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ABSTRACT

The maximum mass of black holes formed in isolated binaries is determined by stellar winds and the interactions
between the binary components. We consider for the first time fully self-consistent detailed stellar structure and bi-
nary evolution calculations in population-synthesis models and a new, qualitatively different picture emerges for the
formation of black-hole binaries, compared to studies employing rapid population synthesis models. We find merg-
ing binary black holes can form with a non-negligible rate (∼ 4×10−7 M−1

� ) at solar metallicity. Their progenitor stars
with initial masses & 50M� do not expand to supergiant radii, mostly avoiding significant dust-driven or luminous
blue variable winds. Overall, the progenitor stars lose less mass in stellar winds, resulting in black holes as massive
as ∼ 30M�, and, approximately half of them avoid a mass-transfer episode before forming the first-born black hole.
Finally, binaries with initial periods of a few days, some of which may undergo episodes of Roche-lobe overflow mass
transfer, result in mildly spinning first-born black holes, χBH1 . 0.2, assuming efficient angular-momentum transport.

Stellar-mass black holes (BHs) are known to populate our Universe. Evidence of their existence comes from X-ray binary
(XRB) observations,1–3 gravitational-wave (GW) observations4–8 of coalescing binary BHs (BBHs), and, more recently, from
joint radial velocity and astrometric observations.9 The inferred BH masses from XRBs and astrometric binaries cover the range
from 4.5M� to 21M�,2, 9, 10 while BHs observed through GWs the range from 2.6M� to 106M�7, 8 (assuming the lower-mass
object in GW190814 is a BH). The dynamical measurement of BH masses in XRBs and astrometric binaries is possible only in
the Milky Way and in nearby galaxies for XRBs,3 while current detections of GWs probe the Universe up to redshift z∼ 1.7, 8

The discrepancy between the maximum BH mass inferred from XRBs and GWs has led to the belief that BHs with masses of
around 30M� can only originate from the evolution of massive stars born with sub-solar metallicities,4, 11–14 namely below
Z� = 0.0142.15 This belief is anchored in the empirical evidence that stellar-wind mass-loss rates for massive stars scale with
increasing metallicity.16–19 The maximum BH mass predicted by single stellar models depends on the mass loss of massive
stars; however, this is uncertain due to the lack of observations of massive stars during their late evolutionary phases.20–24

The stellar winds of massive stars, in addition to determining the final stellar mass, also affect stellar structure and the
star’s position in the Hertzsprung–Russell (HR) diagram.25, 26 At solar metallicity, stellar winds of massive stars with zero-age
main sequence (ZAMS) masses above 50M� are so strong that they remove the hydrogen envelopes, exposing the cores of
the stars. Unlike lower mass stars, these massive stars never expand to supergiant radii of ∼ 1000R�. Consequently, the
feedback of wind mass loss onto stellar evolution makes the stellar tracks in the HR diagram turn to the blue before they become
red supergiant stars. This established result of stellar evolution theory has been overlooked in models for the formation of
merging BBHs. These models most often employ rapid binary population-synthesis (BPS) codes (e.g., BSE,27 COSMIC,28

COMPAS,29 binary_c,30–32 MOBSE,33 and StarTrack34), where the impact of mass loss, either due to stellar winds or
binary interactions, on the stellar properties is not treated self-consistently. Instead, the aforementioned BPS models employ
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fitting formulae to precalculated single stellar evolutionary tracks, up to ZAMS masses of 50M�, at constant mass (SSE
code35).36 To model the evolution of the progenitors of stellar-mass BHs, these rapid BPS models extrapolate SSE stellar tracks
up to 150M�. Mass loss due to stellar winds is applied a posteriori without accounting for the discussed mass loss feedback
onto the stellar evolution. Rather, mass loss is implemented by interpolating a new stellar evolutionary track with the mass
decreased by the mass lost through stellar winds in the given time-step, conserving the information of the stellar core of the
original track.35 The limitations of SSE stellar tracks in predicting the maximal radial expansion of massive stars at solar
metallicity has been known since its conception.35 However, less well studied is its impact on massive binary evolution and its
implications for merging BBH formation, making it a major uncertainty in our current understanding.37, 38 Although rapid BPS
has been an invaluable tool in predicting and interpreting BBH and XRB observations thus far, advances in the simulations of
binary stars39, 40 allow us to revisit the topic.

