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Abstract

Subdwarf B stars are a well-known class of hot, low-mass stars thought to be formed through interactions in stellar binary systems. While
different formation channels for subdwarf B stars have been studied through a binary population synthesis approach, it has also become
evident that the characteristics of the found populations depend on the initial set of assumptions that describe the sometimes poorly con-
strained physical processes, such as common envelope episodes or angular momentum loss during mass transfer events. In this work we
present a parameter study of subdwarf B populations, including a novel analytic prescription that approximates the evolution of subdwarf
B stars with hydrogen-rich outer shells, an element previously overlooked in rapid binary population synthesis. We find that all studied
parameters strongly impact the properties of the population, with the possibility of igniting helium below the expected core-mass value near
the tip of the red giant branch strongly affecting the total number of subdwarf B candidates. Critically, our newly proposed prescription for
the evolution of subdwarf B stars with hydrogen-shells helps to reconcile theoretical predictions of surface gravity and effective temperature
with observational results. Our prescription is useful in the context of rapid binary population synthesis studies and can be applied to other
rapid binary population synthesis codes’ output.
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1. Introduction Around one-third of sdBs in the observational sample have
short orbital periods (Pelisoli et al. 2020) and, within this group,
there are many sdB + white dwarf (WD) systems which are
thought to lead to energetic transient phenomena such as dou-
ble detonation type Ia supernovae (see e.g. Nomoto 1982; Livne
1990; Woosley & Weaver 1994; Neunteufel, Yoon, & Langer 2016
for details, or Kupfer et al. 2022 for a recently proposed double-
detonation progenitor) or AM CVn systems (e.g. Savonije, de
Kool, & van den Heuvel 1986; Iben & Tutukov 1987; Bauer
& Kupfer 2021), when helium-rich material is transferred from
the sdB onto the WD. Another important consequence of these
small orbits is that such short periods might produce gravitational
waves detectable by the upcoming Laser Interferometer Space
Antenna (LISA, Amaro-Seoane et al. 2023), an example of which
is CD-30°11223 (Geier et al. 2013; Kupfer et al. 2018).

The importance of sdBs in the context of binary evolution
is therefore clear, but it should be noted that their relevance
extends further. For example, they have been used in studies of
the observed UV upturn of elliptical galaxies (e.g. Brown 2004)
and old stellar populations, as well as in the context of asteroseis-
mological studies owing to the different modes in which they have
been observed to pulsate (e.g. Reed et al. 2021). In a similar vein
of variable star research, sdBs have also been proposed as potential
progenitors of the recently discovered blue large-amplitude pul-
sator (BLAP) class of pulsating stars (Pietrukowicz etal. 2017),
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Subdwarf B stars (hereafter sdB) are understood as low-mass stars
in late stages of evolution, stripped of most of their hydrogen-rich
envelope and stably burning helium in their cores while located
at the hot end of the horizontal branch of the Hertzsprung-Russell
diagram (the so-called extreme horizontal branch). They were first
defined by Sargent & Searle (1968) and an overview of their prop-
erties can be found in the recent review by Heber (2016). Although
formation scenarios from single stellar evolution have been pro-
posed for sdBs (such as the hot flasher case, see D’Cruz et al. 1996),
binary evolution provides the most widely accepted formation
channels. This is supported by the large fraction of observed sdBs
that are members of a binary system (see e.g. Maxted et al. 2001;
Stark & Wade 2003; Pelisoli et al. 2020, and references therein),
and by how binary interactions can explain the method through
which a star is capable of losing a large fraction of its outer
hydrogen-rich layers. Additionally, the existence of single sdBs
does not contradict the binary-related formation channels, since
single sdBs can also be explained through binary evolution, due to
the merger of two helium white dwarfs (He WDs, see i.e. Tutukov
et al. 1985). For more discussion about the formation channels, see
(Han et al. 2002, 2003, abbreviated as H02 and HO3 throughout the

paper).
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All of these elements imply that there is a need for a better
understanding of the formation and evolution of sdB systems. For
this purpose, binary population synthesis (BPS) has been histori-
cally used as a statistical tool to study sdB formation channels (e.g.
Han et al. 2003; Nelemans 2010; Clausen et al. 2012; Chen et al.
2013), finding general agreement with observed properties such as
the orbital period and mass distribution of the current day popu-
lation. Despite this, rapid BPS by design requires a large number
of parametrisable quantities, making it difficult to set a unique
set of input physics that can accurately reproduce the observa-
tional results (but see Toonen etal. 2014, for a BPS parameter
study applied to double WD systems). Instead, it is possible to
get an idea of what parameters play a greater role on recovering
observed properties of a given population, and also what elements
are present in the final populations in multiple different configu-
rations, hinting at a higher likelihood of their occurrence in real
populations.

In this paper, we use the rapid BPS code Compact Object
Mergers: Population Astrophysics and Statistics (compas, Team
COMPAS: Riley etal. 2022) and results from Modules for
Experiments in Stellar Astrophysics (MESA, Paxton etal. 2011,
2013, 2015, 2018, 2019) to explore the impact of varying the ini-
tial parameters when studying sdBs through binary population
synthesis, as well as the effects that these parameters have on the
proposed sdB formation channels from binary star evolution.

Section 2 contains the description of the method and software
used in our work, particularly details about our BPS approach
and parameter variation in Section 2.1, as well as relevant meth-
ods related to detailed stellar models in Section 2.2. The results
are then shown in Section 3, which is organised as follows: the
effects of varying parameters in Section 3.1, the sdB-formation
channels in Section 3.2, and a comparison to similar studies avail-
able in the literature in Section 3.3. We provide our summary and
conclusions in Section 4.

2. Method, software and input physics

2.1. Binary population synthesis

To create our binary populations we use COMPAS v02.50.00 (Team
COMPAS: Riley et al. 2022), an open source rapid BPS software
capable of generating populations of stellar binary systems under a
set of parameterised prescriptions that describe the evolution and
interaction of their components. Similar to other BPS codes such
as BSE (Hurley, Tout, & Pols 2002), STARTRACK (Belczynski et al.
2008), BINARY_C (Izzard et al. 2004), SEBA (Toonen, Nelemans, &
Portegies Zwart 2012) or COSMIC (Breivik et al. 2020), COMPAS is
capable of quickly evolving millions of stellar binary systems in a
few CPU hours thanks to its efficient code and simplified prescrip-
tions, allowing statistical studies and tests of the selected physical
configuration at the expense of detailed physics like what is done
through 1D stellar evolution models produced by software such as
MESA, or hydro-dynamical codes (e.g. Price et al. 2018). We also
highlight that, so far, COMPAS has been mostly used to study com-
pact objects: remnants resulting in neutron stars or black holes
(e.g. Broekgaarden et al. 2022; Stevenson & Clarke 2022; Wagg
et al. 2022). Here we study sdBs (which have masses below 1~Mg,
typically around 0.5~My,), effectively using COMPAS to study low-
mass non-compact remnants for the first time. Our results will
thus set the stage for future COMPAS research involving stars and
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Table 1. Set of parameters used to construct our different com-
PAS population synthesis realisations. A single value (third col-
umn) implies that the property was changed from its default value
(defined in Riley et al. 2022), but kept fixed on all our runs.

Parameter Section Values (Unit)*
Random seed 2.1.1 15
Maximum evolution time 2.1.1 13700 (Myr)
Minimum initial mass 2.1.1 0.08 (Mg)
Maximum initial mass 2.1.1 150 (Mg)

o 2.1.2 0.2,1.0,1.5

z 2.1.3 0.0012, 0.0142%,0.03
MacLeod linear fraction 2.1.4 0.0,0.5,1.0
Mass transfer efficiency 2.1.4 0.0,0.5,1.0
Mass transfer stability 2.1.5 ¢, GE204

20nly when applicable.

bDefault (solar) value in compas, following Asplund et al. (2009).

