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ABSTRACT
The detection of the binary black hole merger GW190521, with primary mass 85+21

−14 M�, proved the existence of black holes
in the theoretically predicted pair-instability gap (∼ 60 − 120 M�) of their mass spectrum. Some recent studies suggest that
such massive black holes could be produced by the collision of an evolved star with a carbon-oxygen core and a main sequence
star. Such a post-coalescence star could end its life avoiding the pair-instability regime and with a direct collapse of its very
massive envelope. It is still not clear, however, how the collision shapes the structure of the newly produced star and how much
mass is actually lost in the impact. We investigated this issue by means of hydrodynamical simulations with the smoothed
particle hydrodynamics code StarSmasher, finding that a head-on collision can remove up to 12% of the initial mass of the
colliding stars. This is a non-negligible percentage of the initial mass and could affect the further evolution of the stellar remnant,
particularly in terms of the final mass of a possibly forming black hole. We also found that the main sequence star can plunge
down to the outer boundary of the carbon-oxygen core of the primary, changing the inner chemical composition of the remnant.
The collision expels the outer layers of the primary, leaving a remnant with an helium-enriched envelope (reaching He fractions
of about 0.4 at the surface). These more complex abundance profiles can be directly used in stellar evolution simulations of the
collision product.
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1 INTRODUCTION

Stellar evolution models predict a gap in the mass spectrum of black
holes between ∼ 60 and ∼ 120 M� (the so-called “pair instability
mass gap”; e.g., Heger & Woosley 2002; Woosley et al. 2007; Bel-
czynski et al. 2016; Spera & Mapelli 2017; Woosley 2017; Stevenson
et al. 2019; Marchant et al. 2019; Farmer et al. 2019; Leung et al.
2019; Marchant et al. 2019; Vigna-Gómez et al. 2019; Marchant
& Moriya 2020; Renzo et al. 2020a; Tanikawa et al. 2021; Mehta
et al. 2022; Rahman et al. 2022). Pair instability affects those mas-
sive stars that develop carbon-oxygen (CO) cores with densities be-
tween ≈ 102 − 106 g cm−3 and temperatures above 6 × 108 K. For
these physical conditions, thermal energy is converted into mass of
electron-positron pairs. Depending on the CO core mass, this sudden
lack of thermal support can lead to cyclic phases of hydrodynamical
instability of the star that can result into strong mass loss (pulsational
pair-instability) or even to a single hydrodynamical instability phase
that leads to the total collapse of the star and completely destroys it
(pair-instability supernova).

Gravitational-wave observations seem to challenge our theoret-
ical understanding of such gap. During the third observing run,

★ E-mail: ale.ballone@gmail.com
† E-mail:michela.mapelli@unipd.it

the LIGO–Virgo collaboration detected a black hole merger event,
GW190521, with primary and secondary mass 85+21

−14 and 66+17
−18 M� ,

respectively (Abbott et al. 2020a,b). The mass of the primary black
hole of GW190521 lies within the predicted mass gap, while the
mass of the secondary is close to its lower boundary. Furthermore,
three additional gravitational-wave event candidates might be as-
sociated with black holes in the mass gap: GW190403_051519,
GW190426_190642 (Abbott et al. 2021a) and GW200220_061928
(Abbott et al. 2021b). Finally, Nitz et al. (2021) recently reported an-
other potential event candidate with primary mass overlapping with
the mass gap (GW200129_114245).

Our knowledge of the boundaries of the pair-instability mass gap
is hampered by several uncertainties about massive stellar evolution:
recent work has shown that the gap might be substantially shorter than
initially predicted (e.g., Croon et al. 2020; Farmer et al. 2020; Costa
et al. 2021; Siegel et al. 2021; Vink et al. 2021; Woosley & Heger
2021). Alternatively, GW190521 might be a 2nd generation black
hole merger, in which the primary and maybe also the secondary
black hole are the result of a previous merger. Such hierarchical
mergers are shown to be occurring in star clusters (Miller & Hamilton
2002; Gerosa & Berti 2017; Fishbach et al. 2017; Rodriguez et al.
2019; Antonini et al. 2019; Arca Sedda et al. 2020; Fragione et al.
2020; Rodriguez et al. 2020; Arca Sedda et al. 2021a; Arca-Sedda
et al. 2021b; Mapelli et al. 2021, 2022; Mandel & Broekgaarden
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2 A. Ballone et al.