Here, we use the POSYDON40 framework which is a novel BPS that models self-consistently both stars and their binary
interactions simultaneously. Other than accounting for the feedback of stellar wind mass loss onto the stellar evolution,
POSYDON binary stellar models keep track in a detailed way the angular momentum transport within the stellar interiors of the
binary components, and between the two binary components and the orbit. Additionally, POSYDON include self-consistent
calculations of binary interactions and mass-transfer phases. To achieves this level of model sophistication, POSYDON uses
pre-computed grids of detailed stellar structure and binary evolution simulations, performed with the MESA39, 41–44 code, while
at the same time maintaining the flexibility of rapid BPS codes. Other rapid BPS codes that rely on detailed models and,
hence, not on SSE stellar tracks, do exist. For example, ComBinE45 and SEVEN12 use look-up tables for the properties of
single stars, based on grids of precalculated detailed, single-star models that take into account wind mass-loss self-consistently,
while treating binary interactions using approximate prescriptions and parametrizations similar to the mentioned rapid BPS
codes. Alternatively, BPASS46 uses extensive grids of detailed binary evolution models computed with a custom version of the
Cambridge STARS binary evolution code,47 where both stars are followed in detail, but only one at a time for computational
constraints. However, none of the aforementioned BPS codes, other than POSYDON, employ fully self-consistent detailed
stellar-structure and binary simulations, including angular momentum transport in stellar interiors, which are essential to
achieve accurate predictions of double compact object properties.

In this work, we examine how self-consistent modelling of mass loss, stellar structure, and binary interactions impacts
the formation of merging BBHs at solar metallicity. First, we discuss BH formation in the context of single stellar evolution,
focusing on the key aspects that determine the maximum BH mass. Second, we model the observational properties of merging
BBHs in Milky-Way-like galaxies. In contrast to previous studies,48–50 our model predicts a non-negligible BBH merger rate at
solar metallicity with BHs as massive as ∼ 30M�.

Figure 1. Hertzsprung–Russell diagram for stars with masses between 20M� and 150M�. Stellar tracks are displayed up to
central carbon depletion. The instantaneous mass loss (left), surface hydrogen abundance (middle) and centre helium
abundance (right) are indicated by the track’s colour. Stars with masses & 80M� reach the Wolf–Rayet phase while still
burning hydrogen in their cores.
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Figure 2. (Top) Hertzsprung–Russell diagram for stars with masses between 20M� and 150M�. We denote with different
colours indicating the different stellar wind prescriptions implemented in our default model (top-left) and model variation that
includes LBV-like winds (top-right). (Bottom) Fraction of mass lost due to different mass loss mechanisms during the entire
life of a POSYDON single star at solar metallicity as a function of ZAMS mass in the mass range between 8M� and 150M�
sampled every 1.25M�. In our model, BH formation for single stars occurs for MZAMS & 17.3M�.