€e.g. Soberman et al. (1997) or Woods et al. (2012) for a more recent analysis.
dCritical mass ratios as in Ge et al. (2020), under the adiabatic assumption.

Table 2. Summary of the Hurley, Pols, & Tout (2000) stellar types. For simplicity,
we use the abbreviations through the text and figures.

Type  Abbreviation  Meaning

0 MS<0.7 Main sequence star, mass equal or lower than 0.7~M,

1 MS> 0.7 Main sequence star, mass higher than 0.7~Mg

2 HG Star crossing the Hertzsprung gap

3 FGB First giant branch star

4 CHeB Core helium burning star

5 EAGB Early asymptotic giant branch star

6 TPAGB Star in the thermally pulsing stage of the
asymptotic giant branch

7 HeMS Helium main sequence star

8 HeHG Star crossing the helium Hertzsprung gap

9 HeGB Helium giant branch star

10 HeWD Helium white dwarf

11 COWD Carbon-oxygen white dwarf

12 ONeWD Oxygen-neon white dwarf

13 NS Neutron star

14 BH Black hole

15 MR Massless remnant

their products at the low- and intermediate-mass end of the initial
mass function.

To analyse the different sdB formation pathways, similar to
what has been done in previous studies (e.g. HO3; Clausen et al.
2012), we perform a parameter study and we use a total of 162
different combinations of parameters (see Appendix A for details
of each). Most configurable parameters in COMPAS have not been
modified, except for those directly specified in Table 1. All of the
parameters included in this table are discussed in the following
sections.

Our sample of sdB candidates is built by collecting stars flagged
as type 7 at any given time during their evolution, that is, they have
gone through the naked helium main sequence (HeMS) as per the
COMPAS notation for stellar types (see Table 2 for the definition of
each stellar type, inherited from Hurley et al. 2000). On top of that,
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Figure 1. Kiel diagram for a sample of known sdBs, where blue circles correspond to
Culpan et al. (2022) and orange triangles to Lei et al. (2023). Their reported uncertain-
ties are shown as light grey lines. The box delimited by black solid lines corresponds
to the selection criteria chosen as our definition of sdB candidates from the compas
sample and is explicitly defined in Section 2.1.

we also require our sample to match or be approximately equal to
the observational results (as seen in Fig. 1), effectively imposing
a restriction on the size and temperature of each candidate. This
criterion is enforced by selecting HeMS stars that cross the area in
the Kiel diagram delimited by the following equations:

logg=6log T —20.4, (1)
logg==6log T —22.4, (2)
logg=—3.4log T +21.38, 3)
logg=—3.4log T+ 19.3, (4)

where T is the effective temperature (in Kelvins) and g surface
gravity (in cm s™2) of a given star. This has been defined by visual
inspection of the Culpan et al. (2022) observational sdB sample,
and further checked against the Lei et al. (2023) sdB catalog as seen
in Fig. 1. Note that this method allows for the existence of stars
that are not necessarily born, or stay during their entire lifetimes,
as our observational definition of sdB candidates.

We also select some candidates from stars flagged as type 10
(helium white dwarfs, HeWD), only when we want to analyse the
impact of allowing helium ignition in HeWDs with masses within
5% or 3% of the expected core mass the progenitor would have
attained at the tip of the red giant branch (RGB, used as a synonym
of FGB defined in Table 2), owing to the results of D’Cruz et al.
(1996), HO2 and Clausen et al. (2012). These stars are then evolved
as HeMS stars during post processing, and follow the same selec-
tion criteria based on observational constraints as HeMS stars do.

A final important consideration is that within our candidates
we do not include systems that merge right after a mass trans-
fer event, nor do we track the evolution of the companions. This
last element is a consequence of our post-processing approach
to the evolution of the sdB candidates, as will be explained in
Section 2.2.1.

2.1.1. Initial parameters

Both initial masses and orbital configuration (orbital periods
and eccentricities) for all our systems are sampled following the
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correlated distributions presented in Moe & Di Stefano (2017).
This process is implemented in the sampleMoeDiStefano.py
script distributed as part of the pre-processing tools in COMPAS.
The only parameter that we have customised in this script is the
mass range, which we have set to 0.08-150 M, for the initial mass
of the primary star to allow all possible progenitors: non-zero
accretion efficiency allows low-mass stars to evolve faster (even-
tually becoming sdB candidates) as a consequence of an accretion
episode, while setting a rather high upper mass limit allows for a
higher chance of sampling massive primaries. About 1 000 000 stel-
lar systems are produced, though this also includes single stars that
are not evolved by COMPAS when using its binary population syn-
thesis mode. After removing these, our binary population consists
of ~284 000 systems, which will be evolved using the 162 different
configurations previously mentioned.

2.1.2. Common envelope

The COMPAS code adopts the energy formalism for common enve-
lope (CE, Webbink 1984; de Kool 1990), which requires setting the
« and X parameters as indicated by the equations

Epinda = o AEqy, (5)
GMM_py
Eping = — T) (6)

where Eling is the gravitational binding energy of the envelope,
a is an efficiency parameter that specifies the fraction of orbital
energy used to remove the CE, AE,;, corresponds to the change in
orbital energy due to the CE phase, and A is a structure parameter
that represents the relationship of the binding energy of the stel-
lar envelope and the location of its inner boundary, as well as the
sources of energy considered for its removal (for a recent review
on numerical techniques relevant for CE evolution, see Ropke &
De Marco 2023).

For A we use the default configuration in COMPAS, i.e. the Xu
& Li (20104, b) prescription implemented through fitting formulae
to results of detailed stellar models, considering the full contribu-
tion of internal energy (Team COMPAS: Riley et al. 2022). In the
case of o we explore the set of values presented in Table 1, as the
current constraints on envelope removal efficiency are poor (De
Marco et al. 2011), and therefore it is useful to explore different
possible values. Zorotovic et al. (2010) point towards ocg ~ 0.2,
while we also consider full efficiency (¢ =1) and the possible
contribution of additional energy sources with & =1.5 (see e.g.
Ivanova, Justham, & Ricker 2020).

2.1.3. Metallicity

The importance of metallicity in the formation of sdBs can be
understood from a few different angles. First, changes on metal-
licity modify the initial mass — core mass relation close to the tip
of the RGB (see e.g. Cassisi, Salaris, & Pietrinferni 2016), affect-
ing the observed sdB mass distribution by changing the core mass
value near the tip of the RGB. This core mass is the one that
directly sets the mass of a given sdB, as it represents most of what
remains of the progenitor star after removing its outer layers. It
must be noted that other parameters such as the overshooting
prescription might play an important role in setting the initial
mass — core mass relation as well (e.g. Arancibia-Rojas et al. 2024,
and references therein). Next, the mass limit for the ignition of
helium in a flash (MHeF) is also affected by changes on metallic-
ity. Sweigart & Gross (1978) show that the critical mass threshold
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for a helium flash to occur is lowered with decreasing metallicity.
This affects the initial mass and proprieties of the newly born sdB,
particularly in the context of rapid BPS codes that have inherited
the Hurley et al. (2000) methods where the evolution of a HeMS
star (used as an sdB proxy) depends solely on its initial mass.
Note that while the critical mass is reduced, the core mass near
the tip of the RGB for a given zero age main sequence (ZAMS)
value is increased. Finally, the size of the progenitor (the donor)
impacts the likelihood of Roche Lobe Overflow (RLOF) and there-
fore mass transfer, as well as its stability (e.g. Chen et al. 2013; Vos,
Bobrick, & Vuckovi¢ 2020). The role played by metallicity is rele-
vant, though the growth of the stellar radius during the RGB phase
is still a topic of discussion (e.g. Renzini 2023).