2022; Vynatheya & Hamers 2022; Rizzuto et al. 2022) or triggered
by massive gaseous discs in active galactic nuclei (e.g., McKernan
et al. 2012, 2018; Bartos et al. 2017; Stone et al. 2017; Yang et al.
2019; Tagawa et al. 2020, 2021).

Finally, stellar collisions provide an additional pathway for the
formation of black holes in the pair-instability gap (Di Carlo et al.
2019, 2020a,b; Spera et al. 2019; Kremer et al. 2020; Banerjee 2021;
Rastello et al. 2021; Rizzuto et al. 2021). Simulations of young mas-
sive star clusters show that dynamical encounters efficiently trigger
collisions between massive stars. If an evolved star with a relatively
low-mass core collides with a massive star in its main sequence, the
product of such collision could consist of a star with the same core,
but with a much more massive envelope.

This exotic star can, in principle, avoid the pair-instability phase
and eventually evolve until it directly collapses into a black hole with
mass comparable to the sum of the masses of the two colliding stars
(Di Carlo et al. 2019, 2020a,b).

Renzo et al. (2020b) focused on a specific stellar collision de-
scribed in Di Carlo et al. (2020b), involving a core helium burning
star of ≈ 58 M� and a main sequence star of ≈ 42 M� . In their
study, they used the stellar evolution code mesa (Paxton et al. 2011,
2019) to compute the stellar structures of both stars for a time equal
to the end of the main sequence of the most massive star. Then, they
relaxed the primary star by adding the mass of the secondary to its
envelope (hence reaching a total mass of ≈ 100 M�) and assuming
that the envelope of the primary is enriched - uniformly with radius -
with He brought by the H-burning core of the secondary. In this way,
Renzo et al. (2020b) found that this system can directly collapse into
a black hole in the pair-instability mass gap.

One of the main uncertainties of the approach of Di Carlo et al.
(2020b) and Renzo et al. (2020b) is in how the collision actually
shapes the collision product, both in terms of mass loss and in terms
of chemical enrichment of the primary’s envelope. The only way to
estimate the mass lost during the collision and to assess the level
of chemical mixing in the merger product is to perform a three-
dimensional hydrodynamical simulation of the collision. While a
certain number of hydrodynamical simulations of stellar collisions
have been carried out (for head-on or low impact-parameter colli-
sions, see Lombardi et al. 1996; Sills et al. 2001; Lombardi et al.
2002; Gaburov et al. 2010b; Glebbeek et al. 2013), very few involve
extremely massive stars in their post main sequence phase, as those
possibly leading to black holes in the pair-instability gap.

In this work, we simulate the collision of two massive stars (similar
to the ones considered by Di Carlo et al. 2020b and Renzo et al.
2020b), and study the structure of the collision product, by means
three-dimensional hydrodynamical simulations. We find that up to
∼ 12% of the initial mass is lost during the collision, and quantify
the chemical mixing in the post-coalescence product.

2 METHODS

In order to compare our results with the ones of Di Carlo et al. (2020b)
and Renzo et al. (2020b), we decided to simulate a specific system,
found in the simulations by Di Carlo et al. (2020b), which matches
the primary mass of GW190521. In the dynamical simulations of Di
Carlo et al. (2020b) (see their Figure 7), a black hole of 88 M� is
produced by the remnant of the collision between two massive stars,
namely:

• a core helium burning (CHeB) star, with mass 𝑀CHeB =

57.6 M� .
• a main sequence (MS) star, with mass 𝑀MS = 41.9 M� .
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Figure 1. Density (upper panel), hydrogen and helium mass fraction (middle
panel: H, solid line; He, dashed line) and cumulative mass profiles (lower
panel) for the CHeB (blue) and MS star (red), for our initial conditions.

In the original simulation by Di Carlo et al. (2020b), these stars
are members of a binary system, lying inside a massive young star
cluster. In dense star clusters, stars are subject to strong dynamical
interactions, especially in the first Myrs of evolution of the cluster.
In the simulation by Di Carlo et al. (2020b), the orbit of the binary
was strongly perturbed by the gravitational interaction with a third
massive stellar object, which brought the two binary components into
a nearly-radial orbit and led to a head-on collision between them.

