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A wealth of observational data challenging our theories 
of binary evolution and compact object formation
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Coalescing double compact objects

Ultraluminous X-ray sources

Long-duration Gamma-ray bursts

Most information is carried by the  
statistical properties of the whole population of sources

Observable properties are determined by the interplay of 
binary interaction & stellar interior physics



Binary population at ZAMS 
•  IMF           [5;100] Msun 
•  Flat q        [0;1] 
•  Flat log a  [1; 5] Rsun

•  Flat LogZ  [-2.30; 0.176] Zsun 
•  Thermal e [0; 1[ 
•  Rapid SN engine
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Current Generation 
Binary Population Synthesis Codes

BSE (Hurley et al. 2002)  
StarTrack (Belczynski et al. 2002, 2008) 
MOBSE (Giacobbo et al. 2018) 
BPASS (Eldridge et al. 2017) 
binary_c (Izzard et al. 2004, 2006, 2009) 
Brussels’ code (Vanbeveren et al. 1998)  
ComBinE (Kruckow et al. 2018) 
COMPAS (Stevenson t al. 2017)  
COSMIC (Breivik et al. 2020) 
SEVN (Spera et al. 2015) 
The Scenario Machine (Lipunov et al. 1996, 2009) 
SeBa (Portegies Zwart & Verbunt 1996, Toonen et al. 
2012)

Binary Population Synthesis
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Current Generation 
Binary Evolution Codes

BEC (Heger et al. 2000, Heger & Langer 2000)  
BINSTAR (Seiss et al. 2013) 
Cambridge STARS (Eldridge & Tout 2004) 
MESA (Paxton et al. 2013) 
TWIN (Nelson & Eggleton 2001,  
             Eggleton & Kiseleva-Eggleton 2002)
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What’s the difference? 

Binary population synthesis codes don’t self-consistently 
evolve each stars’ structure with the orbit. 

Binary Population Synthesis



Current-Generation Binary Population Synthesis 

Figure Credit: Floor Broekgaarden

Hurley’s SSE 
Code from 2000

Stellar properties of binary components are derived from fitting formulae or look up tables based on  
single, constant mass, non-rotating stars, at thermal equilibrium. 

Hurley et al.(2000)



Current-Generation Binary Population Synthesis 

This affects the: 
• assessment of mass-transfer stability 
• estimate of mass-transfer rate 
• structure of the pre-core-collapse stars  

and the resulting compact object 
• transport of angular momentum between 

and within the binary components 
• its effects on the structure of the star 

(e.g., rotational mixing)

Stellar properties of binary components are derived from fitting formulae or look up tables based on  
single, constant mass, non-rotating stars, at thermal equilibrium. 

Original star

Remove mass from a star 
M = 16 M⊙
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New  
star

Move between stellar models

This only works if mass transfer is slow enough! 

Why do we make these approximations? 

Rapid model takes ~10 ms to run,  
Detailed model takes ~1 day to run 
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Gallegos-Garcia (2021)



Detailed stellar structure and binary evolution models

Detailed stellar  structure and binary evolution models can alleviate  many of these  weaknesses  

104-106 times more computationally expensive — Usually target on a limited parameter space

Langer et al. (2020)
Misra et al (2020)

Du Buisson et al. (2020)

O/B-star—black hole binaries Ultralouminous X-ray sources with neutron-star accretors Chemically homogeneous evolution



POSYDON is a new framework for binary population 
synthesis studies that uses detailed stellar structure 

and binary evolution simulations (Fragos et al. 2022). 

The POSYDON  collaboration: Jeff Andrews, Simone Bavera, Christopher Berry, Scott 
Coughlin, Aaron Dotter, Tassos Fragos, Prabin Giri, Vicky Kalogera, Aggelos Katsaggelos, 
Konstantinos Kovlakas, Shamal Lalvani, Devina Misra, Philipp Shrivastava, Ying Qin, 
Jaime Román-Garza, Kyle Rocha, Juan Gabriel Serra Pérez, Petter Alexander Stahle, 
Meng Sung, Xu Teng, Goce Trajcevski, Zepei Xing, Manos Zapartas

The core developer team



• Following the detailed 
structure of both binary 
components 

• Taking into account stellar 
rotation (inc. rotational 
mixing) and tides 

• Includes detailed stellar 
structure profiles at key 
evolutionary stages 

• Modular and extendable 

• Use of Machine Learning 
to tackle computational 
challenges.

Fragos et al. (2022)

An overview of POSYDON

post-CE2 post-CC2pre-CC2onset of
RLO1

pre-CC1onset 
of CE1

onset of
RLO2

onset
of CE2post-CE1 post-CC1

ZAMS
binary

stellar 
merger

stellar 
merger

stellar 
merger

double
CO

double
CO

double
CO

double
CO

disrupted
binary

disrupted
binary

disrupted
binary

disrupted
binary

H-rich star+H-rich star

H-rich star+compact object

He-rich star+compact object

common envelope
evolution

core-collapse &
compact-object

formation 

detached-binary
evolution 

Pre-calculated grids On-the-fly calculations
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Single hydrogen- and helium-rich stars
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• Stellar winds 
Hot winds: Vink et al. 2001  
Cool winds: De Jager et al. 1988 
WR winds: Nugis & Lamers 2000 
Rotationally enhanced winds 

• Overshooting 
low-mass stars: fov=0.016 (Choi 
et al. 2016) 
high-mass stars: fov=0.0415 
(Brott et al. 2011)  

• MLT++ (Paxton et al. 2013) 

• Efficient angular momentum 
transport (Spruit 2002)  
(but single stars non-rotating!) 

• Interpolation between single 
stellar tracks using the EEP 
method (Dotter 2016) Fragos et al. (2022)



Single hydrogen- and helium-rich stars
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The POSYDON binary population synthesis code 23

Figure 15. The final specific angular momentum j1 = J1/M1 where J1 is the He-star AM and M1 its mass, at carbon depletion
for our grid of He-stars with CO companions. We only show j1 for systems where the non-degenerate star reached the end of
its life. Th grid slices are the same as shown in Figure 14.

port. Comparing Figure 14 and Figure 15, we find that
the He-stars with the highest specific angular momenta
are those with either short Porb or stable mass transfer.

The binary-star grid, composed of a He-rich star and
a CO companion, presented in this section closely agree
with those of Qin et al. (2018) and Bavera et al. (2020,
2021). In contrast to these previous works, the present
grid further expands the parameter space coverage to
lower He-star masses and to larger orbital periods.