To explore its effects on the final sdB yields, our BPS realisa-
tions include three different metallicities, namely sub-solar, solar,
and super-solar. The specific values were chosen considering both
COMPAS limits and the study of long period sdBs in Vos etal.
(2020), which considers the different structural components of the
Galaxy. Their metallicities are shown as iron abundance relative
to hydrogen (i.e. [Fe/H]) and are closer to a continuous distribu-
tion, while we use a discrete set of 3 values (see Table 1) and relate
[Fe/H] to nominal Z input values for COMPAS. This was done by
using a simplified approach (e.g. Equation 9 in Bertelli et al. 1994,
assuming that X ~ Xg):

[Fe/H] ~log Z/Z, (7)

which approximately transforms the range —1.08 < [Fe/H] < 0.4
covered in table 1 of Vos etal. (2020) to 0.0012 < Z < 0.036, by
assuming Zg = 0.0142 (Asplund et al. 2009) as implemented in
COMPAS (Team COMPAS: Riley et al. 2022). The final values that
we use consider these results (limited by the maximum/minimum
allowed metallicity value in COMPAS), as well as solar metallicity.
We have ignored the metallicity value related to the halo compo-
nent, as it does not seem to play a critical role for the Galactic sdB
population (consider its mass fraction in table 1 of Vos et al. 2020).

2.1.4. Orbital angular momentum loss and mass transfer
efficiency

We assume that the specific angular momentum carried away by
any amount of mass being lost from the system is a fraction of the
total specific angular momentum, represented by

J
hlost—ymx (8)
= MM Gu(l—ez) ©)
TN M+ My

with Ay, the specific angular momentum being lost, J the total
orbital angular momentum of the system, G the gravitational con-
stant, a the semi-major axis, e the eccentricity and M, is the mass
of the donor (d) or accretor (a). Note that e can be taken as 0
here, since COMPAS circularises orbits right before mass transfer
events (a common practice in rapid BPS codes). y represents a
coefficient that specifies the fraction of specific angular momen-
tum being lost, and it depends on the position at which mass is
being lost from the system. This can be expressed as

hlost = alzostwa (10)
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2 G (M, + My)
n=—=,/—-
P a’

where w is the orbital frequency and P its orbital period. All

other elements are the same as in Equation (9). Then, by com-

bining Equations (8), (9) and (10) we can find an expression for y.
(Ma + Md)z

Explicitly,
)= (alost )2
a /) MM1—é’

which shows the dependence on where mass is being lost from (by
setting the appropriate ajos value).

This framework has been implemented within the
MACLEOD_LINEAR prescription in COMPAS (Willcox etal
2023), where instead of setting ajosx We can set the linear vari-
able -mass-transfer-jloss-macleod-linear-fraction®
(MLF; MacLeod Linear Fraction) with values between 0 and 1,
corresponding to aghj € [@acc; L2] (the position of the accretor
and the second Lagrangian point, respectively). We choose 3
different configurations: mass is lost from the accretor (usually
called isotropic re-emission), from the middle point between the
accretor and L2, or from L2.

As for the case of mass transfer, we use a fixed mass accretion
efficiency, with possible fractional values B corresponding to 0,
0.5, 1. Explicitly:

(11)

(12)

My=—pM,, (13)

with M the mass change rate (sub-indices are the same as in pre-
vious equations). The chosen values cover both extreme cases, full
and no accretion; as well as an intermediate scenario.

The final effect on the orbit’s semi-major axis can be found by
taking the time derivative of Equation (9), coupled with Equations
(12) and (13) to simplify the resulting expression. This yields

a 2Md 1 pMa 05) M (14)
o= Md[ ﬂMu 1=p) (v +0. )Md—I—MJ’
where we can see that the change in the orbit’s semi-major axis
during a mass transfer event depends on the masses of the com-
ponents, the donor’s mass change rate, the accretion efficiency (8)
and the location at which mass is being lost from the system (y).®

We also remark that even though we have focused in the effects
of mass transfer accretion efficiency on orbital evolution, a non-
zero value would result in mass gain for the accretor, which in turn
has its evolution modified. See Hurley et al. (2000) and Riley et al.
(2022) for details.

2.1.5. Mass transfer stability

Once a star overflows its Roche lobe, whether the ensuing mass
transfer is dynamically stable or not (leading to a CE event) is con-
sidered to depend on the response of both its radius and Roche
lobe radius to mass loss (Paczynski & Sienkiewicz 1972; Hjellming
& Webbink 1987; Soberman et al. 1997). In COMPAS, the default
approach to evaluate this stability is to use the ¢ prescription (e.g.

2Qlder versions of COMPAS follow this notation, while newer versions of the code allow
for different values depending on whether the accretor is degenerate or not. We have used
a single value for both accretor types.

YFor more details, the reader is referred to Onno Pol’s lecture notes on binary stars,
chapter 7.2.2: https://www.astro.ru.nl/~onnop/education/binaries_utrecht_notes/.
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Figure 2. Hertzsprung-Russell (top) and Kiel (bottom) diagram for HeMS evolutionary
tracks of different mass values. Note that the Hurley et al. (2000) models do not con-
sider any hydrogen-rich outer layers, while the Bauer & Kupfer (2021) models shown
here consider a 1073 M, hydrogen-rich outer layer. The difference between stars that
ignited helium in a flash (degenerate) and those that did it smoothly (non-degenerate)
is noticeable.

Soberman et al. 1997) as presented in section 4.2.2 of Riley et al.
(2022). Additionally, we include the Ge et al. (2020) critical mass
ratios (under the adiabatic assumption) as an alternative in order
to test the effect of using a different, more recent prescription
when evaluating the stability of a mass transfer event.

Evidently, we expect different mass transfer stability prescrip-
tions to return different ratios of candidates being born from
the stable mass transfer channel to the CE-related channels. This
in turn should impact both the period distribution and num-
ber of mergers, whether they lead to an sdB candidate or not.
Consequently, the total yield of sdBs would be modified as well.

2.2. Additional elements from MESA detailed models
2.2.1. Hydrogen-rich layer

The presence of an outer thin hydrogen-rich layer (see e.g.
Brassard et al. 2001; Krzesinski et al. 2014; Hall & Jeffery 2016, and
references therein) in sdBs seems to play an important role as a
regulator of both surface temperature and size, as depicted by fig-
ure 2 in HO2, or figures 1 and 2 in Bauer & Kupfer (2021). When
there is little to no envelope, detailed stellar structure models show
that a given sdB could be much more compact and hotter than a
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different sdB of similar mass possessing a ~107> M, hydrogen-
rich layer, a difference that would evidently affect observables such
as surface gravity and effective temperature. This can be seen
in Fig. 2 where AT ~10000~K and Alogg~ 0.5 in the most
extreme cases.

The current stellar evolution prescription in COMPAS, and most
BPS codes that have adopted the Hurley et al. (2000) scheme for
stellar evolution, is limited to phases of naked helium stars only,
which means that no hydrogen-rich envelopes have been consid-
ered for them. To get results closer to the observed sample of
sdBs shown in Fig. 1, we adopt models built using MESA as pre-
sented in Bauer & Kupfer (2021). These models include sdBs of
masses below 0.58 M with (1073 or 3 x 107> M) and without
hydrogen-rich envelopes. We refer the reader to that work for
technical details, as in this paper we focus solely on the prescrip-
tion developed to incorporate their results into our sdB population
synthesis scheme.