Previous studies adopting population synthesis (Di Carlo et al.
2020b) or stellar evolution codes (Renzo et al. 2020b) cannot esti-
mate the amount of mass lost during the collision and the final chem-
ical mixing of the merger product. In this work, for the first time, we
aim at evaluating these two key quantities. This is done by means of
simulations with the smoothed-particle hydrodynamics (SPH) code

MNRAS 000, 1–9 (2022)
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Figure 2. Column mass density maps for our hydrodynamical simulation, at the beginning (left-hand panel), at the time of the collision (central panel) and at
the end of the simulation (i.e., after 10 days of evolution; right-hand panel). Initially, the two stars are at a distance of 𝑑init = 110 R� & 2 𝑅CHeB. As the two
stars move on their radial orbit, the secondary enters the much larger envelope of the primary, forming a long cometary tail, and gets disrupted when reaching
the inner parts of the cHeB star, after about 1 day of evolution. At the end of the simulation, the stellar remnant relaxes to a much larger envelope, generated by
the inflation of the outer layers of the primary star.
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Figure 3. Velocity map in a thin slice enclosing the orbital plane at 𝑡 = 0.95
days. A clear leading shock is visible, forming in the envelope of the primary
star, as well as a turbulent cometary wake. The white round feature in the
center is the bulk of the MS star.

StarSmasher1 (Gaburov et al. 2010b), which is particularly suited
to model stellar collisions. In its last version, the code implements
variational equations of motion and libraries to calculate the gravita-
tional forces between particles using direct summation on NVIDIA
GPUs (Gaburov et al. 2010a). Using a direct summation instead of a
tree-based algorithm for gravity increases the accuracy of the gravity
calculations, particularly in terms of energy and angular momentum
conservation. At the end of our simulation, the total energy was con-
served within a factor 1.5 × 10−5. We adopted a cubic spline for the
smoothing SPH kernel, as defined in Monaghan & Lattanzio (1985),
and the smoothing length of each particle adapts during the simula-
tion to always ensure that at least 40 neighbours are enclosed by it.
Shocks are treated by means of an artificial viscosity term, coupled to
a Balsara prescription (Balsara 1995) to avoid spurious inter-particle
penetration (Gaburov et al. 2010b). The simulation time-step is cal-
culated on the fly, according to the usual Courant-Friedrichs-Lewy

1 https://github.com/jalombar/starsmasher/.

stability conditions (see, again, Gaburov et al. 2010b, for more de-
tails). The thermo-dynamical treatment of StarSmasher is simplified,
compared to the one of sophisticated stellar evolution codes, and is
based on adopting an equation of state that includes both the con-
tribution of ideal gas and radiation pressure (Lombardi et al. 2006;
Gaburov et al. 2010b).

To generate initial conditions, StarSmasher comes with an inter-
nal module to initialize stars from tables containing one-dimensional
profiles of their main properties. For our simulations, we obtained the
stellar profiles of our two stars using the stellar evolution code parsec
(Bressan et al. 2012; Costa et al. 2019). Details about the parsec setup
used for these simulations can be found in a companion paper (Costa
et al. 2022). Figure 1 shows the density (upper panel), H and He abun-
dance (middle panel) and cumulative mass (lower panel) profiles of
the two stars. Both stars have metallicity 𝑍 = 0.0002 ∼ 0.01 Z� .2
As visible in Figure 1, we chose a CHeB primary which has a well
developed core, in which part of the helium has already been con-
verted into carbon and oxygen. The structure of our primary star is
the same as in Di Carlo et al. (2020a), while it is different from the
one considered by Renzo et al. (2020b), who assumed a primary
star at the end of its MS, i.e. with a negligible fraction of CO in the
core. StarSmasher re-samples these one-dimensional profiles with
SPH particles distributed in the three-dimensional space, by keeping
the number density of particles uniform. This feature is particularly
important, since the mass density of stars spans several orders of
magnitude from their center to their atmospheres (Fig. 1). In this
way, particles with different masses can spatially sample each layer
of the star in a uniform way. We chose to sample the CHeB and
MS star with 8 × 105 and 9 × 104 particles, respectively. Such big
difference in resolution is forced by the much wider dynamical range
of mass density spanned by the CHeB star and by its much larger
radius. As a result, the mass resolution of SPH particles ranges from
≈ 2× 10−11 to ≈ 7.6 M� and from ≈ 4× 10−7 to 1.4× 10−2 M� for
the CHeB and MS star, respectively.