6. GRID POST-PROCESSING

Each single- or binary-star evolution simulation pro-
duces a series of data files which must be parsed, an-
alyzed, and collated before we can use them within
POSYDON. Our process includes: (1) re-running any failed
simulations; (2) adding post-processed quantities to our
data grids; (3) a post-processing procedure used exclu-
sively on our single, H-rich and He-rich star grids, which
allows for an e�cient interpolation among tracks of dif-
ferent masses; (4) the downsampling of our grids to re-
duce data size; (5) classifying each model within our
grids based on the di↵erent resulting stellar and binary
types, and (6) fitting classifiers and interpolators over

the stellar and binary parameters in each grid. We de-
scribe the first 4 steps next, while the steps of classifi-
cation and interpolation are discussed in Section 7.

6.1. Re-running Failed Models

After having computed our grids of single- and binary-
star models, we first identify those runs that did not
reach our desired end point (c.f. Section 5.2). This can
happen for a variety of reasons, many of which we have
not yet been able to eliminate. For example, one source
of problematic runs appears to deal with stellar oscil-
lations; in certain cases, MESA tries to resolve short-
timescale evolution driven by the -mechanism, which
dramatically shortens the size of successive MESA steps.
We address this problem by re-running our failed binary
simulations with a maximum radiative opacity (max)
set to 0.5 cm2 g�1. This approximation reduces the fail-
ure rate of each binary grid from ' 10.9%, ' 8.0%, and
' 11.8%, for the binary-star grids composed of two H-
rich stars, a H-rich star with a CO companion at the
onset of RLO, and a He-rich star with a CO compan-
ion, respectively, to '0.8%, '0.9%, and '4.7%. The
di↵erences in the resulting evolutionary tracks with and

Three binary-star models

18 Fragos et al.

Figure 10. For the same grid slices shown in Figure 9, and only for systems where one of the two stars reached the end of its life,
we depict the final ratio of the angular velocity of the secondary star (the initially less massive) divided by its critical rotation
rate, (!s/!s,crit)2. In most cases where mass transfer occurred, the secondary star accreted mass and spun up, remaining highly
spinning until the end of the life of the initially more massive star.

diate orbital periods, the colors di↵erentiate the evolu-
tionary state of the donor when the latest mass transfer
phase was initiated, ranging from MS (blue) to post-MS
(tan), to stripped He-MS (brown). Stable mass transfer
causes the donor star to be almost completely stripped
of its H-rich envelope. In the latter case (brown) the
low-mass stripped donors initiate a second mass trans-
fer phase (Case BB mass-transfer) when they re-expand
(Delgado & Thomas 1981; Laplace et al. 2020).

Comparison between the two panels shows that the
mass ratio leads to a stark di↵erence in the mass-transfer
outcomes. Whereas nearly all systems with an initial
q = 0.7 result in stable mass transfer, the opposite is
true for our q = 0.3 systems. At the same time, some
features between the two mass ratios are similar: (i)
The boundary between interacting and non-interacting
systems seems to be insensitive to q (and therefore the
secondary’s mass). At the largest orbital periods, stars
do not expand far enough to overfill their Roche lobes.
At the largest masses, stars have extremely strong winds
that widen their orbits, simultaneously stripping the pri-
mary of its H-rich envelope, and these stars never ex-

pand enough to fill their Roche lobes. (ii) Systems with
initial Porb . 5 days tend to result in dynamically un-
stable mass transfer. (iii) There is a large region of bi-
naries with initial primary mass '40-50 M� that stably
overfill their Roche lobes as post-MS stars. These stars
achieve their mass transfer stability mainly due to their
strong stellar winds, which increases the mass ratio and
the orbit of the system until the moment of overflow.

We model, and keep track of, the properties of both
stars in the binary system throughout their evolution, as
well as their detailed internal structure at the end of the
models. In Figure 10 we show, for the same two mass-
ratio slices as in Figure 9, the final rotational rate of the
secondary (the initially less massive) stars for systems
that avoid dynamically unstable mass transfer. Each
marker’s color is set by how close each star’s rotation
rate is to its critical rate. Highly rotating secondary
stars have all experienced substantial mass and angular-
momentum accretion during their evolution. Many of
them have reached critical rotation ((!s/!s,crit)2 = 1)
early during mass transfer, at which point further mass
accretion becomes non-conservative (c.f. Section 4.2.2).

H-rich star—H-rich star H-rich star—Compact Object He-rich star—Compact Object

>150’000 binary tracks; >2M CPU hours; >2TB or raw data; non-convergence rate <2%   

Paxton et al. (2011, 2013, 2015, 2018, 2019)

● Differential rotation ● tidal interactions ● thermal-timescale mass-transfer  
● physically-motivated mass-transfer efficiency ● contact binaries  

● chemically homogeneous evolution ● POSYDON v1 only at Solar metallicity

Fragos et al. (2022)

The POSYDON binary population synthesis code 21

Figure 13. Same as Figure 12, but now the color of the symbols depict the maximum mass-transfer rate that occurred in the
evolution of each binary. A significant part of the parameter space leads to highly super-Eddington mass-transfer rates, albeit
in short-lived phases for most cases, and thus to the potential formation of ultra-luminous X-ray sources. Note that this peak
mass transfer rate refers to the rate the donor star is losing mass through RLO; accretion onto the accretor is limited to the
Eddington rate.

Figure 12 shows the relative changes in the accretor
masses in the same two slices in MCO as Figure 14. High
amounts of accretion mainly depends on two factors: a
su�ciently high-mass accretion rate and a long-lasting
RLO phase. In both panels, this happens for binaries
with short periods ' 1 day, and pre-RLO mass ratios in
the range q ⇠ 1–2 (defining q = MCO,i/M1,i). Despite
our assumption of Eddington-limited accretion, for these
binaries, stable accretion occurs for over a long time,
and in both cases the binaries transition to low-mass
X-ray binaries. These findings are in agreement with
earlier works by Podsiadlowski et al. (2003); Fragos &
McClintock (2015); Misra et al. (2020).

The high mass-transfer rates achieved by most initial
binary configurations are explicitly shown in Figure 13,
where each marker’s color corresponds to the peak mass-
transfer rate for each binary. Note these rates refer to
the mass being lost by the donor star due to RLO; ac-
cretion onto the accretor is still Eddington-limited. In
both panels, super-Eddington mass-transfer rates occur
in most binaries with higher peak mass-transfer rates

encounters in binaries with higher periods and larger
donor star masses. However, since the larger orbital
separation of these binaries implies the donors in these
systems would be more evolved at RLO onset, compared
with initially shorter-period binaries, these mass trans-
fer phases tend to be short-lived. Therefore, binaries
with short orbital periods (but not so short that they
overfill their Roche lobes initially) will lead to the most
accretion onto a CO.