Results

The maximum BH mass from single stellar evolution at solar metallicity
We first present a subsample of the high-mass, single-star models at solar metallicity, and discuss their phenomenological
evolution in the HR diagram. In Figure 1, we show stellar tracks in the mass range from 20M� to 150M�, where we use a
colour map to indicate the stellar-wind mass loss, as well as the surface 1H and centre 4He abundances of the stars during their
evolution. Stars in this mass range are progenitors of stellar-mass BHs. In agreement with other state-of-the-art single-star
models like GENEVA20, 26, 51, 52 and MIST,53 our stellar tracks of massive stars (MZAMS & 50M�) showed in Figure 1 expand
less than those of lower-mass stars, after they leave the main sequence, and never reach the red supergiant phase where stars
have radii of ∼ 1000R�. Stellar winds of the most massive stars (& 80M�) during the main sequence are so strong that deplete
the hydrogen envelopes and induce the Wolf–Rayet (WR) phase while the stars are still burning hydrogen in their cores. Indeed,
Figure 1 shows that the most massive stars reach the WR stage, i.e. when the surface 1H fraction drops below 0.4 (see Methods),
before the centre 4He fraction becomes 1. Hence, these stars will experience a longer-lived WR phase and, consequently,
experience most of their mass loss due to WR stellar winds. These stellar tracks result in final masses smaller than those of
lower-mass stellar models. This distinct radial expansion signature of massive single stellar evolution at solar metallicity is not
present when we consider a model variation without stellar-wind mass loss as the lack of such feedback onto stellar evolution
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would cause the stars to expand to supergiant radii independently of their ZAMS mass (see Supplementary information).
Complementarily, the top-left panel of Figure 2 shows the different stellar-wind mass loss prescriptions applied to the

tracks according to the fiducial (default) model of POSYDON (see Methods). POSYDON v1.0 default stellar models do not
account for any luminous blue variable (LBV)-type winds. This choice was made given the uncertain estimates of LBV-type
wind mass losses.54 Regardless, here, we also consider a model variation of our default stellar assumptions which accounts for
LBV-type winds when stars evolve above the Humphreys–Davidson limit (see Methods for further details). For comparison, the
alternative model including LBV-type winds is shown in the top-right panel of Figure 2.

To illustrate how much mass is lost by the stars in the different stellar-wind regimes, in the bottom panels of Figure 2, we
show the fraction of mass lost due to a given stellar wind prescription or core collapse with respect to the initial ZAMS mass. In
both considered models, stars with MZAMS & 17.3M� may form a BH, given the assumed Patton&Sukhbold2055 core-collapse
prescription, where we also account for up to 0.5M� mass loss due to neutrinos in the core-collapse.40 In contrast, less massive
stars explode into a supernova to form a neutron star where a large fraction of the ZAMS mass is ejected in the process. The
bottom panels of Figure 2 show that in both models, massive stars with MZAMS & 50M� lose most of their mass through WR
winds.

Figure 3. (Left) BH mass from single stellar evolution for a given ZAMS stellar mass at solar metallicity (markers) and the
first-born BH mass of binary systems (gray area), with the extend of the grey area caused by the diversity of binary interactions
starting at different orbital periods covered in POSYDON’s binary grids. (Right) We show the BH mass, resulting from single
stars, given two different core-collapse assumptions for our default model according to the legend and the model variation
including LBV-like winds. For comparison, we show BH masses as predicted by the SSE stellar models as implemented in
COSMIC28 given one of the considered core-collapse prescriptions.

To visualise the effect of wind mass loss of single stars onto the BH mass, in Figure 3, we show the BH mass as a function
of ZAMS mass. The left panel of Figure 3, shows a nearly monotonic increasing relation between the stars ZAMS masses
and the BH masses up to MZAMS ' 80M�. The maximum BH mass predicted by our default model is ' 35.0M�. In the same
figure, for comparison, we also show the BH mass range corresponding to the formation of the first-born BH in the grid of
binary-star models of POSYDON. The difference in the BH mass spectrum for a given ZAMS mass is caused by mass loss
during binary mass transfer, which carries away some of the stellar mass prior to their core-collapse.