When importing the stellar profiles, StarSmasher checks whether

2 Previous studies have already shown that the stellar collision scenario is
effective in producing black holes in the pair-instability gap only at very low
metallicities, where stellar winds have little impact on the mass-loss of the
stellar remnant, before it collapses into a massive black hole (Di Carlo et al.
2020a).

MNRAS 000, 1–9 (2022)
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the central density is four times higher than the average density of
the stars; in that case, it sets a central core particle. For this reason,
the core of our CHeB star is sampled by a central core particle, that
interacts with the other SPH particles only gravitationally, with mass
equal to 7.6 M� and smoothing length equal to 1 R� and six SPH
particles surrounding it (at about 0.35 R�) with mass of about 3.5 M�
and smoothing length equal to 0.9 R� . Setting these large smoothing
lengths (of the order of the core size) avoids spurious numerical
effects due to gravitational perturbation of the surroundings by these
central massive particles. Furthermore, while not being well sampled
spatially, most of the mass of the core is sampled by these six massive
SPH particles, which thermal pressure prevents outer particles from
spuriously penetrating the core.

Before initializing the collision simulation, the two stars were
evolved singularly in relaxation runs, to allow the SPH particles to
re-adjust to equilibrium (for more details, see Gaburov et al. 2010b).
because of the spatial resolution and the slightly different equation
of state implemented in StarSmasher with respect to parsec stellar
evolution model.

After these preliminary steps, we put the two stars on a hyperbolic
radial orbit, with velocity at infinity 𝑣∞ = 10 km s−1 and initial
separation of 𝑑init = 110 R� & 2 𝑅CHeB, where 𝑅CHeB = 52.5 𝑅� is
the radius of the CHeB star. Our choice of 𝑣∞ matches the velocity
dispersion in young massive star clusters, such as those simulated
by Di Carlo et al. (2020b). Nonetheless, the value of 𝑣∞ adopted
here is much lower than

√︁
2𝐺 (𝑀CHeB + 𝑀MS)/𝑑init ≈ 600 km s−1,

so it has very little impact on the collision. We assumed an impact
parameter equal to zero because we wanted to probe the most extreme
case in terms of kinetic energy of the collision and to obtain an
upper limit to the mass loss. In a follow-up study (Ballone et al., in
preparation) we will explore different orbital configurations.

While the total permeation of the two stars occurs in about 1
day of simulated time, we decided to evolve our model for 10 days.
This timescale is sufficient to reach hydro-static equilibrium, on a
dynamical, or sound-crossing, timescale. The thermal relaxation of
the new star occurs over a much longer time, that is several times
the Kelvin-Helmholtz timescale of the remnant. Three-dimensional
hydrodynamical simulations, such as the one presented in this study,
are too computationally expensive and lack a proper treatment of
several physical processes (e.g. detailed energy injection, transfer and
loss) that govern stellar evolution across the whole stellar lifetime.
So, the further evolution of the collision product can be reliably
achieved only by one-dimensional stellar evolution codes. Hence,
in a companion paper (Costa et al. 2022), we use the results of the
present study to inform stellar evolution simulations of the evolution
of the collision product until the end of its life.

3 RESULTS

Figure 2 shows the evolution of the collision at the beginning of the
simulation, during the maximum permeation of the two stars and at
the end of the simulation. As the MS star plunges in the atmosphere
of the CHeB star, its outer layers form a strong shock in the frontal
side of the collision, while they lead to a cometary tail in the back
side (Figure 3). When the MS star reaches a separation, relative to the
core of the CHeB star, of the order of its Roche limit (i.e., about the
star’s initial radius, in the simple Roche approximation), it is tidally
disrupted by the core of the CHeB star. After the coalescence, the
remnant star shows a much more extended envelope, generated by
the inflation of the outer layers of the primary star due to conversion

of the kinetic energy of the impact into thermal and kinetic energy
of those layers.

Figure 4 shows density, H and He abundances, pressure, temper-
ature and cumulative mass profiles for the stellar remnant, obtained
through a mass-weighted average of these quantities over spherical
shells centered on the core of the final star. In order to calculate these
profiles, we estimated which particles are still bound to the remnant,
with a simplified approach. For each 𝑖−th SPH particle, we calculated

𝑒i = 𝑣2
cm,i + 𝑢i − 𝐺𝑀encl,i/𝑑cm,i, (1)

where 𝑒i and 𝑢i are the specific total and internal energy, 𝑣cm,i and
𝑑cm,i are the velocity and distance calculated with respect to the total
center of mass, and 𝑀encl,i is the total mass enclosed within 𝑑cm,i.
Every particle with positive 𝑒i is considered unbound and is excluded
from the calculation of the remnant profiles. We assumed that the
core of the remnant has exactly the same properties as the core of the
original CHeB star, hence the profiles in the inner 1 𝑅� are just taken
from the initial parsec profiles of the primary, used to initialize our
simulation.