5.7. Binaries consisting of a compact object and a

He-rich star

Our final grid of detailed binary-star simulations con-
sists of 39,480 models of He-rich stars with CO compan-
ions, where we vary the initial mass of the primary star
M1, the initial mass of the CO MCO, and the orbital
period Porb. We consider 40 values of initial primary
masses, ranging from M1 = 0.5 M� to M1 = 80 M� with
a logarithmic spacing of � log10(M1/M�) = 0.055 dex,
and 21 values of initial CO masses, ranging from MCO =
1 M� to MCO = 35.88 M� with a logarithmic spac-



H-rich star + H-rich star grid
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Figure 9. View of two grid slices, for two di↵erent values of initial binary mass ratio (q = 0.3 on the left, q = 0.7 on the
right), from our grid of binary-star models consisting of two H-rich stars, initially at ZAMS. The di↵erent symbols summarize
the evolution of each of the models. We distinguish between models that experienced stable or no mass transfer (squares),
reaching the end of the life of one of the stars, and the ones that stopped during mass transfer due to one of our conditions for
dynamical instability (diamonds). Di↵erent colors distinguish the evolutionary phase of the donor star during the latest episode
of mass transfer (or no RLO at all for grey). Small black dots at low initial periods depict systems that were in initial RLO at
birth and red diamonds represent the models that stopped prematurely for numerical reasons.

spacing of � log10(Porb/days) = 0.07 dex, in order to
explore all binary configurations ranging from close sys-
tems in initial RLO to wide systems that never exchange
any mass.

We simulate binaries by first separately initializing
two H-rich, single stars at ZAMS following the proce-
dure defined in Section 5.1. We then place those stars
in a binary with a second relaxation step, where we syn-
chronize their rotation periods with the orbital period.
As long as both stars in the binary are underfilling their
Roche lobes after this relaxation step, we start to evolve
the binary. Evolution continues until one of the termi-
nation conditions described in Section 5.2 occurs.

In Figure 9 we provide two two-dimensional slices of
this grid, where we show our simulation outcomes as a
function of M1 and Porb for fixed q values. In the left
panel we show one example of a mass ratio q = 0.3, and
on the right a more-equal mass q = 0.7 slice. Each point
in the panels represents a separate simulation from our
grid. Diamond markers represent models that termi-

nated in a CE, while square markers represent models
that terminated when one of the stars completed its evo-
lution (e.g., reached core C exhaustion). These are sys-
tems that experienced either only stable mass-transfer
episodes or no mass transfer at all, so their evolution can
be continuously modeled. At the bottom of each panel
we see systems that are born filling their Roche lobes
(black dots). These systems are assumed to merge, and
therefore never produce a viable binary. Finally, a small
fraction of systems never complete their evolution, pro-
ducing binary stellar models that at some point fail to
converge (red diamonds).

Separately, the color of each marker indicates that par-
ticular binary’s mass transfer history. Systems with suf-
ficiently close initial Porb tend to lead to contact phases
(orange) where both stars fill their Roche lobes simul-
taneously. Most, but not all, of these system end up
entering a CE phase. Su�ciently widely separated (or
very massive) systems never fill their Roche lobes, and
therefore never interact (gray markers). For interme-

• Mass-transfer efficiency 
Assume that accreted material 
carries the Keplerian specific 
angular momentum of the star’s 
surface (de Mink et al. 2009) 

• Tides - L/S coupling  
Consider both radiative and 
convective tides  

• Mass-transfer stability 
L2 overflow 
MT rate > 0.1Msun/yr 
Trapping radius > RL radius 

• Eddington limited accretion 

Fragos et al. (2022)
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Figure 10. For the same grid slices shown in Figure 9, and only for systems where one of the two stars reached the end of its life,
we depict the final ratio of the angular velocity of the secondary star (the initially less massive) divided by its critical rotation
rate, (!s/!s,crit)2. In most cases where mass transfer occurred, the secondary star accreted mass and spun up, remaining highly
spinning until the end of the life of the initially more massive star.

diate orbital periods, the colors di↵erentiate the evolu-
tionary state of the donor when the latest mass transfer
phase was initiated, ranging from MS (blue) to post-MS
(tan), to stripped He-MS (brown). Stable mass transfer
causes the donor star to be almost completely stripped
of its H-rich envelope. In the latter case (brown) the
low-mass stripped donors initiate a second mass trans-
fer phase (Case BB mass-transfer) when they re-expand
(Delgado & Thomas 1981; Laplace et al. 2020).

Comparison between the two panels shows that the
mass ratio leads to a stark di↵erence in the mass-transfer
outcomes. Whereas nearly all systems with an initial
q = 0.7 result in stable mass transfer, the opposite is
true for our q = 0.3 systems. At the same time, some
features between the two mass ratios are similar: (i)
The boundary between interacting and non-interacting
systems seems to be insensitive to q (and therefore the
secondary’s mass). At the largest orbital periods, stars
do not expand far enough to overfill their Roche lobes.
At the largest masses, stars have extremely strong winds
that widen their orbits, simultaneously stripping the pri-
mary of its H-rich envelope, and these stars never ex-

pand enough to fill their Roche lobes. (ii) Systems with
initial Porb . 5 days tend to result in dynamically un-
stable mass transfer. (iii) There is a large region of bi-
naries with initial primary mass '40-50 M� that stably
overfill their Roche lobes as post-MS stars. These stars
achieve their mass transfer stability mainly due to their
strong stellar winds, which increases the mass ratio and
the orbit of the system until the moment of overflow.

We model, and keep track of, the properties of both
stars in the binary system throughout their evolution, as
well as their detailed internal structure at the end of the
models. In Figure 10 we show, for the same two mass-
ratio slices as in Figure 9, the final rotational rate of the
secondary (the initially less massive) stars for systems
that avoid dynamically unstable mass transfer. Each
marker’s color is set by how close each star’s rotation
rate is to its critical rate. Highly rotating secondary
stars have all experienced substantial mass and angular-
momentum accretion during their evolution. Many of
them have reached critical rotation ((!s/!s,crit)2 = 1)
early during mass transfer, at which point further mass
accretion becomes non-conservative (c.f. Section 4.2.2).

Fragos et al. (2022)



H-rich star + Compact Object (at the onset of RLO) grid

• Mass-transfer efficiency 
Assume that accreted material 
carries the Keplerian specific 
angular momentum of the star’s 
surface (de Mink et al. 2009) 

• Tides - L/S coupling  
Consider both radiative and 
convective tides  

• Mass-transfer stability 
L2 overflow 
MT rate > 0.1Msun/yr 
Trapping radius > RL radius 

• Eddington limited accretion 
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Figure 11. View of two slices, for two di↵erent values of initial CO masses (MCO = 1.43M� on the left, MCO = 14.66M� on
the right), from our grid of binary-star models consisting of H-rich star and a CO at the onset of RLO. The di↵erent symbols
summarize the evolution of each of the models, as in Figure 9. Binaries that never initiated mass transfer are not shown here.