The right panel of Figure 3 shows the model variation accounting for LBV-type enhanced wind mass loss. This alternative
model leads to slightly less massive BHs at solar metallicity with a maximum BH mass of ' 31.5M�. In the same figure, we
also show a different assumption for the core-collapse, the Fryer+12-delayed56 prescription, which is commonly used in rapid
BPS studies. Both assumed core-collapse prescriptions predict direct collapse for stars with carbon–oxygen cores above 11M�
at carbon depletion. Hence, in practice, both prescriptions predict the same BH masses for stars with MZAMS & 30M�, while
Fryer+12-delayed prescription predicts mass ejection for stars with MZAMS ∈ [15.8,30]M�, and, hence, less massive BHs.
We also compare our model predictions with SSE stellar models. In the right panel of Figure 3, we show the BH masses as
predicted by the Fryer+12-delayed prescription applied to SSE stellar models. In contrast to the POSYDON stellar models, SSE
predicts much smaller BH masses for stars with MZAMS . 90M� and a maximum BH mass of ' 17.8M� for MZAMS & 90M�,
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noticeably smaller than the maximum BH mass predicted by POSYDON. The source of the difference originates from the
overestimation of the radial expansion in SSE stellar tracks, which in turn shifts the fraction of the time that each track spends
in the different stellar-wind regimes. In our models, we find that most of the stellar mass is lost by WR winds. By remaining
more compact during their evolution, the BH progenitor stars avoid by the most part the regions of the HR diagram where
dust-driven or LBV-type winds are expected to efficiently drive high mass-loss rates. In contrast, SSE predicts that massive
stars (MZAMS & 50M�) spend a considerable fraction of their evolution in the LBV-wind regime and lose most of their mass
due to LBV-like winds (see the left panel of Figure 9 in Dorozsmai&Toonen2257 which can be directly compared to our bottom
panels of Figure 2). Correctly modeling the the maximal expansion of massive stars is crucial to accurately model merging
BBHs and interpret GW observations.

Figure 4. Merging binary black hole population at solar metallicity. Filled bins indicate the underlying (intrinsic) BBH
distribution, while dashed lines illustrate selection effects for a ground-based GW detector. Here, we assume Advanced
LIGO58 at design sensitivity as an example. We distinguish with the indices 1,2 the first- and second-born BHs, respectively.
(Left) BBH component mass distributions of merging BBHs formed from binary stars at solar metallicity. (Right) BBH
component spin-magnitude distributions of merging BBHs formed from binary stars at solar metallicity. Systems with
χBH > 0.4 are believed to be associated with a luminous LGRB at the time of BH formation.59

The population of merging BBHs at solar metallicity
The existence of massive BHs (' 30M�) from single stars alone at solar metallicity does not directly imply that of similarly
massive merging BBHs at solar metallicity. Compared to the progenitors of lower mass BHs, the progenitor stars of these
massive BHs remain more compact during their evolution and avoid mass transfer before the formation of the first-born BH.
For binary stars with primary ZAMS masses below 50M�, Roche-lobe overflow occurs for systems with initial orbital periods
of . 103.5 days, while for primaries with masses from 50M� to 80M� only for initial periods below the range 101.8–102.5 days
depending on the binary mass ratio. Stars with birth masses of more than 80M� at solar metallicity can avoid mass transfer for
initial periods down to a few days depending on the mass ratio (see Figure 6 in Supplementary information). Our POSYDON
BPS model predicts the formation of merging BBH from both: (i) binaries that undergo a stable mass transfer prior to the
formation of the first-born BH, and (ii) more massive binaries that avoid such phase. After the formation of the first-born
BH, depending on the secondary mass, these systems will undergo a reverse stable mass-transfer60, 61 or a common-envelope
phase.13, 62 In our BPS model at solar metallicity, all systems experiencing a common-envelope prior to the formation of the
second-born BH avoid undergoing any mass transfer before the formation of the first-born BH.1 In contrast, only one fourth
of the systems undergoing a stable mass transfer prior to the formation of the second-born BH avoid undergoing any mass
transfer before to the formation of the first-born BH. These alternative evolutionary pathways that avoid a stable mass-transfer
episode before the formation of the first-born BH stand in contrast to what commonly found with rapid BPS models at sub-solar
metallicity where such phase is present.63, 64

In the left panel of Figure 4, we show the component BH mass distribution of the intrinsic merging BBH population at solar
metallicity. The distribution is constructed by distributing the synthetic BBH population obtained from the BPS model following