To create a new rapid BPS-friendly prescription, we start by
taking the same approach as Hurley etal. (2000) and look for
maximum sdB age (defined as the time spent core-helium burn-
ing) as a function of helium zero age main sequence (ZAHeMS)
mass, which corresponds to the mass value as soon as the sdB
progenitor has been stripped of most of its outer hydrogen-rich
mass. Then, both radius and luminosity are taken as a function
of relative age (time elapsed since ZAHeMS normalised by max-
imum age, that is, values between zero and one), hydrogen-rich
shell mass and ZAHeMS mass. We note that, unlike models with-
out hydrogen-rich shells, there is an additional dependence on the
ZAMS mass of the progenitor: the models behave differently for
stars with ZAMS below MHeF when compared to those above this
critical mass limit, which ignite helium smoothly. An example of
this behavior is shown in Fig. 2. This creates an additional chal-
lenge: since the value for MHeF changes between different stellar
models and is affected by several parameters (e.g. metallicity, over-
shooting, and more; Cassisi 2014; Ghasemi et al. 2017), its exact
value is not the same for Hurley et al. (2000) and Bauer & Kupfer
(2021), showing that an ideal prescription for the evolution of
HeMS stars with hydrogen-rich shells should also depend on the
MHeF value predicted by the specific set of detailed models being
analysed. Nonetheless, we proceed assuming that we can use the
results presented in Bauer & Kupfer (2021) without expanding the
grid of models to account for the discrepancies, and apply them
to the stars evolved through Hurley et al. (2000) prescriptions as
a first approach to the hydrogen envelope problem. However, we
do consider the MHeF values computed following Hurley et al.
(2000) to decide whether we apply the prescription for the evo-
lution of HeMS with hydrogen-rich shells predicted by the models
that experience smooth helium ignition, or the one predicted by
models that experience ignition in a flash instead.

After visual inspection of the different parameters involved in
the models and attempting several different possible mathematical
descriptions, we propose the following equations as a simplified
prescription for the evolution of HeMS stars with hydrogen-rich
shells:

A; — My 1
He=|\—7"—"—""—"A3—M| — +As, (15)
M+ My — A, AM
t
tr= > (16)
THe
R= B, + Byt, —exp ((1+ Mu) (Bs + Byt,)) , 17)
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(t, + Cs)1° 1.5

14+25My 14 Cgt,’
(18)

L=Ci(t, + Cy) + C5(t, + C4)*> — 1 000

with 1y, the total time in Myr spent in the HeMS phaseS, t the time
in Myr ellapsed since the ZAHeMS, M mass (no subscript indi-
cates total mass, while an H subscript represents the hydrogen-rich
shell mass), R radius and L luminosity. These last three elements
are defined using solar units. The coefficients (A;, B;, C; with i
a positive integer) were computed by making use of the SCIPY
(Virtanen et al. 2020) method curve_fit. Each of these coeffi-
cients is defined in Appendix B as a function of mass at ZAHeMS,
mass at ZAMS, and hydrogen-rich shell mass. Overall, this pre-
scription closely follows the stellar evolution predicted by the
detailed models, as can be seen in Fig. B1.

As a final remark, we stress that this prescription is based
on models constructed at solar metallicity, has not been tested
for extrapolation (potentially generating results that are not reli-
able for parameters outside the range covered in Bauer & Kupfer
2021), and has not been directly incorporated into COMPAS either.
Consequently, all of the results shown in the following sections
have been acquired through post-processing of the initial COMPAS
products.

2.2.2. Minimum core mass for helium ignition

An additional element to explore is the possibility of helium igni-
tion while the helium core mass is still below the expected value at
the tip of the RGB for stars with masses below MHeF, as explored
in HO2 (motivated by D’Cruz et al. 1996). Inspired by the role that
this parameter could potentially play in recovering the canonical
mass distribution of sdBs and their birth rate, we use MESA to com-
pare with the results presented in H02. We note, however, that the
usage of different software and input physics generate noticeable
differences between models (e.g. Ostrowski etal. 2021). A clear
example of this issue is shown in the top panel of Fig. 3.

Our simplified approach consists of wusing MESA
v21.12.1, specifically two modified versions of the included
1M_pre_ms_to_wd test suite: one in which evolution proceeds
until right after helium is ignited in the core, from which we
record the expected core mass at helium ignition; and another in
which we stop evolution once the core has reached a given percent
of the expected core mass at ignition, typically 95%. Afterwards,
we artificially remove the envelope by relaxing the mass until only
the helium core remains, at a mass loss rate given by M = 103 %
Then, we let the star continue evolving until the core is cold
enough (below 4 000 K, which implies evolution towards a helium
white dwarf) or it ignites helium burning. By using a bisection
method we can find the minimum percentage at which helium
still ignites. Masses in the range of 0.8-1.85 My were tested
(Fig. 3, bottom panel), yielding an overall 3% difference from
the expected core mass at the helium flash. This represents a 2%
difference from typical 5% value found in H02.

It is important to highlight that the percentage differences
between HO02 and our results can be increased or decreased by
tuning the parameters of the model, so these discrepancies should
not be considered to be conclusive on their own. Particularly,
we neglected the hydrogen-rich shells, as we wanted to check

In these MESA models, the HeMS phase lasts until the core helium-4 mass fraction
drops below 1%.
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Figure 3. The top panel shows how different methods predict the helium core mass
(M) at helium ignition as a function of the mass at ZAMS, for models that experience a
helium flash and have solar metallicity (defined as Z = 0.02). Note that only the Bauer &
Kupfer (2021) models do notincorporate any overshooting prescription. On the bottom
panel, a zoom-in of our MESA models (filled circles) is shown, alongside the minimum
mass at which they were able to experience helium ignition (empty circles, explained
in Section 2.2.2).

what would the threshold be for naked helium stars, such as
the ones that the Hurley etal. (2000) prescription is based on.
Additionally, in our implementation the parameters required
for the mixing length and overshooting prescriptions (namely
mixing_length_alpha and overshoot_£0) were not selected
in order to minimise differences with H02, but computed through
the solar simplex calibration included in MESA. We also note that
our results could imply that the percentage differences are caused
by a dependence of the minimum mass for helium ignition on the
mass of the hydrogen-rich shell.

In a more detailed study, Arancibia-Rojas et al. (2024) have
recently explored the helium core mass ignition range for a higher
number of initial masses and two different metallicity values (solar
and subsolar), finding overall agreement with the 5% range pre-
sented in H02. An important difference, however, is that the 5%
limit is relaxed for stars with progenitor masses above MHeF
(those that ignite helium smoothly).

3. Results

3.1. Impact of parameter variations

The analysis in the following subsections is performed by taking
the results from all 162 different configurations, and then dividing
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Figure 4. Maximum time spent as a HeMS star as a function of mass. The top panel
shows stars that experience a flash at helium ignition, while the bottom panel depicts
the smooth ignition scenario. The horizontal dashed line shows a lifetime equal 50
Myr, highlighting that candidates with masses above ~0.58 M, spend a comparatively
short time as HeMS stars.

them in sub-groups that share characteristics in common. For
example, when analyzing metallicity, 3 groups are found (subso-
lar, solar, and supersolar) and compared against each other. The
overall number of sdB candidates from the 162 configurations cor-
responds to 486 425 systems, where only those binaries in which
at least one member is classified as a HeMS star that falls within
the selected space in the Kiel diagram (Fig. 1) has been consid-
ered. We also impose a cut on mass, limiting ourselves to sdB
candidates with M <0.58~M due to the constraints imposed
by the range of masses covered by the Bauer & Kupfer (2021)
models. Although this affects the total number of systems that
we recover, we note that candidates above this mass limit would
quickly evolve and not spend much time as sdBs, as shown in
Fig. 4 and also implied in both Yungelson (2008) and Arancibia-
Rojas et al. (2024). Similarly, their more massive progenitors (only
smooth helium ignition can create such massive HeMS stars) cor-
respond to rather low formation probabilities when compared to
sdB candidates with masses below ~0.5~Mg, that are born from
progenitors with masses under MHeF, due to the initial mass
function.