The right-hand panel shows that the companion’s rota-
tion rate is closely linked with M1, as companion stars
with lower mass primary stars also have lower masses
and therefore do not lose as much angular momentum
through their own stellar winds. This behavior is inde-
pendent of the assumed initial rotation of the stars.

We find a small subset of initially very close systems
in the bottom right corner (log10(M1/M�) > 1.75 and
log10(Porb/days) ' 0.5) that retain a significant rota-
tional rate even though they avoid mass transfer. In
binaries with such tight orbits, tidal forces between the
stars are su�ciently strong to keep them fast rotating,
despite their strong winds.

5.6. Binaries consisting of a compact object and a

hydrogen-rich star, at the onset of Roche-lobe

overflow

Our second grid of binary star simulations consists of a
H-rich star in a binary with a CO at the onset of RLO.
This grid consists of 25,200 binary evolution models,
where we vary the initial mass of the primary star M1,
the initial mass of the CO MCO, and the orbital period
Porb. We consider 40 values of initial primary masses,
ranging from M1 = 0.5 M� to M1 = 120 M� with a
logarithmic spacing of � log10(M1/M�) = 0.06 dex, and

21 values of initial CO masses, ranging from MCO =
1 M� to MCO = 35.88 M� with a logarithmic spacing
of � log10(MCO/M�) = 0.074 dex. Finally, we cover
30 values of initial orbital period, ranging from Porb =
1.26 days to Porb = 3162 days with a logarithmic spacing
of � log10(Porb/days) = 0.13 dex. Our choice of CO
mass range covers massive WD, NS, and BH accretors.

Our procedure in constructing this grid is di↵erent
from what was described in Section 5.5. We start each
of the simulations with binaries composed of a ZAMS
H-rich star and a CO, which in the MESA code is ap-
proximated by a point mass. Initially, and until each
of the binary models reach the onset of RLO, we ne-
glect orbital angular-momentum loss mechanisms, such
as tides, magnetic breaking and gravitational radiation,
while we artificially enforce the synchronization of the
non-degenerate star with the orbit at all times. We
do, however, allow for wind mass-loss from the non-
degenerate star, which also results to a widening of the
orbit. Once the onset of RLO is reached, we include
the e↵ects of all orbital angular-momentum loss mech-
anisms and discard the prior evolution of the system,
treating the onset of RLO as the e↵ective starting point
of our models. Furthermore, from that point onward,
we do not artificially enforce the synchronization of the

Fragos et al. (2022)
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Figure 12. Relative increase in the mass of the CO ((MCO,f � MCO,i)/MCO,i) due to accretion for systems where the non-
degenerate star reached the end of its life. The grid slices are the same as shown in Figure 11. Although accretion is Eddington-
limited, COs in binaries with pre-RLO mass ratios in the range q ⇠ 1–2 (defining q = MCO,i/M1,i) and short initial periods,
which will experience long-duration mass-transfer phases, manage to accrete a significant amount of mass.

non-degenerate star’s spin rotation with the orbit, but
we instead follow the tidal synchronization process self-
consistently, following the prescriptions described in Sec-
tion 4.1. Finally, binaries that never reach the onset of
RLO are not considered further; these detached bina-
ries are modeled separately as described in Section 8.1.
There, we also provide a full explanation of how we use
this binary-star grid, composed of a H-rich star and a
CO at the onset of RLO, within a larger infrastructure to
completely evolve binaries from ZAMS to double COs.

Figure 11 shows two slices of the grid with di↵erent
CO masses, MCO = 1.43 M� to represent a NS accre-
tor and MCO = 14.66 M� to represent a more-massive
BH accretor. The symbols depicted in Fig. 11 have the
same meaning as in Figure 9. Although our true initial
binary parameters are regularly spaced, M1 and Porb on
the axes shown in Figure 11 are the binary’s quantities
at the onset of RLO, the e↵ective starting point of the
models; therefore, the grid does not appear to be reg-
ularly spaced (strong winds exhibited by massive stars
tend to expand binary orbits prior to mass transfer).
We do not show those binaries that never interact (even

though we ran these simulations). As already seen in
the binary-star model grid composed of two H-rich stars
(Figure 9), binaries too widely separated will never over-
fill their Roche lobes, and binaries with massive H-rich
stars have winds too strong to expand into giant phases.
In this grid, Figure 11 shows an additional region of
white space at low mass (M . 1 M�) that occurs be-
cause these stars remain on the MS for the entirety of
the simulation, never expanding to fill their Roche lobes
within the age of the Universe.

Examining the stability of the mass-transfer phase,
Figure 11 shows that nearly every donor star accret-
ing onto a 14.66 M� BH does so stably, whereas only
the lower mass accretors (M .4.5 M�) do so for NS
accretors. This di↵erence is because the stability of a
mass transfer in a binary primarily depends on the mass
ratio, with a higher accretor mass allowing for higher
donor masses. Our findings, at least for the case of
NSs, are consistent with recent results from Misra et al.
(2020), who use the same criteria to define the onset of
L2 overflow leading to dynamical instability as done in
our work.

Fragos et al. (2022)
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Figure 13. Same as Figure 12, but now the color of the symbols depict the maximum mass-transfer rate that occurred in the
evolution of each binary. A significant part of the parameter space leads to highly super-Eddington mass-transfer rates, albeit
in short-lived phases for most cases, and thus to the potential formation of ultra-luminous X-ray sources. Note that this peak
mass transfer rate refers to the rate the donor star is losing mass through RLO; accretion onto the accretor is limited to the
Eddington rate.

Figure 12 shows the relative changes in the accretor
masses in the same two slices in MCO as Figure 14. High
amounts of accretion mainly depends on two factors: a
su�ciently high-mass accretion rate and a long-lasting
RLO phase. In both panels, this happens for binaries
with short periods ' 1 day, and pre-RLO mass ratios in
the range q ⇠ 1–2 (defining q = MCO,i/M1,i). Despite
our assumption of Eddington-limited accretion, for these
binaries, stable accretion occurs for over a long time,
and in both cases the binaries transition to low-mass
X-ray binaries. These findings are in agreement with
earlier works by Podsiadlowski et al. (2003); Fragos &
McClintock (2015); Misra et al. (2020).