1In our results, we exclude binaries that experience reverse mass-transfer prior to the formation of the first-born BH. This is due to these systems not being
treated properly by MESA in the version used in POSYDON v1.0. This problem affects approximately 4% of tracks in the grid of binaries consisting of two
hydrogen-rich main-sequence stars (see Section 5.5 of the POSYDON instrument paper40).
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the star formation history of the Universe consistent with the stars having solar metallicity. Specifically, to obtain the underlying
merging BBH populaiton at solar metallicity, we use the IllustrisTNG65 simulated star formation rate happening in the
metallicity range [0.5Z�,2Z�]. For comparison, in Figure 4 we also indicate a similar distribution that accounts for selection
effects of a ground-based GW detector. As an example, we consider Advanced LIGO58 at design sensitivity66 (see the Methods
section for further details). We find that the BH mass spectrum of merging BBHs at solar metallicity spans the same range of
BH masses formed from single stars. However, we find fewer BHs above 16M�. We quantify the fraction of first-born BHs with
masses above 20M� to be fmBH1>20M� = 0.10, while those of above 30M� constitute a fraction of fmBH1>30M� = 0.01. When
accounting for LIGO selection effects, these fractions increase to f det

mBH1>20M� = 0.24 and f det
mBH1>30M� = 0.03, respectively.

These results cannot be compared directly to the observed sample of BBHs from the LIGO Scientific, Virgo and KAGRA
Collaboration,5–8 as observed merging BBHs come from a range of metallicities. One would expect that accounting for the
lower metallicity stellar populations would increase the average BH mass, in which case the aforementioned fractions can be
interpreted as lower limits when compared to the total observed population

Furthermore, in contrast to past studies,48–50 we find a non-negligible BBH merger rate efficiency per stellar mass formation
of 4.4×10−7 M−1

� at solar metallicity. Of the total rate, around 40% comes from systems undergoing a common-envelope
phase, around 45% undergo a stable mass-transfer phase before the formation of each BH, and around 15% experience a stable
mass-transfer phase only after the formation of the first-born BH. Accounting again only for the Universe star formation rate in
the metallicity range [0.5Z�,2Z�], we can estimate the intrinsic local merger rate density of BBHs formed at solar metallicity
to 8.6Gpc−3yr−1 and the corresponding detection rate for Advanced LIGO at design sensitivity to around 25yr−1. Again, these
rates are not to be directly compared to the ones inferred from the LIGO Scientific, Virgo and KAGRA Collaboration67 due to
the omission in our models of the BBH population formed at low-metallicity environments. Nevertheless, should our predicted
rates be higher than the observed ones, our model would be inconsistent with observations.

In the right panel of Figure 4, we show the component BH dimensionless spin parameters of the modeled merging BBH
population at solar metallicity. Our BPS model predicts an underlying fraction of 19% of merging BBHs with first-born
BH spins in the range 0.1 ≤ χBH1 ≤ 0.2. The progenitor stars of these mildly spinning BHs have masses MZAMS > 50M�
and orbits with initial periods of a few days. They may undergo episodes of Case-A Roche-lobe overflow mass-transfer or
stable contact phase, which limits the expansion of the orbit, or in some cases avoid mass-transfer all together. In all cases,
the two stars remain sufficiently close to each other where tides can maintain the primary star rotating until the formation
of a mildly-spinning first-born BHs when efficient angular momentum transport is assumed (see Figure 6 in Supplementary
information). This result is opposed to the common assumption in recent rapid BPS studies63, 64, 68, 69 that efficient angular
momentum transport leads to the formation of first-born BHs with negligible spin.

The spin of the second-born BH is determined by the tidal interactions during the BH–WR phase. In agrement with past
studies, we find that only systems evolving through a common envelope reach a close enough orbital separation to experience
significant tidal spin-up.70 The formation of BHs with high spins of χBH > 0.4 has been associated with luminous LGRBs at
the formation of the BH.59 Our prediction for the formation of BHs with χBH > 0.4 at solar metallicity and hence existence of
LGRBs at solar metallicity (in contrast to earlier work by Bavera+2259 based partly on rapid BPS calculations) is consistent
with the solar-like inferred metallicities of a small fraction of LGRB host galaxies.71