3.1.1. Common envelope: The « efficiency parameter

The analysis of this parameter only includes systems that have
experienced at least one CE event, as otherwise changes in « would
have no impact on the binary stellar population. By considering its
definition from Equation (5), we expect lower « values to result in
less systems surviving CE episodes due to more frequent merg-
ers within the population, as the higher amount of orbital energy
required to eject the envelope of the potential HeMS progenitor
star would result in smaller separations after the CE. This can
be seen in Fig. 5, where we show all systems that have under-
gone at least one CE episode before becoming a HeMS star. As
expected, lower alpha values result in fewer systems becoming
HeMS, with the total number of the o = 0.2 configuration being
about 13% of the number of systems found for o = 1.5. Despite the
differences in total numbers, most systems that evolve up to the
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HeMS stage through any channel involving at least one CE episode
are typically found in short period systems, below ~10 days and
peaking between 0.1-1 days in the logarithmic period distribu-
tion. An exception to this property is seen for « = 0.2, due to the
low efficiency and consequent higher amount of orbital energy
spent in removing the envelope of the sdB progenitor, resulting
in more compact orbits and a peak below 0.1 days in the log-
arithmic period distribution. This effect also explains the slight
differences in the location of the logarithmic period distribution
peak for the remaining « values. We also note that long period sys-
tems are found in these CE channels, though most of them can be
understood as systems that experienced a CE episode at an early
evolutionary stage, and therefore was not the direct precursor of
the HeMS star. A latter stable mass transfer would then form the
sdB candidate and also increase the orbital separation.

Interestingly, the increasing number of candidates for higher
o values seems to be linked to progenitors with ZAMS masses
above MHeF that eventually evolve into HeMS stars. As for the
companions of our candidates, there are no clear trends linked to
the changing « values, all stellar types increase with increasing «.
Perhaps the only exception would be the number of ONeWD com-
panions, which show the highest value for @ = 0.2. The ratio of this
number against the number of COWD companions might shed
some light on the CE process.

Other interesting features are the ratio of initially primaries to
initially secondaries that become sdB candidates, and the progen-
itor stellar type. The ratio shows an increasing value with «: low
« favours initial secondaries becoming candidates (the opposite is
true for high «), potentially because only those systems where the
initially primary star quickly evolves to the WD stage can remove
the envelope of the secondary during a CE without merging; while
the progenitor stellar type shows a preference for FGB stars with
HG (CHeB) as second option for low (high) o.

3.1.2. Metallicity changes

As mentioned in Section 2.1.3, metallicity is expected to play a
role in a few different settings. The helium core mass and the
size of the star at the tip of the RGB should both depend on the
chosen metallicity value and, similarly, metallicity plays a role in
defining the MHeF critical mass limit for degenerate or smooth
helium ignition. Indeed, some of these effects can be seen in
results for detailed models, such as what can be found in the MIST
stellar evolutionary tracks (Choi et al. 2016), explicitly shown in
Fig. 6.

As an overview of the effect of metallicity on our populations,
we can say that there is a decrease in the total number of candi-
dates with increasing metallicity (the number of candidates per
metallicity are shown in the left-hand side column of Fig. 7).
Taking the analysis one step further, within the top panels of Fig. 7
we compare grids that share the same configuration but vary their
metallicity value, and we can see that most of the stars that no
longer become sdB candidates at higher metallicities are those
that evolve from HG progenitors. These stars usually result in
sdBs with masses below ~0.43 M, meaning that they must have
evolved from progenitors with masses close to the MHeF limit
(Fig. 3). It can also be seen that the canonical mass peak, around
~0.47 M, is displaced towards higher masses at lower metallic-
ities, while the peak located at short orbital periods (<1 day) is
slightly displaced towards longer periods. Within the same period
distribution, a gap forms between 1-10 days, which becomes more
pronounced for higher metallicity values. The gap is less evident
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Figure 6. Dependence of the stellar radius at the tip of the RGB on metallicity, as shown
by the evolutionary tracks from the misT grids (Choi et al. 2016). We have chosen tracks
that were computed and not interpolated, extracted metallicity values from the stored
Zinit property, and interpreted the radius at tip of the RGB as the last (age-wise)
radius value for which the corresponding time step is classified as having a phase equal
to 2 (values equal to 2 consider both the sub-giant and red giant phase, see Choi et al.
2016 for details).

https://doi.org/10.1017/pasa.2024.135 Published online by Cambridge University Press

for larger values of the threshold for helium ignition (Section
3.1.5), but the trend with metallicity remains. We note that beyond
slight differences in the total number of sdB candidates, there are
not many remarkable differences between our supersolar and solar
metallicity population, most likely due to the rather small 2.1 mul-
tiplicative factor required to scale our solar value to the supersolar
one. This contrasts with our subsolar metallicity value, where the
required factor is 0.08.

3.1.3. Mass lost from the system

Equation (14) shows the interplay between mass being transferred
from the donor to the accretor and what fraction is kept in the
latter. In cases where the mass is not completely retained, the
equation also takes into account the location at which this mass
is being lost from the system and establishes the amount of spe-
cific angular momentum lost. These properties are encoded by g
and y’s definition, as shown in Equations (13) and (12), respec-
tively. However, it is not straightforward to predict the final effect
of Equation (14) for the orbit, due to its non-linear dependence
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and 3.1.5 for details.

on the 8 and y parameters, the mass of each component, and the
mass loss rate of the donor. Instead, we can perform a simple anal-
ysis of Equation (14) to estimate whether the rate of change of the
semi-major axis will be negative or positive (the orbital separation
shrinks or grows) after a mass transfer episode. First, the factor
outside the square brackets on the right-hand side of Equation (14)
is always >0, considering the minus sign and that mass is being
lost from the donor (its mass change rate is negative). Then, we
define a mass ratio ¢ = M, /M, and analyse the sign of the expres-
sion within the square brackets in Equation (14), referenced as ¢
hereafter. We can see that:

B Q-8 (y+0.5).

19
p 1Tq (19)

p=1—

A visualization that helps to understand the values that ¢ can
take is shown in Fig. 8, where it can be seen that for most of the
configurations being shown ¢ is negative and, as a consequence,
the orbital separation should shrink. This trend is reversed as we
progress into the mass ratio reversal regime (g becomes greater
than 1). It should be noted that for this analysis we have assumed
that y is equal to the upper limit shown in Willcox et al. (2023)
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when MLF is equal to 1. Accordingly, y takes the value 1/q when
mass is lost from the position of the accretor, implying that MLF
is equal to 0. MLF equal to 0.5 follows from the previous two
definitions, as the intermediate value.

To analyse the impact of changing 8 and y in our different
COMPAS populations, we present Figs. 9 and 10, which depict
how some physical properties change when keeping 8 constant
and varying y, and vice versa. Before proceeding with the analy-
sis, however, it must be noted that the mass accretion efficiency
parameter in COMPAS only affects stable mass transfer episodes.
Unstable mass transfer always results in no mass accreted in
compas? (Riley et al. 2022).

