-
tigated with specific numerical simulations, the results obtained
in this work provide a first estimate of the contribution to GW
emission from the new class of objects represented by the BFFs.

The Hong et al. (2018) relations were derived from the anal-
ysis of a large survey of Monte Carlo simulations run with the
MOCCA code (Giersz et al. 2013; Hypki & Giersz 2013) and
following the dynamical evolution of GCs for a broad range of
different initial properties, such as different initial masses, pri-
mordial binary fractions, and half-mass radii (see Hong et al.
2018 for further details). The authors calculated the number of
BBH mergers produced in each model and determined how it
depends on the clusters’ initial conditions. We refer to Hong et al.
(2018) for details on the simulations, but we repeat here the ana-
lytical formula they obtained and that we used in this paper to
estimate of the number of BBH mergers. From their GC simu-
lation survey, Hong et al. (2018) found that the total number of
BBH mergers (NBBH−merg) is well fit by the following analytical
expression:

NBBH−merg = A
M0

105 M⊙
×

(
ρh

105 M⊙pc−3

)α
+ B

M0

105 M⊙
× fb, (1)

where M0, ρh, and fb are, respectively, the cluster’s initial mass,
initial mean density within the half-mass radius rh, computed
as ρh = 0.5M0/(4/3 πr3

h), and primordial binary fraction. The
parameters A, B, and α were obtained by fitting the results
of the Monte Carlo simulation survey: A = 12.53 ± 0.22, B =
6.89 ± 0.84, and α = 0.33 ± 0.02. The two terms in the RHS of
Eq. (1) represent the contribution to the total number of BBH
mergers produced by dynamical interactions in the cluster (the

first term, proportional to the cluster mass and density within the
half-mass radius), and that due to primordial binaries for which
dynamics played no role (the second term, proportional to the
cluster mass and primordial binary fraction).

As discussed in Sect. 2, the model by Romano et al. (2023)
predicts that the proto-Terzan 5 system had about 5 × 106 stars,
corresponding to a total mass of about 3 × 106 M⊙. Adopting
this value for the initial mass, we can use Eq. (1) to estimate the
total number of BBH mergers originating from a system such as
Terzan 5 for different values of the initial half-mass radius and
primordial binary fraction.

If we adopt the relationship between half-mass radius and
mass for young massive clusters from Larsen (2004), rh/pc =
2.8(M/104 M⊙)0.1, we find that a proto-Terzan 5 system had
an initial half-mass radius of about 5 pc. With these values
of the mass and half-mass radius, and assuming a primordial
binary fraction equal to 10%, we find a total of about 135 BBH
mergers originating from this system. Adopting the half-mass
radius-mass relationship from Marks & Kroupa (2012), rh/pc =
0.33(M/104 M⊙)0.13, we find a significantly more compact sys-
tem, with just rh ∼ 0.7 pc, which would produce an even larger
number of BBH mergers, equal to about 835.

To take into account that systems such as the progenitor of
Terzan 5 might follow different half-mass radius-mass relation-
ships, and to provide a more general illustration of the expected
number of BBH mergers for a broader range of possible initial
properties, we show in Fig. 3 the contour plots of the number of
BBH mergers (solid blue lines) in the plane of initial half-mass
radius versus mass, assuming a 10% primordial binary fraction
(left panel), and in the plane of primordial binary fraction versus
ρh, assuming M0 = 3 × 106 M⊙ (right panel).

The two panels of this figure show the dependence of the
number of BBH mergers on the binary fraction, mass and half-
mass radius (and thus half-mass density). As is illustrated by this
figure, the number of BBH mergers is particularly sensitive to
the adopted rh-mass relation, which also sets the central density.
This is the reason why we assumed two different expressions
for this relation (from Larsen 2004 and Marks & Kroupa 2012)
likely delimiting a realistic range of half-mass radii for a proto-
Terzan 5 object. Given the uncertainty in the initial structural
parameters of the system, the contour values shown in the figure
should be considered as a plausible order-of-magnitude estimate,
rather than a precise prediction, suggesting a total number of
BBH mergers that approximately varies between 102 and 103.