The results presented in this section are a direct consequence of the reduced maximal expansion of massive stars at solar
metallicity. Previously mentioned rapid BPS codes based on detailed stellar models, i.e. not SSE stellar tracks, do share
similar trends. For example, SEVN models12, 72, 73 also predicts the formation of massive BHs at solar metallicity and a similar
non-negligible BBH merger rate efficiency per solar mass. In contrast, ComBinE models45, 74 predict a smaller maximal BH
mass than the one predicted here. This is because these models assume stronger WR winds and less fall back mass during
BH formation compared to our fiducial assumptions. BPASS models46, 75 predict BH masses of a few solar masses grater
than rapid BPS codes employing the SSE stellar tracks at solar metallicity but a lower BBH merger rates compared to the
one presented here. However, none of the aforementioned BPS models other than POSYDON employing fully self-consistent
detailed stellar-structure and binary simulations can accurately predict merging BBH spin distributions, which have been shown
to be crucial for differentiating BBHs formed via isolated binary evolution as opposed to other formation channels.76

Discussion & Conclusions
The existence of massive, ∼ 30M�, BHs formed from stars born at solar metallicity has multiple observational implications for
binary systems in the context of GW detections, XRBs and astrometric binaries. These massive BHs have been observed since
the first detection of GWs, GW150914,4 which were previously interpreted to have originated from the evolution of sub-solar
metallicity stars.14 Such conclusions were based on rapid BPS models of BBH formation which, in contrast to the models
presented here, do not predict such massive merging BBHs at solar metallicity as these models overpredict the expansions and
consequently the mass loss of massive stars (& 50M�). One would also expect that the predicted existence of such massive BHs
at solar metallicity would imply their potential observability in XRBs.77 If confirmed, a potential candidate of such massive BH
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is the one harboured in the galactic XRB MAXI J1631-479 with its updated mass estimate in the range of 15M� to 45M�.78

Alternatively, future astrometric observations of detached wide binaries in the Milky Way9, 79, 80 and globular clusters81, 82 will
be another potential tool to indirectly observe these massive BHs.83, 84 The discovery of these massive BHs in binary systems at
solar metallicity will be a new probe into the evolution of massive stars. Such discovery, built upon model predictions made
here, has the potential to broadly impact astrophysics, from our theoretical understanding of galaxy evolution to the formation
of heavy elements.

This study investigated BH formation from single and binary evolution at solar metallicity. In contrast to commonly
used stellar models in rapid BPS, we showed that stellar binary models that self-consistently account for the feedback of
stellar wind mass loss and binary interactions onto stellar evolution lead to the formation of more massive merging BHs than
previously thought. Our fiducial POSYDON single stellar model predicts that massive stars (MZAMS & 50M�) do not expand
to red supergiant radii but rather remain more compact. Additionally, stars with ZAMS masses above 80M� reach the WR
phase while still burning hydrogen in their cores. These massive stars will experience a longer WR phase compared to lower
mass stars, forming lower mass BHs and setting the maximum BH mass at solar metallicity at ' 35M� (' 31.5M� when
accounting for LBV-type winds). Even though our model of single stellar evolution predicts the existence of massive BHs at
solar metallicity, our BPS model predicts a challenging to discover intrinsic fraction (∼ 1%) of merging BBHs with masses
above 30M�. When accounting for the LIGO’s detectors selection effects at design sensitivity the fraction of massive BHs
above 30M� at solar metallicity increases to ∼ 3% for around one detection per year from binaries in the metallicity range
[0.5Z�,2Z�]. Finally, we find that binaries with primary stars of initial mass MZAMS & 50M� and initial period of a few days
may undergo episodes of Case-A Roche-lobe overflow mass-transfer, a stable contact phase or avoid mass transfer at all,
keeping their orbit close and result to mildly spinning first-born BHs (χBH1 . 0.2) when efficient angular momentum transport
is assumed. This predicted BH spin signature is in agreement with the analysis of the observed population of merging BBHs.85

Our results demonstrate the importance of the self-consistent modeling of mass loss in BPS models, which have been shown
here to be crucial for the interpretation of the origin GW sources, XRBs and astrometric BHs.