In the case of keeping f equal to zero and varying y (top pan-
els in Fig. 9), we note that the number of candidates drops as we
increase the latter (in the form of MLF), which can be understood
as fewer systems surviving in closer orbits due to the impact of
¢ continuously decreasing. This can be seen in Fig. 8 where ¢

9However, it is possible to change this behavior for NS/BH accretors through the
-common-envelope-mass-accretion-prescription optionin COMPAS, which is set
to ZERO (disabled) by default.
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Figure 9. Graphical analysis of the impact of changing the MLF at a constant 8 value. From top to bottom: § =0 and 8 = 0.5. From left to right: Orbital period, mass of the
candidate at the start of the HeMS, companion’s mass at the start of the HeMS, and companion stellar type at the same evolutionary stage. Different colours indicate different
values for the MLF, with the number of candidates per configuration being specified within the text of the left-hand side panels.

becomes increasingly negative for g < 0.9 as MLF (y) increases.
A similar trend is present for higher values of ¢, though in these
cases the lowest MLF values start at ¢ 2> 0 and transition into neg-
ative values as MLF grows. Overall, this results in many systems
from the top panel in Fig. 9 either merging or following different
evolutionary paths as a consequence of the increase on MLF: the
long period peak at about 1 000 days when MLF equals 0 is shifted
towards 10 days when MLF increases by 0.5, and the new peak
is not as tall. This effect is further strengthened by losing mass
from L2 instead (MLF= 1), which results in a single peak below
1 day. Regarding the mass distribution, it seems to have a com-
mon pattern with two peaks, no matter the value of y, though it
can be noted that the low-mass peak is comparatively higher than
the peak around the canonical (~0.47 M) mass for the MLF< 1
scenarios. This difference is smaller for increasing y values, and
shows a reversal in peak prominence when MLF= 1, a trend that
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can be linked to a preference for progenitors with masses around
the MHeF limit when MLF takes values lower than 1. As for the
characteristics of the companions, their mass distributions peak
at ~1 Mg independent of the MLF choice, though a secondary
peak can be observed at about 2 M. This additional peak is of
similar relevance to the low mass one when MLF= 0.5, but com-
pletely vanishes for MLF= 1. Overall, both peaks decrease with
increasing MLF value. These changes seem to be driven by a drop
in the number of companions in stages of evolution earlier than
the FGB.

When looking at a constant 0.5 value for 8 (bottom panels in
Fig. 9), a similar analysis can be made. The number of candidates
also decreases as we increase y, but the differences become smaller
and are almost negligible between MLF equal to 0 and 0.5. This
can be seen in Fig. 8, as the colour corresponding to ¢ values does
not change as much as in the case of g = 0 (for increasing y). By
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looking at the significance of the long period and short period
peak at each MLF value shown in the period distribution, it can
be seen that smaller MLF values favour longer periods since ¢ is
closer to 0 as g grows, and it can take positive values once g 2 1.
However, the displacement of each peak does not follow a clear
dependence on MLE unless the single peak present for MLF = 1
corresponds to the long period peak of the other two MLF values,
in which case it would have been shifted enough to merge with
the short period peak, implying closer orbits for larger MLF val-
ues overall. The mass distribution shows a similar pattern to that
observed when S is equal to 0, though the relative significance of
the two peaks (at about 0.35 M, and canonical mass) is rather con-
stant. Additionally, the number of systems for MLF=1 is much
higher than in the 8 = 0 scenario. Finally, the companions show
two peaks in their mass distribution, one in the 0-1 M mass range
and another at about 3.5 M. Both decrease their prominence with
increasing MLF values.

The case of constant § =1 is not analysed as changes in
y would not impact the distributions. This can be understood
through either Equation (14) or (19), since they show that set-
ting full accretion efficiency implies that there would be no mass
being lost from the system that could carry a fraction of angular
momentum away during a mass transfer event.
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We can also probe the effects of different mass retention effi-
ciencies (8) by keeping MLF constant in a similar fashion to
what was done before, though the analysis this time requires
considering Fig. 10 instead.

When losing mass from the accretor’s position (MLF =0),
there is a clear preference for periods longer than ~100 days,
though we notice that there is a slight dependence of the number
of candidates on the value of 8, as they decrease with increasing
B. This results in period and mass distributions without strik-
ing differences between configurations. The biggest differences
between f =0 and the other configurations are the number of
candidates in both intermediate (~1-10 days) and long (~1 000
days) periods, or low-mass sdBs that peak at ~0.35Mg, in the
mass distribution. Another expected characteristic is that a larger
B value results in more massive companions due to larger masses
being retained, as can be observed in the displacement of the sec-
ondary peak towards higher mass values in the companion mass
distribution with increasing .

Instead, if every system is set to lose mass from an intermedi-
ate location between the accretor and L2 (MLF = 0.5), the changes
on the number of candidates between the different accretion effi-
ciency values are even smaller than in the MLF= 0 case, and there
is no clear preference for long-period systems anymore. Despite
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implemented in cOMPAS and, in orange, the Ge et al. (2020) prescription (see Section 2.1.5 for details).

this, the differences between different choices of 8 are clearer in
the distributions. We can see two peaks that have a similar signif-
icance when 8 =0, and progressively show a more relevant long
period peak with increasing B. Along this trend, the long period
peak is also shifted to longer periods, from an initial peak about
10 days (when there is no accretion), up to 22100 days when there
is full accretion. This can be associated to less angular momen-
tum being carried away by mass lost from the system during mass
transfer events for higher values of 8 and, as a consequence, orbits
not shrinking as much. However, the HeMS mass distribution
seems to have the same set of features, independent of the choice of
B. Of course, the frequency per bin changes depending on the total
number of candidates, but the presence of two peaks (~0.35 Mg
and around canonical mass) remains unaltered. There seems to be
a slight dependence on relative peak prominence with accretion
efficiency, though: higher B values create peaks of increasingly
similar height. The companion mass distribution is rather similar
to the MLF=0 case, as we can notice that higher accretion effi-
ciency values result in more massive companions (shown by the
displacement of the secondary peak towards higher masses).
Finally, by setting MLF =1, we find the biggest changes in the
number of candidates per accretion efficiency configuration, as
B =0 yields around 20% of the total number of candidates that
can be obtained by setting 8 =1 instead. It is worth noting that
an interesting behavior can be observed in the period distribu-
tion: if we consider the B = 0 case as the base configuration, then
increasing the accretion efficiency up to a 0.5 value creates more
short and intermediate period systems (up to ~10 days) and keeps
the distribution as a single peaked one. This changes in the full
accretion efficiency case (8 = 1), since an additional long period
peak can be found, but the short period peak is almost equal to
the base scenario. This is most likely another form of the pat-
terns seen in the bottom panel of Fig. 9 and discussed earlier in
the text, though in this case the long period peak at full accretion
is displaced to shorter periods at 8 = 0.5, giving the impression
of a single peak. Many systems composing this peak are unable
to generate sdB candidates when there is no accretion, hence the
much smaller (and single) peak in this case. The mass distribution
of the candidates follows the same pattern as in the previous MLF
configurations, except for the case without accretion which breaks
the trend and shows a much flatter distribution. Interestingly,
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the mass distribution of the companions does not show a rele-
vant number of massive 222 Mg companions for the case without
accretion.

3.1.4. Mass transfer stability prescription

As the name indicates, the choice for mass transfer stability pre-
scription determines whether a star experiences a stable or unsta-
ble mass transfer episode after filling its Roche lobe. This, in turn,
affects the number of sdB candidates and their characteristics, as
can be seen in Fig. 11. In rough numbers, the ¢ prescription (e.g.
Soberman et al. 1997, labeled as NONE in Fig. 11) produces around
1.2 times more candidates than the GE20 (Ge et al. 2020) prescrip-
tion, though these differences are concentrated around channels
involving CE events: the NONE prescription yields 1.6 and 2.5 times
more candidates than the GE20 one for 1 and 2 CE episodes pre-
candidate formation, respectively. Moreover, if analysed in detail,
the overall number of candidates is not the only difference. First,
GE20 seems to prefer long period systems. This is not the case
for the ¢ prescription, as the preference for long orbital periods
is not so evident and the relative significance of both long and
short period peaks is similar. Similarly, the mass distribution of
sdB candidates seems to decay almost linearly in the case of the
¢ prescription, but has two clear peaks if the GE20 distribution is
considered instead.