The high mass-transfer rates achieved by most initial
binary configurations are explicitly shown in Figure 13,
where each marker’s color corresponds to the peak mass-
transfer rate for each binary. Note these rates refer to
the mass being lost by the donor star due to RLO; ac-
cretion onto the accretor is still Eddington-limited. In
both panels, super-Eddington mass-transfer rates occur
in most binaries with higher peak mass-transfer rates

encounters in binaries with higher periods and larger
donor star masses. However, since the larger orbital
separation of these binaries implies the donors in these
systems would be more evolved at RLO onset, compared
with initially shorter-period binaries, these mass trans-
fer phases tend to be short-lived. Therefore, binaries
with short orbital periods (but not so short that they
overfill their Roche lobes initially) will lead to the most
accretion onto a CO.

5.7. Binaries consisting of a compact object and a

He-rich star

Our final grid of detailed binary-star simulations con-
sists of 39,480 models of He-rich stars with CO compan-
ions, where we vary the initial mass of the primary star
M1, the initial mass of the CO MCO, and the orbital
period Porb. We consider 40 values of initial primary
masses, ranging from M1 = 0.5 M� to M1 = 80M� with
a logarithmic spacing of � log10(M1/M�) = 0.055 dex,
and 21 values of initial CO masses, ranging from MCO =
1 M� to MCO = 35.88 M� with a logarithmic spac-
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Figure 15. The final specific angular momentum j1 = J1/M1 where J1 is the He-star AM and M1 its mass, at carbon depletion
for our grid of He-stars with CO companions. We only show j1 for systems where the non-degenerate star reached the end of
its life. Th grid slices are the same as shown in Figure 14.

port. Comparing Figure 14 and Figure 15, we find that
the He-stars with the highest specific angular momenta
are those with either short Porb or stable mass transfer.

The binary-star grid, composed of a He-rich star and
a CO companion, presented in this section closely agree
with those of Qin et al. (2018) and Bavera et al. (2020,
2021). In contrast to these previous works, the present
grid further expands the parameter space coverage to
lower He-star masses and to larger orbital periods.

6. GRID POST-PROCESSING

Each single- or binary-star evolution simulation pro-
duces a series of data files which must be parsed, an-
alyzed, and collated before we can use them within
POSYDON. Our process includes: (1) re-running any failed
simulations; (2) adding post-processed quantities to our
data grids; (3) a post-processing procedure used exclu-
sively on our single, H-rich and He-rich star grids, which
allows for an e�cient interpolation among tracks of dif-
ferent masses; (4) the downsampling of our grids to re-
duce data size; (5) classifying each model within our
grids based on the di↵erent resulting stellar and binary
types, and (6) fitting classifiers and interpolators over

the stellar and binary parameters in each grid. We de-
scribe the first 4 steps next, while the steps of classifi-
cation and interpolation are discussed in Section 7.

6.1. Re-running Failed Models

After having computed our grids of single- and binary-
star models, we first identify those runs that did not
reach our desired end point (c.f. Section 5.2). This can
happen for a variety of reasons, many of which we have
not yet been able to eliminate. For example, one source
of problematic runs appears to deal with stellar oscil-
lations; in certain cases, MESA tries to resolve short-
timescale evolution driven by the -mechanism, which
dramatically shortens the size of successive MESA steps.
We address this problem by re-running our failed binary
simulations with a maximum radiative opacity (max)
set to 0.5 cm2 g�1. This approximation reduces the fail-
ure rate of each binary grid from ' 10.9%, ' 8.0%, and
' 11.8%, for the binary-star grids composed of two H-
rich stars, a H-rich star with a CO companion at the
onset of RLO, and a He-rich star with a CO compan-
ion, respectively, to '0.8%, '0.9%, and '4.7%. The
di↵erences in the resulting evolutionary tracks with and

Fragos et al. (2022)
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Figure 18. The evolution of a 37.6M� star with a 22.6M�
companion with an initial Porb of 6.82 days. We compare
the complete track provided by MESA (orange) comprised of
3412 steps to our downsampled track (black dots) containing
on 122 steps for the binary’s orbital period (top panel) and
each stars’ radius (bottom two panels). In this particular
case, the compression ratio is ⇠155, but the ratio varies from
star to star and depends on which parameters are accounted
for by the algorithm. The downsampling algorithm captures
even the rapid variations seen in the two stars’ radii between
4.8Myr and 5.3Myr (shown in the insets).

making it hard to inspect its performance through 2D
plots. The downsampled version of the track is able to
follow even the rapid oscillations occurring during the
late-stage evolution of this particular binary.

The choice of ✏ is a balance between data compression
and interpolation accuracy, a trade-o↵ we demonstrate
explicitly for our model grid composed of two H-rich

Figure 19. The accuracy (P90(r); top panel) and compres-
sion ratio (bottom panel) of our downsampling algorithm as
applied to the HMS–HMS binary grid, as a function of the
downsampling threshold. We compare the performance of
the algorithm when it is applied to all output columns in the
data (circle markers) or only a selected list of columns (⇥; see
excluded parameters annotated with an asterisk in Table 5
and Table 6). As the downsampling threshold ✏ increases
from 10�3 to 10�1, the compression ratio dramatically im-
proves, but at the cost of the accuracy (P90% represents the
average of the 90th percentile of the interpolation relative
errors across all runs and either all or selected parameters).
For our grids we use only selected columns with ✏ = 10�1,
which gives us a compression ratio of '26, while limiting
any errors that could be accrued from this process to within
a few per cent.

stars in Figure 19. For our grids in POSYDON, we set the
downsampling threshold to 0.1 and enforce it only for a
list of 22 columns from the simulation output (see ex-
cluded parameters annotated with an asterisk in Table 5,
Table 6, and Table 7). This results to a compression fac-
tor of ⇠26 with respect to original simulation data, but
still su�ciently high accuracy with respect to the orig-
inal grid. The final size of the three binary-star grids,
after downsampling, is ⇠ 5.5 GB.

7. OUR CLASSIFICATION AND INTERPOLATION
APPROACH
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Figure 19. The accuracy (P90(r); top panel) and compres-
sion ratio (bottom panel) of our downsampling algorithm as
applied to the HMS–HMS binary grid, as a function of the
downsampling threshold. We compare the performance of
the algorithm when it is applied to all output columns in the
data (circle markers) or only a selected list of columns (⇥; see
excluded parameters annotated with an asterisk in Table 5
and Table 6). As the downsampling threshold ✏ increases
from 10�3 to 10�1, the compression ratio dramatically im-
proves, but at the cost of the accuracy (P90% represents the
average of the 90th percentile of the interpolation relative
errors across all runs and either all or selected parameters).
For our grids we use only selected columns with ✏ = 10�1,
which gives us a compression ratio of '26, while limiting
any errors that could be accrued from this process to within
a few per cent.

stars in Figure 19. For our grids in POSYDON, we set the
downsampling threshold to 0.1 and enforce it only for a
list of 22 columns from the simulation output (see ex-
cluded parameters annotated with an asterisk in Table 5,
Table 6, and Table 7). This results to a compression fac-
tor of ⇠26 with respect to original simulation data, but
still su�ciently high accuracy with respect to the orig-
inal grid. The final size of the three binary-star grids,
after downsampling, is ⇠ 5.5 GB.