As visible particularly in the cumulative mass profiles (lower right-
hand panel of Fig. 4), the SPH particles re-adjust to a new mass
distribution that is more concentrated compared to the one of the
initial CHeB star, but that extends up to a much larger radius of
≈ 450 R� . The lower right-hand panel also shows that the unbound
mass is in a large bulk of particles that are launched at much larger
radii (> 1000 R�) already 8 days after the collision.

From this calculation, we got that the mass of the collision product
is ≈ 87.9 M� , i.e. about 11.7% of the initial stellar mass is lost in
the impact. In particular, the final star retains about 82% and 98%
of the mass of the CHeB star and MS star, respectively. Hence, the
structure of the CHeB expands in the collision, with its shock-heated
outer envelope ending up unbound.

In order to calculate abundances profiles, we assigned each particle
at the beginning of the simulation the hydrogen and helium mass
fractions of the shell of the original stars they initially belonged
to. In this way, chemical abundances are simply advected by the
SPH particles, in a Lagrangian fashion. The post-collision abundance
profiles show that:

• the MS star disrupts outside the denser core of the CHeB star,
depositing most of its material in a shell surrounding the core (1 R� .
𝑑𝑐𝑚 . 5 R�), enriching this region with hydrogen;
• some ram-pressure stripped and shocked outer layers of the MS

star are deposited further out in the envelope. As a result, at larger
distances from the center (𝑑𝑐𝑚 & 5 R�), the profile shows an increase
in H, with a maximum H-enrichment at about 100 R� (similar to the
original radius of the CHeB envelope);

• the collision expels part of the envelope of the CHeB star and
the outer layers of the remnant are mostly composed of material
originally belonging to the H-burning shell of the CHeB star.

In particular, the abundance profiles surrounding the core of the
remnant almost perfectly match those of the original MS star (Fig. 1).
This happens because the shell between 1 and 5 R� is totally com-
posed of material originally belonging to the MS star (gray dashed
line in the central left-hand panel of Fig. 4). With a similar argument,
the He at large radii is material belonging to the He-shell of the
original CHeB star that is brought at larger radii by the impact. The
MS star pollutes the outer envelope mostly between 40 and 200 R� ,
leading to the dip in He abundance in that region and leaving higher
He fractions in the outer ≈ 300 R� of the newly formed star.

For comparison, were we assuming a complete mixing of the MS

MNRAS 000, 1–9 (2022)
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Figure 4. Density (upper left), hydrogen (middle left) and helium (lower left) mass fractions, pressure (upper right), temperature (middle right) and cumulative
mass (lower right) profiles for the post-collision star at the end of the simulation (10 days; solid magenta lines). We consider only SPH particles that are still
bound to the remnant (black dots, see eq. 1 for details). As a comparison, we also show the original profiles for the CHeB star (blue dotted lines). In the middle
left-hand panel we also plot the fraction of mass, in each bin, coming from the original MS star (gray dashed line). In the lower left-hand panel we also show
the He abundance for a fully mixed envelope (orange dot-dashed line, see text). Finally, in the lower-right panel, we also compare the remnant profile (magenta)
to the profile of all the SPH particles (bound+unbound) at a simulation time of 2 (green dashed line), 8 (brown dashed line) and 10 days (red dashed line).

with the CHeB original envelope, we would have obtained a constant
He fraction in the envelope of the new star equal to 0.41 (orange
dash-dotted line in the lower left panel of Fig.4). This is a lower He
fraction than assumed by Renzo et al. (2020b), due to the different
structure of the two initial stars (see Sec. 2). A somewhat exotic
He fraction in the envelope would imply a different position of the
stellar remnant in the Hertzsprung-Russell diagram and peculiar line
absorption features of its spectrum.