The properties of the companions also depend on the chosen
mass transfer stability prescription. It is clear that the GE20 pre-
scription yields less systems overall, linked to the ¢ prescription
allowing the existence of a sharp and tall peak at ~0.7 M com-
panion masses. This also indicates differences in the stellar types of
the companions, confirmed by the right-hand side panel of Fig. 11:
the ¢ prescription generates a higher number of COWDs as well
as HeHG companions.

3.1.5. Ignition below the expected core mass

As stated in Section 2.2.2, the analysis of our sdB candidates
requires considering the possibility of stars igniting helium burn-
ing when their core mass is below the expected value near the tip
of the RGB. We have tackled this issue by collecting stars origi-
nally classified as helium white dwarfs (HeWDs) and used their
mass values as input for our new HeMS with hydrogen-rich shells
prescription, which returns evolutionary tracks as if they were
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HeMS stars instead. We only consider HeWDs that are within the
mass cutoff of either 3 or 5% that we set based on results from
Section 2.2.2 and previous studies (Han etal. 2002; Arancibia-
Rojas et al. 2024). While it is possible to follow a similar approach
to Zorotovic & Schreiber (2013) and use the actual values found
for minimum helium ignition mass in either Han et al. (2002) or
Arancibia-Rojas et al. (2024), we note that both studies present a
~5% threshold for stars igniting helium in a flash, independent of
the chosen metallicity value, hence our choice of 5% for one of the
tested configurations. The case of more massive progenitors that
ignite helium smoothly is slightly more complicated, as according
to Arancibia-Rojas et al. (2024) there is a wider range of masses for
ignition (their tables B1 and B2). On top of that, the width of this
range also depends on the ZAMS mass of the model: there is a lin-
ear increase from 5% at ZAMS masses corresponding to the most
massive progenitors that ignite helium in a flash, up to ~30% at
about 3 M. This value then decreases at a slower rate (it is ~15%
at 6Mg), but the trend is nonetheless completely different from
the relatively flat 5% value for models igniting helium in a flash.
For simplicity purposes, and noting that the realization probabil-
ity of more massive progenitors is much lower due to the initial
mass function (IMF), we decide to use flat threshold values. The
impact of these different threshold values on our population can
be seen in Fig. 7, where a considerable spike in the number of can-
didates around canonical mass can be observed for cutoff values
>0%, independent of the chosen value for metallicity (histograms
of different colours). As expected, increasing the percentage for
the mass cutoff increases the total amount of candidates, though
interestingly this increase is focused on stars with masses around
the canonical sdB mass value (~0.47 M) and intermediate orbital
periods between ~1-10 days only. It can be inferred that the obser-
vational sdB sample and its mass distribution would be directly
impacted by the real value of the mass cutoff, though additional
constraints such as the delay times associated to the formation of
these objects play a non-negligible role. Additionally, it is possible
to see that the peak in the mass distribution is shifted depend-
ing on the chosen value for metallicity, as a consequence of the
arguments discussed in Section 3.1.2.

We remark that this is a simple approach to the underlying
question of the lower limit for helium ignition and it represents
a first order estimate. As previously mentioned, the results from
Arancibia-Rojas etal. (2024) show that stars with ZAMS mass
above the MHeF mass limit require a broken linear function with
different slopes for mass values above/below ~3 Mg, though in a
Galaxy-like sampling these systems would not be as common due
to the IMF.

3.1.6. Hydrogen-rich shell mass

The definition of HeMS stars in the Hurley et al. (2000) scheme
adopted by COMPAS implies a complete absence of any hydrogen-
rich envelope, due to the prescription for their evolution being
based on detailed models of ZAHeMS stars (Y =0.98 and Z =
0.02 composition). Although this is a useful simplification in the
context of rapid BPS codes, it yields estimates for effective tem-
perature and surface gravity that are different from observations
(e.g. Fig. 12, upper panel). Indeed, the absence of any external
hydrogen-rich shells makes the candidates from simulations clus-
ter at high temperature and surface gravity, unlike the spread of
the observed distribution. The inclusion of hydrogen-rich shells
through the prescription based on Bauer & Kupfer (2021) and
developed in Section 2.2.1 seems to properly address the issue and
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Figure 12. Comparison between the physical properties of the compas sample when
no hydrogen-rich outer layers are considered (top panel) and when they are included
by using the prescription presented in Section 2.2.1 (bottom). This last element is fur-
ther explored by presenting the area covered by the compas sdB candidates depending
on their My value, which corresponds to the hydrogen-rich outer envelope’s mass
(in Solar mass units). Scatter points (in blue) are taken from the Culpan et al. (2022)
observational sample and shown for reference.

yields results that improve the agreement with observables, as can
be seen in the bottom panel of Fig. 12. As one might intuitively
expect, the more massive the envelope is, the less compact and
colder a star can become. This effect can be seen through the loca-
tion and coverage of each patch within the figure and, although
the coverage is not perfect, we must keep in mind that the current
state of the prescription is limited in mass range as well as envelope
size (see Section 2.2.1). This lack of coverage at lower surface grav-
ity and temperature in Fig. 12 suggests that higher mass envelopes
are needed and will be addressed in future work.

It is important to note that the impact on the total number of
sdB candidates is almost negligible, as the inclusion of hydrogen-
rich shells only increase the number of sdB candidates by 1%. Also,
these hydrogen-rich envelopes do not affect the orbital evolution
of the systems. After the onset of a mass transfer episode, the exter-
nal low-density hydrogen-rich shell would be slowly transferred
during a few tens of mega-years, while the orbit shrinks due to
gravitational wave radiation (see Bauer & Kupfer 2021, section
3.1).

Finally, an important question left to answer is related to the
mass distribution of these hydrogen-rich envelopes. The different
sdB formation channels involve different interactions and pro-
genitors at different evolutionary stages, which would potentially
impact the preferred size of the hydrogen-rich layers (as previously
noted in H02). We made no special assumptions and limited our-
selves to randomly sampling masses in the range 0 to 3 x 10> M,
which corresponds to the values covered by the Bauer & Kupfer
(2021) models.
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Figure 13. Different sdB formation channels found in our compas chosen model. From left to right, columns contain the orbital period, the stellar mass on the ZAHeMS, total time
it takes to form an sdB candidate, mass distribution of the companions, and the stellar type of the companion when the candidate starts the HeMS. From top to bottom, we show
an increasing number of CE events that led to the candidate’s formation: No CE episodes (stable mass transfer only), one CE episode and two common envelope episodes. To
highlight different companion types, we have used different shades: the lightest shade corresponds to Stellar Type > 9 (white dwarfs, neutron stars, or black holes), while the
darkest shade corresponds to Stellar Type = 0 (MS companions with masses <0.7 M). A white colour indicates types in-between (check Table 2 for definitions, though most of
these companions correspond to MS stars with masses >0.7 M), and the sum of the contribution of each one of these 3 colours corresponds to the total amount of systems in a
given bin. A hatched yellow area has been used to highlight candidates evolving through the ECE+RLOF channel, defined in Section 3.2.2. Note that in each panel the y-axis has a

different range.

3.2. Formation channels

Considering the analysis in Section 3.1, we can see that all the stud-
ied parameters impact the final yields of our population and there-
fore a more in-depth analysis of sdB formation channels should
only be performed after selecting a specific configuration. For this
section, we chose a model based on what we consider a neutral
configuration: solar metallicity, @cg = 1, mass being lost from the
position of the accretor during mass transfer, semi-efficient mass
retention (8 = 0.5), and critical mass ratios computed through the
GE20 prescription. Additionally, we consider the hydrogen-rich
shell prescription a necessary component, as it impacts the num-
ber of HeMS stars crossing our sdB candidate selection area in the
Kiel diagram.