Methods
Single stellar models
In this study, we generate a grid of MESA39, 41–44 single star simulations with ZAMS masses in the range [8,150]M� with
resolution ∆MZAMS = 0.25M�. Our default model follows the stellar model assumptions of POSYDON.40 The assumed wind
mass loss scheme is known as the Dutch wind scheme and includes: the Vink+0116 line-driven winds for stars with effective
temperatures above 11,000 K, a linear transition phase to the de Jager+8818 dust-driven winds for cooler stars with effective
temperatures below 10,000 K, and Nugis&Lamers0019 winds for WR stars defined as having effective temperatures above
11,000 K when the surface 1H abundance is below the value 0.4.

The default POSYDON stellar model assumes there is no LBV-like wind enhanced mass loss when stars evolve through
the Humphreys–Davidson limit.86 This choice was made given the uncertain estimates of LBV-type wind mass losses.54 To
verify how our results depend on the assumed lack of LBV-type wind, we consider a model variation including LBV-like
winds following Belczynski+10.11 In practice, the wind mass loss during the LBV-wind phase (shown in the top-right panel
of Figure 2) is enhanced to 10−4 M�yr−1 for stars with both L > 6×105 L� and R/R�(L/L�)1/2 > 105 compared to default
model shown in the left plot of Figure 1. Additionally, to illustrate the significance of winds to the evolution of massive
stars (MZAMS ≥ 50M�), we consider an additional model variation where no stellar-wind mass loss are implemented. This
alternative model, presented in the Supplementary information, shows that neglecting the feedback of mass loss into stellar
evolution leads to the expansion of stars to supergiant radii independently from their initial mass.

The stellar-evolution models are stopped when core carbon is depleted, after which we assume their collapse is imminent.
We evaluate the core-collapse of the massive stars into BHs following the Patton&Sukhbold2255 N20 engine prescription, as
implemented in POSYDON.40 To verify how our results depend on the assumed core-collapse prescription, we also consider
the commonly used Fryer+1256 Delayed prescription, from now on referred to as (Fryer+12-delayed), as implemented in
POSYDON.40

Binary population synthesis model
We use the POSYDON framework, to generate a BBH population-synthesis model based on grids of detailed MESA stellar
structure and binary evolution simulations (revision 11701). We simulated a total of 50 million massive binary systems
following the default assumptions made in POSYDON v1.0 instrument paper.40 This set of default assumptions is not the result
of specific model calibration. Rather, model assumptions were made, given our best current theoretical and observational
understanding of stellar and binary physics processes. POSYDON generates a synthetic catalog of merging BBHs at solar
metallicity. To obtain the underlying (intrinsic) population of merging BBHs at solar metallicity in the Universe, we convolve
the synthetic population with the IllustrisTNG65 star formation rate (SFR) as implemented in Bavera+.59, 63, 64 As our
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population-synthesis model is evaluated at solar metallicity, we only account for the SFR in the metallicity range [0.5Z�,2Z�].
To obtain the detectable BBH population observed by Advanced LIGO58 at design sensitivity,66 we account for the selection
effects of the GW detector following the methodology and implementation of Barrett+18.87 In practice, we compute the
detection probability of a merging BBH system given the BH mass components and the redshift of merger. Here, we ignored
the impact of BH spin on detectability as our intrinsic merging BBH population is dominated by slowly spinning BHs and the
impact of BH spins on detectability is minor compared to the BH mass selection effects.88 The optimal signal-to-noise ratio for
a face-on source is computed for a single detector using the sensitivity above with GW waveforms from lalsuite.89 The
optimal signal-to-noise ratio is then convolved with the antenna pattern function distribution,90 which allows us to estimate the
probability of detection. In our model we assume that signals are detected if their single-detector signal-to-noise ratio threshold
exceeds a threshold value of 8.91
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Supplementary information

A No stellar wind model variation
We consider an illustrative model variation where there is no mass loss due to stellar winds. Figure 5 shows the stellar
evolutionary tracks of such model showing the surface 1H and centre 4He abundances of the stars during their evolution. Similar
to the constant-mass stellar tracks implemented in SSE,35 we find that independently of their ZAMS mass, these massive
stars expand to become red-supergiant stars with radii of ∼ 1000R�. This exercise shows the importance of self-consistently
modeling stellar-wind mass loss in stellar evolution. Failing to do so leads to miscalculation of the structure resulting in bigger
cores, altered surface chemistry, and nonphysical binary interactions with important implications for BBH formation.