As was discussed above, the analytical expression obtained
by Hong et al. (2018) includes a contribution from dynamical
BBH mergers and one from primordial BBH mergers. Figure 3
shows the ratio of the number of dynamical to primordial BBH
mergers (dashed red lines and red labels) calculated as the ratio
of the two terms in Eq. (1) extrapolated to the case of a BFF.
For proto-Terzan 5 systems, our calculations indicate that the
dynamical channel of BBH merger formation dominates signif-
icantly over the primordial one, with values of the dynamical to
primordial BBH merger number ratio ranging from ∼3 for the
low-mass low-density systems to ∼30 or even more for the most
massive and high-density systems. This result further illustrates
the key role played by internal dynamical evolution, and its inter-
play with the evolution of the binary population in the production
of BBH mergers.

4. Discussion and conclusions

The chemical evolutionary history together with the recon-
structed star formation history of Terzan 5 (Romano et al. 2023;
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Fig. 3. Contour plot of the number of BBH mergers (solid blue lines and associated labels) in the two planes summarizing the effects of the
main parameter dependence: initial half-mass radius versus initial stellar mass (by assuming a primordial binary fraction of 10%; left panel), and
primordial binary fraction versus average initial density within rh (by assuming an initial stellar mass of 3 × 106 M⊙; right panel). The dashed red
lines and the corresponding red labels show the contour plot of the ratio between the number of dynamical to primordial BBH mergers.

Crociati et al. 2024, respectively) suggest that this system has
formed a very large population of degenerate objects (see Fig. 2)
as the result of the large number of SNII explosions required
to enrich gas in iron while maintaining a high [α/Fe] ratio,
consistently with the spectroscopic observations. By using the
total number of stars formed in this stellar system during its
enrichment process (from Romano et al. 2023), and the relations
computed by Hong et al. (2018) for a large sample of simulated
GCs with different initial conditions, we provided a first quanti-
tative estimate of the number of BBH mergers in Terzan 5. As
is illustrated in Fig. 3, we find that several hundreds of BBH
mergers are expected, especially in conditions of high initial den-
sity and mass, and from the dynamical channel. Indeed, as is
shown in Fig. 4, the number of BBH mergers obtained for the
mass range representative of proto-Terzan 5 systems (the pur-
ple strip in the figure) is significantly larger than that expected
in “normal” GCs, which typically have masses below 106M⊙.
In Fig. 5 we show the number of BBH mergers normalized to
that expected in a GC with a mass of 105 M⊙. It is interesting to
note that, assuming mass values ranging from 106 M⊙ to 107 M⊙
as possible initial masses for proto-Terzan 5 systems, the num-
ber of BBH mergers produced in these objects is between ∼15
and ∼250 times larger than that produced by a GC with a mass
of 105 M⊙. This implies that a BFF alone with an initial mass
of ∼107 M⊙ is expected to contribute a number of GW sources
larger than that expected from the entire present-day population
of all Galactic GCs (which are approximately 150 in the Milky
Way; Harris 1996). This demonstrates the relevance of this new
class of stellar systems in the production of GWs.

In spite of the approximations used in the presented cal-
culations, this study suggests that the population of BFFs is a
new and very promising Galactic factory of GW sources. This
implies that the building blocks of galaxy bulges (the BFFs)
could play a dominant role in the production of GWs along all
cosmic epochs. In fact, under the hypothesis that galaxy bulges
form through the merger of primordial massive systems (e.g.,

Fig. 4. Number of BBH mergers as a function of the system initial stel-
lar mass from Eq. (1), assuming the half-mass radius-mass relationship
from Larsen (2004, solid line) and that from Marks & Kroupa (2012,
red dashed line). The shaded purple area marks the range of possible
initial masses for proto-Terzan 5 systems.