7. OUR CLASSIFICATION AND INTERPOLATION
APPROACH

• Calculate post processed 
quantities of final models 
e.g. λCE, compact object 
parameters, etc 

• Reduce model grids’ size 
by a factor of ~26 to ~5.5GB 
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Figure 21. Decision boundaries of the kNN classifiers for a single slice in each of the three grids as a function of the primary
star’s mass on the x-axis and the orbital period on the y-axis (the choice of q or MCO for each slice is indicated in each panel’s
title). Shaded gray regions overlaid onto class regions represent the confidence of the classifier in that region. Points on top of
the decision boundaries represent the validation data, where the edge color of each point shows the ground truth of the given
point, and the fill color shows the classifier’s prediction. Only in rare circumstances and only near classification boundaries does
our classifier make incorrect predictions for our validation set.

The choice of scaling for the inputs derives from the uni-
form nature of the input grid data. Although it is pos-
sible that we sampled our data in a non-optimal way,
in practice we find the best results occur when our data
scaling follows our grid sampling. In the case of the in-
terpolated quantities, standarization produces improved
metrics, particularly because it is less sensitive to out-
liers.

7.2. Classification of our Grids

Accurate classification is a critical aspect of the
POSYDON approach to evolving binary systems. There-
fore, we separate our binaries into four categories based
on their mass-transfer histories. The categories are: sta-
ble mass transfer, unstable mass transfer, binaries that
never interact, and those in RLO at ZAMS (Section 6.2).
In addition to using their mass-transfer history, we could
further segregate binaries into more refined classes; how-
ever, we find this to be currently unnecessary, and we
can accurately interpolate our binaries given these four
broad classes.

For each of our three binary-star grids, we generate a
classification object that determines which of the four
previously defined outcomes will be the result of a bi-
nary with any particular combination of two masses and
orbital period. In this first version of POSYDON we use
a k-nearest neighbors (kNN) classifier, a simple and ro-
bust classifier that achieves high precision in this task.

We use the Euclidean distance as distance metric for the
transformed input grid and weight each neighbor in the
neighborhood proportionally to their inverse distance.

We optimize the number of nearest neighbors we
use by applying a Monte-Carlo (MC) cross-validation
scheme and selecting the k that produces a higher bal-
anced accuracy (bACC). The bACC metric averages the
statistical recall for each class (recall is the number of
true positives divided by the combined number of true
positives and false negatives) to produce a metric that
accounts for any imbalances between classes.

Figure 20 shows the average cross-validation perfor-
mance for our three grids in terms of bACC as a function
of the number of neighbors in the kNN classifier starting
from k = 1 and highlights the location of the optimum.
We train our final classifier on our regularly spaced grids
using the optimal k, listed at the top of each panel in
Figure 20 and indicated by a vertical black line.

Figure 21 shows our classifier applied to one slice in
each of our three grids, with the colors indicating dif-
ferent regions. Overlaid grey contours, pronounced near
class boundaries, indicate classification uncertainty. We
ignore the no mass-transfer class for the grid of H-rich
stars with CO companions, as this grid only applies to
interacting binaries.

To evaluate the accuracy of our classifiers, we use the
validation data set associated with each of our three bi-
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Figure 22. Confusion matrices for each of our three binary grids. Each value at grid cell cij represents the fraction of binaries
that belong to class j (vertical axis) and were classified as class i (horizontal axis). Each row is normalized so that the sum of
each row is 1, and the color of each cell indicates the magnitude of the value in the cell. Accuracies are all above 90%, with the
exception of unstable mass transfer for the He-rich star with a CO companion.

nary grids. For each grid this validation set is comprised
of binaries randomly sampled with the same range and
scale, linear or logarithmic, as its training counterpart.
Each of the three validation sets contain 3000 samples
which roughly represent ⇠5–12% of the number of bi-
naries in the regular grid. By applying our classifiers to
the same initial values as those of our validation bina-
ries, we can evaluate the accuracy of our classifiers. In
Figure 21 our validation data is indicated by points (cor-
rectly classified) and crosses (incorrectly classified). It
is evident that incorrectly classified validation binaries
are very rare.

To evaluate the quantitative accuracy of our classifier,
we provide a confusion matrix for each of three grids
in Figure 22. Diagonal squares indicate the fraction of
systems that were correctly classified, while o↵-diagonal
squares indicate the fraction of incorrectly classified sys-
tems. The matrices are calculated such that each row
sums to unity. All classes in all grids have an accuracy
in excess of 90%, often much more so, except for unsta-
ble mass transfer for binaries with a He-rich star and a
CO companion. Examination of two slices of this grid
in Figure 15 shows that the unstable mass-transfer class
comprises a relatively small portion of the overall grid,
existing at small orbital periods, small CO masses and
large companion masses. Reliable classification of small
classes is di�cult, but improving our classification accu-
racy will be a focus of future e↵orts (see Section 11).

7.3. Interpolation of our Grids

Once classified based on their mass-transfer character-
istics we separately interpolate binaries falling into each
class for each of our three binary-star simulation grids.

We only interpolate quantities for three of our binary
classes, since those binaries overfilling their Roche lobe
at ZA(He)MS are dismissed.

We use an N -dimensional (where N is the number of
binaries) linear interpolation: the data is divided into a
set of N -simplices, tetrahedra in our three-dimensional
data, by means of a Delaunay triangulation (which is
not unique given the regular structure of our grids). The
interpolated value for a given point corresponds to the
value at the hyperplane that passes through the vertices
of the simplex which contains the point. The choice
of whether to apply a non-linear transformation on yi,
log yi depends directly on that magnitude. For each
output magnitude we select the optimal scaling via MC
cross-validation with x iterations and p% of test data
comparing the average relative error across iterations.
The final interpolator is trained using all binaries within
a particular class for each grid.