Figure 5. Hertzsprung–Russell diagram for stars with masses between 20M� and 150M�. We show a variation of our stellar
models without any stellar wind mass loss. The instantaneous surface hydrogen abundance (left) and centre helium abundance
(right) are colour-coded in the tracks. In contrast to the default model, we find that not accounting for the stellar wind feedback
onto stellar evolution in the stellar models cause massive stars (& 50M�) to expand up to ∼ 1000R�.

B The origin of spin in first-born black holes
In Figure 6, we provide two two-dimensional slices of the MESA binary grid of POSYDON consisting of two stars initially at
ZAMS. We show our simulation outcomes as a function of initial primary star mass M1 and orbital period Porb for a fixed mass
ratio q≡M2/M1, where M2 is the secondary initial star mass. In the left panel we show one example of a mass ratio q = 0.4,
and on the right a more-equal mass ratio q = 0.9 slice. Each point in the panels represents a separate MESA binary simulation
from our grid where different markers shapes and colors distinguish different binary evolution phases prior to the formation of
the first-born compact object. An exception to this are triangular markers which are overimposed onto the grid and represent
binary systems from our fiducial POSYDON population synthesis study, which will evolve to become a merging BBH. These
systems are the subsample of merging BBHs with ZAMS mass ratios corresponding to the mass ratios of 0.4± 0.025 and
0.9±0.025, respectively. The colour of these triangular markers indicate the spin of the first-born BH. We distinguish binaries
that will later evolve through a stable mass-transfer phase from the ones that later evolve through a common-envelope phase;
the latter are only present in the mass ratio slice of q = 0.4. At the bottom of the left panel, at short orbital periods and for
massive stars M1 & 60M�, we see binaries that either undergo a stable mass transfer, a contact stable phase or, alternatively
avoided any mass transfer phase and formed mildly spinning first-born BHs (χBH1 ≤ 0.2). Figure 6 shows that this evolution
would not be possible at similar initial orbital periods and smaller primary masses as the increased maximal expansion of these
stars would lead to unstable mass transfer, followed by a stellar merger. Finally, this evolutionary pathway is not present at
more-equal mass ratios because the more massive stellar companion would not expand to become a supergiant star to initiate a
mass transfer episode after the formation of the first-born BH.
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Figure 6. View of two MESA grid slices, for two different values of initial binary mass ratio (q = 0.4 on the left, q = 0.9 on
the right), from our MESA grid of binary-star models consisting of two stars, initially at ZAMS. The different symbols
summarize the evolution of each of the models. We distinguish between models that experienced stable and no mass transfer
(squares), which reach the end of the life of the primary stars, and the ones that stopped during mass transfer due to dynamical
instability (diamonds). Different colors distinguish the evolutionary phase of the donor star during the latest episode of mass
transfer. We also indicate systems that were in initial Roche-lobe overflow (RLOF) at birth and those that stopped prematurely
for numerical reasons. Finally, we overlay with triangle markers binary systems of the POSYDON population synthesis model
that further evolve to merging BBHs distinguishing systems that later evolve through an additional stable mass transfer (SMT)
or common envelope (CE) according to the legend. The colors of these markers indicate the spin magnitude of the first-born
BH according to the colorbar. We see most of mildly spinning BHs to originate in the part of the parameter space of massive
primary stars and low initial orbital separations in the mass ratio slice q = 0.4.

14/14


	coversheet_article1
	299601
	References
	A No stellar wind model variation
	B The origin of spin in first-born black holes