Immeli et al. 2004; Elmegreen et al. 2008; Bournaud &
Elmegreen 2009), we expect that hundreds of proto-BFFs were
present at the epoch of the Galaxy assembling in order to provide
the entire mass budget of the Milky Way bulge (∼2 × 1010 M⊙;
Valenti et al. 2016). Thus, this investigation unveils a new addi-
tional population of GW emitters that was not considered in
any previous study and shows that the building blocks of galaxy
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Fig. 5. Same as Fig. 4 but for the number of BBH mergers normalized
to that expected in a system with a mass equal to 105 M⊙.

bulges are factories of a significant number of sources of GW
emission in spirals.

An additional consideration that can be derived from this
study concerns the formation of massive stellar BHs (with
masses higher than 50–60 M⊙, as those detected with LIGO
and VIRGO observations; Abbott et al. 2023b) and even
intermediate-mass BHs (IMBHs). In fact, the deep potential
well of the BFF progenitors could have retained a large frac-
tion of degenerate stellar remnants, much larger than that for
genuine GCs. This is indeed attested to by the huge number
of X-ray sources and millisecond pulsars detected in Terzan 5
(Heinke et al. 2006; Ransom et al. 2005; Cadelano et al. 2018;
Padmanabh et al. 2024), which could be merely the tip of the
iceberg of a larger population of objects that have not yet been
detected. Moreover, the fact that these degenerate remnants are
more massive than normal cluster stars guarantees that they
rapidly migrate toward the center. On the other hand, the high
collisional rate of the system (Terzan 5 shows the largest value
of the entire Galactic GC population; see Verbunt & Hut 1987;
Lanzoni et al. 2010) guarantees a large number of binary-binary
interactions, and thus favors the formation of close and heavily
degenerate binaries. This scenario would suggest that a BFF such
as Terzan 5 could provide the optimal conditions for recurrent
mergers of BBHs with increasing masses, which could lead to
the formation of an IMBH (e.g., Giersz et al. 2015; Di Carlo et al.
2021). Once applied to primordial proto-galaxies, this mecha-
nism may provide new insights into BH growth in the early
Universe. Hence, as a general result, this study identifies BFFs
not only as very efficient sources of GWs, but also as the nat-
ural place where massive stellar BHs and IMBHs can form via
repeated dynamical interactions, further increasing the impor-
tance of this class of stellar systems in the context of the modern
astrophysical research.

Due to the approximations adopted in this study, the pre-
sented results should be considered just as a first general estimate
of the possible contribution of the BFF family to the population
of BBH mergers. The estimate was obtained by using a relation

determined from a survey of GC simulations (Hong et al. 2018),
which predicts the number of BBH mergers as a function of the
total mass, average half-mass density, and binary fraction of the
host stellar system (see Eq. (1)). Under the assumption that this
relation holds in the mass range of the proto-Terzan5 system, we
used the total mass (in stars) predicted by the chemical model
of Romano et al. (2023), and thus implicitly took into account
the entire enrichment history of the system. While the binary
fraction has a negligible effect (see the right panel of Fig. 3),
the major limitations come from the uncertainties in the parame-
ters characterizing the proto-Terzan 5 system, which have a large
impact on the final estimates (see Figs. 3 and 4), and possible
differences in terms of internal dynamical evolution between a
genuine GC and a BFF. Hence, while some differences may be
expected, these cannot be predicted a priori and new simulations
tailored to model the formation and dynamics of BFFs in more
detail are needed. In future investigations we shall build specific
models for BFFs and consider how the complex star formation
history and different metallicities of the stellar populations of
these systems, along with other dynamical processes (e.g., the
formation of an IMBH; see Hong et al. 2020), affect the number
of BBH mergers produced by BFFs (Vesperini et al., in prepara-
tion). Moreover, we are also planning to expand the investigation
of the origin of these systems in the context of cosmological sim-
ulations, to infer their star formation history and the distribution
of their initial properties (Calura et al., in preparation).
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