The linear interpolation method is not capable of ex-
trapolation: the value for any point which lies outside
the convex hull defined by the constructed Delaunay
triangulation will be undetermined. Although we are
not, in general, interested in interpolating outside the
training grid, there will be a small region between the
convex hull of the linear interpolation and the decision
boundary provided by the classifier where we still want
to obtain system properties. For this small sliver of pa-
rameter space, we adopt values of the nearest point in
parameter space of the same class. This is a problematic
region where the probability of belonging to the inter-
polable class will be low, expressing the uncertainty we
have about those binaries with the current resolution
of the grids. We are currently exploring a method of
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Figure 24. Interpolation scheme accuracy for ten selected parameters when applied to our grid of two H-rich stars, as calculated
using our set of validation binaries. We separate our sample by their di↵erent mass-transfer histories to independently evaluate
their individual accuracy. Median relative errors (er) indicated by the horizontal lines in each distribution are typically between
0.1% and 1% for the stable mass-transfer and unstable mass-transfer cases (top panel) and the no mass-transfer case (green;
bottom panel). Improving this accuracy will be a focus of future work.

Figure 25. The interpolation accuracy for the same 10 parameters as in Figure 24 for our grid of H-rich stars with a CO
companion. Since we never use the models from this grid that do not undergo RLO, we do not evaluate the no mass-transfer
binaries. In most cases, typical errors are 10% or better, but several of the distributions have tails extending towards larger er.

The accuracies provided in Figures 24, 25, and 26 all
refer to the data sets and associated interpolation ob-
jects provided in v1.0 of POSYDON. One could use the
POSYDON infrastructure to evolve larger numbers of bi-
naries than we have provided along with v1.0, which
would improve our interpolation accuracy. A focus on
regions where our interpolation methods are least accu-
rate would provide the largest benefit. Using a com-
bination of active-learning techniques, more complex
machine-learning algorithms, and much more computa-
tion time, we expect that future versions of POSYDON will

only exhibit substantially improved classification and in-
terpolation accuracies (see Section 11).

7.6. Limitations of our Approach

We note that there are a few limitations of our ap-
proach. First, it is worth noting that our approach first
classifies the binary’s type and subsequently performs
interpolation. The e↵ect of such a technique is that
by performing two optimization problems, the second of
which relies on the first, it is possible to propagate error
throughout the pipeline. Treating the entire problem as

Interpolation performance of 10 indicative quantities for the H-rich star + H-rich star grid 
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Compact-Object Formation

We retain  the stellar structure profile information at key evolutionary stages, including at  carbon exhaustion.    

Image credit: Batta et al. (2020)

Patton & Sukhbold (2020)

Fryer et al. (2012); Sukhbold et al (2016);  
Patton & Sukhbold (2020); Couch et al. (2020)

Mapping of structure to 
explodability parameters

Flexibility in the compact object 
formation prescription

Robust estimates of  
compact object spins

Bavera et al. (2020,2021a,2022a,2022b)

Zapartas et al. (2021)



Putting it all together to evolve a binary from ZAMS to double  compact object
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Figure 33. Example of the double compact object populations produced by POSYDON. Quantities shown are the final dis-
tributions, as the binary populations appear today. We separately indicate the parameters for NS–NS, BH–NS, and BH–BH
systems. Comparison with COSMIC (Fig. 3 from Breivik et al. 2020) shows morphological similarities, but important quantitative
di↵erences between the same binary CO populations.

similar initial conditions at solar metallicity. Overall we
find good agreement rea�rming that the code is produc-
ing reasonable results. In the left two panels, we show
distributions of the component compact object masses.
Our NS masses are in very close agreement with those of
Breivik et al. (2020), although the BHs we produce ex-
tend to larger masses. The reason is that current stellar
models with stellar structure and evolution parameters
calibrated to the latest observations (e.g., overshoorting,
etc) produce cores more massive compared to those in
the late-nineties models used in rapid BPS codes. The
third panel from the left shows the semi-latus rectum
of the population. Again, the distribution results are
qualitatively similar, with a preference for NS–NS sys-
tems at smaller a(1� e2), and NN–BH and BH–BH sys-
tems having larger a(1 � e2). Finally, the rightmost
panel of Figure 33 shows an increasing formation time
(from ZAMS to the second SN) as we move from BH–
BH to NS–BH to NS–NS systems. This is expected since
BHs tend to form from more massive systems that com-
plete their evolution more quickly. We note that our
binary CO populations appear morphologically similar
to those produced by COSMIC and described in Breivik
et al. (2020). We will undertake detailed descriptions of
the specific binary populations of interest to separate,
science studies.

11. SUMMARY AND FUTURE WORK

Here we present POSYDON, a new, next-generation ,
computational tool for general population synthesis of
single and binary stars. POSYDON incorporates full stel-
lar structure and evolution sequences for interacting bi-
naries, using the MESA code. Compared to other ex-
isting, binary population synthesis code there are sig-
nificant advances: (i) binary evolution is treated self-
consistently without analytical fits of single-star evolu-

tionary tracks and the need for simplified or artificial
recipes to emulate the behavior of stars in interacting
binaries; (ii) initial-final classification and interpolation
methods trained on the pre-calculated grids of binary
evolution models, allowing general synthetic simulations
of binary populations. The code base along with the
existing evolutionary-track grids and example popula-
tion synthesis results will become available7 through the
POSYDON collaboration’s web portal (posydon.org) along
with full documentation and tutorials for how to use
the code. An advanced query system will also be avail-
able for users to be able to search synthetic populations
for sub-populations of interest and download relevant
data using pre-programmed and customized queries (see
e.g., Teng et al. 2021a,b). Compared to current rapid
population synthesis codes POSYDON has a smaller set
of free parameters, for many of which there are already
multiple options for the user to choose from. The code
structure is modular and an advanced user is able to im-
plement their own choices of evolutionary choices; from
as simple as changing the initial properties of the bina-
ries to as complex as incorporating their own custom-
made evolutionary-track grids. In this first instrument
POSYDON paper we describe in detail the first version of
the code, but technical and astrophysical advancements
are planned for the near and long-term future.

Our focus on the technical front is on classification and
interpolation methods. Our current process of first clas-
sifying the grids and then performing interpolation can
lead to errors propagating throughout the pipeline. In-
stead these two could be combined into a joint treatment
to reduce errors, making additional use of covariances

7 upon publication of the paper

Example population of 106 binaries, looking  at the formation of binary compact objects.

Computational cost ~1s   per binary, infrastructure to use in HPC environment, parallelization with MPI, 
output in PANDAS data frames using HDF5 files.

Fragos et al. (2022)
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3.1. Core-collapse parameters

3.1.1. Effect of changing the core-collapse prescriptions

3.1.2. Effect of changing the supernova kick normalization

Fig. 1: E↵ect of changing the supernova kick normalization.

Fig. 2: E↵ect of changing the supernova kick normalization.

