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The production of black holes with masses between~ 50M0-130M0 is believed to be prohibited 
by stellar processes due to (pulsational) pair-instability supernovae. Hierarchical mergers of black 
holes in dense star clusters are proposed as a mechanism to explain the observations of binary 
black holes with component masses in this range by LIGO/Virgo. We study the efficiency with 
which hierarchical mergers can produce higher and higher masses using a simple model of the 
forward evolution of binary black hole populations in gravitationally bound systems like stellar 
clusters. The model relies on pairing probability and initial mass functions for the black hole 
population, along with numerical relativity fitting formulas for the mass, spin, and kick speed of 
the merger remnant. We carry out an extensive comparison of the predictions of our model with 
clusterBHBdynamics ( cBHBd) model, a fast method for the evolution of star clusters and black 
holes therein. For this comparison, we consider three different pairing functions of black holes 
and consider simulations from high- and low-metallicity cluster environments from cBHBd. We find 
good agreements between our model and the cBHBd results when the pairing probability of binaries 
depends on both total mass and mass ratio. We also assess the efficiency of hierarchical mergers as 
a function of merger generation and derive the mass distribution of black holes using our model. We 
find that the multimodal features in the observed binary black hole mass spectrum-revealed by the 
nonparametric population models-can be interpreted by invoking the hierarchical merger scenario 
in dense, metal-rich, stellar environments. Further, the two subdominant peaks in the GWTC-3 
component mass spectrum are consistent with second and third-generation mergers in metal-rich, 
dense environments. With more binary black hole detections, our model could be used to infer the 
black hole initial mass function and pairing probability exponents. 

I. INTRODUCTION

Understanding the formation channels of binary black 
holes (BBHs) is one of the primary science goals of grav­
itational wave (GW) astronomy. The proposed forma­
tion scenarios of BBHs are broadly divided into two cat­
egories: isolated field binary evolution [1-5] and dynam­
ical binary formation in dense stellar environments [6-
18]. Among the ~90 BBHs reported in the third LIGO­
Virgo-KAGRA (LVK) gravitational-wave transient cata­
log (GWTC-3) [19], a few binaries 1 have at least one 
component's mass in the "upper mass gap" (between 
~ 50-130M0). It is widely believed that this region is 
forbidden by stellar evolution due to pair-instability or 
pulsational pair-instability supernovae [20-26] and the 
result of fundamental physics at play in the evolution of 
massive stars [27]. 

An alternate pathway to populate the upper mass gap 
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1 There are 8 (3) compact binaries in the GWTC-3 for which the

mass posteriors of at least one of the companions exceeds 50M0 
(60M0) at 90% credibility. 

is hierarchical assembly via multiple generations of BBH 
mergers [28-34]. In this scenario progenitor black holes 
(BHs) do not originate directly from the collapse of mas­
sive stars, but rather from the remnants of previous 
generations of BBH mergers. Kimball et al. 35 found 
evidence for hierarchical BBH mergers in the GWTC-
2. Because BBH mergers generically result in GW re­
coil [36, 37], this requires an astrophysical environment
(such as a star cluster) with a sufficiently large escape
speed to retain the merger remnants [38, 39]. Nuclear
star clusters (NSCs) and gaseous active galactic nuclei
(AGN) disks are the most promising sites for repeated
mergers due to their larger escape speeds [40-45]. How­
ever, a subclass of globular clusters (GCs) may also facil­
itate hierarchical mergers of BBHs [46, 4 7]. Additionally,
repeated mergers offer a natural explanation for the exis­
tence of intermediate mass black holes of a few hundred
solar masses [48].

The state-of-the-art N-body simulation codes, such as 
the NB0DY6 and NB0DY7b [49, 50], are used to model the 
long-term evolution of star clusters and make theoretical 
predictions for the dynamical formation channel. These 
N-body simulation codes incorporate the extensive stel­
lar evolution prescription [51, 52], as well as the grav-




