By looking at the three-dimensional distributions, our simulation
shows that significant asymmetries arise in the spatial profile and
chemical composition. Especially at large radii, particles originally
belonging to the MS star are distributed along the radial stellar orbit,
with the shape of a cometary tail (Fig. 5). Figure 6 also clearly

shows that the fresh hydrogen brought in the envelope of the post-
coalescence star is mostly one-sided, except for the closest vicinity to
the original CHeB core. We report spherically-averaged quantities in
Fig. 4, because we expect any rotation imparted by a non-zero impact
parameter to azimuthally redistribute this material over a time-span
much faster than the evolutionary timescale of the star.

4 DISCUSSION

Our simulation shows that up to 12% of the CHeB star’s envelope
mass can be lost in a collision similar to the one described in Di
Carlo et al. (2020b). Our assumption of a head-on collision must be
regarded as an upper limit to the mass loss.

MNRAS 000, 1–9 (2022)
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Figure 5. Two-dimensional histogram, at the end of the simulation, of the x–y distribution of SPH particles originally belonging to the CHeB (left) and MS
(right) stars. Because of our choice of a perfectly head-on collision, both particle subsets are asymmetrically distributed, mostly occupying the side from which
their original parent stars reached the collision point.
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Figure 6. Voronoi tessellation maps of the hydrogen (left) and helium (right) mass fractions, projected in the x–y domain. The particle distribution asymmetry
is also reflected in the final distribution of chemical abundances.

Our result is in agreement with the relation obtained by Lombardi
et al. (2002); according to their findings, the fraction 𝑓 of mass loss
in our head-on collisions should be

𝑓 = 𝑐1
𝑞

(1 + 𝑞)2
𝑅CHeB,0.86 + 𝑅MS,0.86
𝑅CHeB,0.5 + 𝑅MS,0.5

, (2)

where 𝑐1 = 0.157, 𝑞 = 𝑀MS/𝑀CHeB and 𝑅CHeB,0.86 ≈ 6.64 R�
(𝑅CHeB,0.5 ≈ 1.06 R�) and 𝑅MS,0.86 ≈ 3.47 R� (𝑅MS,0.5 ≈
2.15 R�) are the radii of the CHeB and MS stars containing the
86% (50%) of their total mass. When applying this formula to our
initial conditions, we found that the predicted mass loss is 12%.

We can also compare our simulation to an approximation that
is frequently used in the literature to derive the structure of stars
formed in gentle (i.e., shock-free) mergers (see, e.g., Lombardi et al.
1996; Gaburov et al. 2008; Glebbeek et al. 2013), where the post-
collision particles are assumed to arrange radially with increasing
initial specific entropy. Before and after the collision, we calculate
the entropic variable (or buoyancy), 𝐴, of each particle, defined as

(Gaburov et al. 2008)

𝐴 =
𝑃tot

𝜌5/3 exp [8 (1 − 𝛽)/𝛽], (3)

where 𝑃tot = 𝑃gas + 𝑃rad is the total pressure, including both the
gas and the black-body radiation pressure, 𝜌 is the gas density and
𝛽 = 𝑃gas/𝑃tot. The entropic variable 𝐴 is a function of the fluid
specific entropy and chemical composition (Gaburov et al. 2008).
In the approximation of no heating (e.g., in the absence of shocks)
or mixing between them, one expects the different fluid elements
of the two stars to rearrange into hydrostatic equilibrium, with 𝐴

monotonically increasing outward.
Figure 7 compares the 𝐴 distribution (in cumulative mass) of our

initial SPH particles, when sorted by increasing 𝐴, to the actual
profile of the SPH particles at the end of our simulation. Sorting the
particles of the initial colliding stars by increasing 𝐴 predicts that the
MS star would sink down to the outer boundary of the CHeB core
even in the case of a less extreme collision, with non-zero impact
parameter. This is in good agreement with the conditions at the end
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Figure 7. Entropic variable 𝐴 as a function of cumulative mass, for our initial
conditions sorted by increasing value of 𝐴 (large blue circle and large red
crosses for the CHeB and MS star, respectively) and for the output of our
hydrodynamical simulation (small cyan circles and small orange crosses for
the CHeB and MS star, respectively). For a gentle, shock-free collision, the
post-collision SPH particles (small cyan and orange markers) are expected
to rearrange according to the sorted particles (large blue and red markers),
with the MS sinking to the core of the cHeB star, without penetrating it.
The stratification of material in our hydrodynamical simulation shows a good
agreement with this simple prediction, despite the presence of shocks in our
simulation.

of our simulation, which are also plotted in Figure 7. A large portion
of the MS star sinks to near the core of CHeB star with relatively
small changes in 𝐴, indicating that much of the MS material is not
strongly affected by shocks in the plunge. The entropy sorting also
confirms that the core of the primary star is not penetrated by the
secondary in the collision, because of its lower specific entropy. As
already discussed in the literature (e.g., case P in Glebbeek & Pols
2008; Glebbeek et al. 2013), when the primary star is in a sufficiently
late stage of its evolution, its core becomes the core of the collision
product.