As mentioned, we investigate the e↵ect of using three dif-
ferent normalizations for the kicks received by the binary after
BH formation. Based on these prescriptions, we can disrupt/save
binaries and this will be reflected in the observed XLFs. In the
default population with kM-1, the kicks experienced by the bi-
nary decrease with increasing BH mass, implying that low mass
BH still get considerable kicks. In the case of kFBK, the BHs
(by definition) receive no kicks. From the three prescriptions
the strongest BH kicks are for k265, as we do not normalize
them. Figure 1, shows a comparison of these three normaliza-
tions. With increasing kick velocities, the slope below X-ray lu-
minosity 1038 erg s�1 decreases. Figure 2 shows the three XLFs
further split into the type of XRB (wind or RLO). First striking
di↵erent is the much lower number of wind BH–H-rich binaries

Fig. 3: E↵ect of changing the supernova kick normalization.

Fig. 4: E↵ect of changing the supernova kick normalization.

for k265. The reason for this can be understood by looking at
the orbital period distribution at the end of the first SN forming
a BH.

Figure 3 shows the distribution of the orbital periods for the
three kick normalization prescriptions after the SN. For kM-1,
low-mass BHs will receive a small kick proportional to their
weight which will disrupt some of the binaries at large orbits
(& 100 days in Figure 3) that were surviving in the case of kFBK.
The e↵ect of high kicks disrupting binaries at larger orbits is
even more pronounced for k265, where most binaries above pe-
riods of 100 days are disrupted (in addition to an overall less
number of surviving binaries). The absence of wider orbits leads
to a less number of wind XRBs which a↵ects the low-luminosity
slope of our XLF. This argument also explains the higher num-
ber of wind XRBs for kFBK than those for kM-1.

Looking at Figure 3 again, the kick prescription of kM-1
causes more binaries to survive the SN kick than kFBK and k265
at orbital periods less than 100 days, despite imparting higher
kicks for some BH binaries than kFBK (that imparts none). The
reason for this is the eccentricity imparted on the surviving bi-
naries by the supernova kicks (Figure 4 showing the distribution
of the eccentricities of the binaries surviving SN). The surviving
binaries in kM-1 and k265 have increased eccentricities (since
they received kicks larger than kFBK) which lead to tight cir-
cular orbits once RLO begins at the periastron. This causes the
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The BH spin versus mass are shown in Figure 8. As
expected, for channel I, most of the BHs have nearly zero
spin. Some binaries with BHs > 10 M� have non-zero
spins, which correspond to the initially close binaries.
For these binaries, the primaries are tidally spun up as
helium stars before SN due to short orbital periods. Bi-
naries from channel II have shorter initial orbital period
generally than that from channel II, as a result, there are
more BHs with non-zero spins. However, either channels
will produce BHs with spins larger than ⇠ 0.2.
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Figure 30. The CO state for the q = 0.7 grid slice of HMS–HMS MESA simulations in the initial primary mass–orbital period
plane. We distinguish between the COs: white dwarf (WD), neutron star (NS) and black hole (BH) according to the legend.
Models that did not reach the end of the stellar evolution are indicated in black. The two panels compare the Fryer et al. (2012)
delayed core-collapse mechanism (left) with the outcome of Patton & Sukhbold (2020) N20 core-collapse engine (right).

from failed explosions which result in a direct collapse.
Finally, for the Patton & Sukhbold (2020) prescription,
we have implemented the same SN engine options as for
(Sukhbold et al. 2016) with N20 as our default option,
using the updated calibration from Ertl et al. (2020).

In Figure 30, we show a comparison between the final
CO state for the same grid slice as Figure 29, as pre-
dicted by Fryer et al. (2012) delayed prescription com-
pared and the Patton & Sukhbold (2020) prescription,
based on the N20 engine. The di↵erences between our
choice of SN prescription are slight, but noticable when
focusing on the NS/BH boundary. The Fryer et al.
(2012) delayed prescription produces BHs for somewhat
less massive stars, while the Patton & Sukhbold (2020)
prescription shows a more variable boundary between
NSs and BHs.

In both Sukhbold et al. (2016) and Patton & Sukhbold
(2020) prescriptions we assume fallback fractions of
ffb = 1 for BHs and ffb = 0 for NSs. For Fryer et al.
(2012) prescriptions the fallback fractions are computed
explicitly, with the exception of NS ECSN where we as-
sume ffb = 0.

8.3.3. CO gravitational mass

To convert the remnant baryonic mass to gravitational
mass, we use the prescription by Zevin et al. (2020),

which is an updated version of the one by Lattimer
& Yahil (1989) based on the neutrino observations of
SN 1987A. This new conversion caps the maximum neu-
trino mass loss to 0.5 M� (C. Fryer, private communi-
cation) and removes any artificial discontinuity in the
mass spectrum between NS and BH formation (in the
case of direct collapse or the Fryer et al. (2012) delayed
mechanism) as

Mgrav =

8
>>>><

>>>>:

20

3

✓r
1 + 0.3

Mrembar

M�
� 1

◆
M�,

Mrembar � Mgrav < 0.5 M�

Mrembar � 0.5M� otherwise.

(35)
If Mgrav < 2.5 M� we classify the CO as a NS other-
wise as a BH. There is a large uncertainty in the ex-
act maximum NS mass and this range spans 2.0–2.7 M�
(Lattimer & Prakash 2010; Margalit & Metzger 2017;
Rezzolla et al. 2018; Ai et al. 2020; Shao et al. 2020;
Lim et al. 2021; Miller et al. 2021; Raaijmakers et al.
2021). In POSYDON, the maximum neutron star mass is
set to Mmax

NS = 2.5 M� (see discussion in Abbott et al.
2020b, and references therein).

In the left panel of Figure 31, we show the grav-
itational mass of the CO as predicted by Patton &

Zapartas et al. (in prep.)
Xing et al. (in prep.)

Misra et al. (in prep.)



• Use the extensive single and 
binary star  grids of simulations 

• Infrastructure for creating, post 
processing, and visualizing large 
grids of simulations. 

• Data-driven tools for simulation 
grid classification and 
interpolation.  

• Use POSYDON for to model a 
specific evolutionary phase 

• Combine POSYDON with other 
model grids or codes

Long-Gamma-ray bursts Binary black holes Black hole - Neutron star 
binaries

Bavera et al. (2022a)
Bavera et al. (2021) Roman-Garza et al. (2021)

Breivik et al. 2020

POSYDON is modular!



POSYDON is a community tool

Public  release in spring  2022

● Code ● single & binary star grids ● simulation results  
● documentation ● web-POSYDON ● mineable database with all data products

Stay tuned at  https://posydon.org