However, traces of shocked material that significantly modify the
initial entropy profile are also present in Figure 7. These are especially
clearly seen in the specific entropy of the outer ∼ 25 M� , and the
distribution of shock-heated and ablated MS material within those
outer layers. This shock-heating has the effect of rearranging the post-
collision structure relative to what might be predicted by the initial
entropy sorting (in one extreme) or completely homogeneous mixing
(in the other extreme). Thus, the details of the shock-heating in the
collision process are crucial in shaping the final post-coalescence
composition shown in Figure 4.

We conclude, independently of our zero-impact parameter orbital
configuration, that the envelope of the primary star can be strongly
enriched by material of the secondary (in our case, a large amount
of fresh hydrogen) in the vicinity of the CHeB core. Physically, this
arises because of the density and specific entropy contrast between
the MS star and the CHeB envelope. In their post-collision model,
Renzo et al. (2020b) assume that the MS star mixes with the envelope
of the more evolved star homogeneously with radius, with a uniform

He fraction of 0.52 in the envelope of the collision product3. Our
simulation instead predicts a variable H/He abundance depending on
the distance from the central core.

The expelled mass largely originates into the outer, H-rich enve-
lope of the CHeB star. As a consequence, the outer envelope of the
stellar remnant has higher He abundances compared to those of the
outer layers of the original CHeB star, reaching values of the order
of 0.4 at the surface.

In a companion paper (Costa et al. 2022), we carefully model the
evolution of a star with same mass and chemical abundance profiles
of our model, confirming that it can collapse to a black hole directly,
though the final mass of the black hole is sensitive to the fraction
of the envelope that can be ejected during a failed supernova (e.g.,
Fernández et al. 2018).

As a possible caveat, a larger impact parameter could reduce the
amount of mass lost in the impact and would induce differential rota-
tion in the collision product (e.g., Rasio & Shapiro 1995; Sills et al.
2001; Schneider et al. 2019). This could lead to higher mixing in the
envelope and have some impact on the evolution of the remnant. The
initial velocity at infinity represents another important assumption:
here, we chose 𝑣∞ = 10 km s−1 to mimic collisions in young stellar
clusters. Encounters in more massive star clusters (e.g., nuclear star
clusters) involve higher relative velocities (≈ 50 − 100 km s−1). Fur-
thermore, we also expect our results to significantly depend on the
evolutionary phase of the two colliding stars. In a follow-up study, we
will address these uncertainties, by running a grid of hydrodynami-
cal simulations with a range of impact parameters, relative velocities,
and evolutionary phases.

5 SUMMARY

Previous works predict that massive star collisions might lead to the
formation of black holes in the pair-instability mass gap (e.g., Di
Carlo et al. 2019, 2020a; Renzo et al. 2020b). This prediction is
subject to two main uncertainties: the amount of mass lost during the
collision and the level of chemical mixing in the collision product.
Here, for the first time, we are able to estimate the mass loss and the
chemical mixing, by means of a three-dimensional hydrodynamical
simulation of the collision between a primary massive CHeB star
and a secondary massive MS star.

With our work, we showed that even in the case of a head-on
collision, our stellar remnant has a mass of ≈ 88 M� . The mass lost
during the collision is 12% of the initial total mass of the two stars,
and is mostly part of the H-rich outer envelope of the CHeB star.

Our model also shows that the MS star dissolves in the envelope of
the CHeB star, therefore rearranging the chemical composition of the
primary envelope. The collision product shows large He abundances
at its surface (≈ 0.4 for our model), which are a very distinctive
observational feature. Our results confirm that stellar collisions are a
viable mechanism to form black holes in the mass gap (∼ 60 − 120
M�), even if the details depend on the late evolution of the stellar
remnant (Costa et al. 2022) and on the mass fraction that can be
ejected during a failed supernova (e.g., Fernández et al. 2018).

3 This specific value depends on the specific choice of the properties of the
colliding MS star.
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