With this configuration, we find sdB formation channels simi-
lar to those described in the literature (e.g. H02): different combi-
nations of episodes of stable mass transfer and CE episodes. Some
relevant properties of these channels are shown in Fig. 13, which
we analyse within the following subsections.

3.2.1. Stable mass transfer only

In this case, all our systems containing sdB candidates correspond
to rather long period systems, between 10 to 3 000 days. The loga-
rithmic period distribution peaks at about 120 days, and is slightly
skewed towards longer periods. Most progenitors (about 70%)
belong to the HG stage, followed by those on the FGB. Our results
show that progenitors with ZAMS masses above the MHeF value
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are more likely to evolve into an sdB from an HG progenitor, in
this case.

When it comes to the mass distribution of the sdB candidates, it
is possible to distinguish two clear peaks. The first one is centered
at around 0.37 Mg, while the second one is located at 0.47 Mg,
The low mass peak is closely related to the aforementioned HG
progenitors, while the second peak is close to the canonical mass.
Finally, we note that most of these systems are formed within the
initial ~1 Gyr of their lifetime (r column in Fig. 13), with a peak
at ~250 Myr in logarithmic space, which implies that they should
be more abundant in young components of the Galaxy. However,
their real relevance within the current day population can only be
estimated by studying the star formation history of the Galaxy.

3.2.2. One common envelope episode

For this channel, we find two different possible sub-channels: sdB
candidate formation right after the CE (1CE), or formation after
stable mass transfer in systems that also experienced an early CE
episode (ECE+RLOF). Since the interaction that led to the forma-
tion of the sdB candidate is different, the orbital properties of such
systems are different as well. This can be seen in the correspond-
ing panels of Fig. 13, where the ECE4RLOF channel is shown as
a yellow hatched area, a subset of all the systems that experienced
a single CE episode pre-sdB candidate formation. This subset is
restricted to periods longer than about 2 days and, although it rep-
resents only a small fraction of the total number of systems, its
relevance comes from the fact that most of the sdB+NS systems
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follow this formation channel. For reference, the time difference
between a CE episode happening first and then a stable mass
transfer being triggered in sub-channel ECE4RLOF is usually a
few hundreds of mega years. Though the specific characteristics
and relevance of this sub-channel depend on parameters such as
the chosen value for accretion efficiency (Table 1), it consistently
appears throughout our populations.

Candidates formed through sub-channel 1CE peak at about
0.47 Mg, in the mass distribution, as most of the candidates within
this peak come from sources initially classified as HeWDs, but
considered as sdB candidates due to how close they are (5%) to
the expected core mass at the tip of the RGB. The situation is dif-
ferent for candidates from sub-channel ECE4+RLOF as the they
peak at about 0.37 Mg, with a few candidates below the peak and
the rest covering the whole range up to ~0.58 M.

As previously mentioned, an important fraction of the com-
panions from sub-channel ECE+RLOF are NS, with the remain-
ing companions belonging to the COWD class. In the case of 1CE
sub-channel, companions are predominantly MS stars and WDs.

When looking at the t distribution, sub-channel 1CE can
generally produce sdB-candidates at almost any given age after
~200 Myr, though there are three spikes of sdB formation: one
at the initial bin (~200 Myr), another one around 1 800 Myr (the
most prominent peak), and one above 6 000 Myr. On the other
hand, the birth of sdBs from sub-channel ECE4RLOF is mostly
concentrated between 200-600 Myr, peaking at about 400 Myr.

3.2.3. Two common envelope episodes

This channel occurs when the initially primary star overflows its
Roche lobe at an earlier time than the sdB candidate formation.
This initial event leads to the removal of the primary star’s outer
layers, triggering a first episode of unstable mass transfer (CE).
Its outcome, however, is not the birth of the sdB candidate. Only
when the initially secondary star fills its Roche lobe and the system
undergoes a new CE episode, this time leading to the birth of an
sdB candidate, we consider it as a member of this formation chan-
nel. In our chosen model, we get a total of 140 candidates from this
channel, compared to 2 329 from the stable mass transfer channel
and 1 247 in which only one CE episode is found in the system’s
evolution (pre-HeMS). That means that this channel accounts for
~4% of the sdB candidates within our chosen model (without con-
sidering potential mergers), showing that it is much less common
than the other two when analyzing the total numbers. Notably,
these systems are mostly formed in the 300-2 000 Myr age range
and peak at about 1 800 Myr.

A clear preference for low mass HeMS stars can be seen in
Fig. 13, with a peak around 0.33 Mg and a sharp decline after the
peak. A second peak seems to be present at ~0.45 Mg, though
it might be cause by the low number of members of this chan-
nel. The progenitors of these candidates are all FGB stars with
ZAMS masses higher than 1.5 Mg that peak around 2.3 Mg, which
is slightly lower than what can be found for other channels but
in line with the progenitor star being the initial secondary (less
massive) star. The masses of the companions at sdB-candidate for-
mation are considerably low as well, most likely owing to the first
CE episode where they should have lost a fraction of their mass
during the envelope removal. Indeed, the companions are mainly
COWDs with masses in the range 0.5-1.5 Mg.

As one would expect, the 2 CE events considerably shrink the
orbital separation, and thus the period distribution peaks at about
0.04 days, with the shortest (largest) period being ~0.01 (2) days.
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Figure 14. Double HeWD mergers from our chosen model, selected as systems with
the Merger flag triggered in compas. Only systems that merge within 13.5 Gyr have
been considered. The left panel shows the expected mass (sum of the masses of the
merging HeWDs), while the right panel depicts the time that system requires to merge
(since birth), e.g. the merger delay time distribution.

3.2.4. Mergers

The current version of COMPAS does not take into account evolu-
tion beyond the formation of double WD systems and, therefore,
analysis made in this subsection has been done through a simpli-
fied post-processing pipeline for informative purposes only.

First, we note that while there are ~40 double HeWD systems
in our chosen model, only 4 of these systems have merger times
below 1 Gyr (based on equation 5.10 from Peters 1964) and thus
are worth considering as plausible sdB progenitors. All remaining
systems would require a time longer 14 Gyr to merge, which is a
striking result, considering the non-negligible percentage of sdBs
formed through mergers in H03. However, in this conservative
estimate, we have not considered the consequences of excluding
merging and touching stars (according to the definition in COM-
PAS) from our initial sample of candidates. If we analyse these
removed double HeWD systems, we get the results from Fig. 14,
where it can be seen that a total of 339 sdB candidates would be
formed through the HeWD+HeWD merger channel.

For the merger products, the mass distribution (computed as
the sum of merging white dwarf masses) seems to be composed of
two groups, one peaking at about 0.41 M, and the other at ~0.55
Mg. For completeness purposes, we checked whether these two
groups were present in cases where the accretion efficiency is 0 or
1 and found that the group peaking at low mass is strongly depen-
dent on the choice of this value. The no-accretion case completely
removes the low mass peak, while full accretion enhances it up to
the point of making the distribution look symmetrical and single-
peaked around ~0.47 M. However, the total time it takes a binary
system from ZAMS to the merger event is strictly longer than 1
Gyr and up to 13.5 Gyr (the upper time limit we set in our simula-
tions), with a peak at ~10 Gyr, no matter the accretion efficiency
choice. As what was done for the systems in our chosen model,
these estimates have been computed using the same Peters (1964)
equation plus the time it takes the system to form a pair of HeWDs
in COMPAS.

3.3. Comparison to previous studies

In line with similar work available in the literature, such as H02
and HO3, we have found that channels leading to the formation of
an sdB can be classified by the number and type of mass transfer
events required to almost completely remove the outer hydrogen-
rich layers of the progenitor. It must be noted that in Section 3.2
we only distinguish between the number of CEs and do not make
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the exact same analysis as the authors of H02 do, though we find
general agreement between our results and the summary of sdB
formation channels presented in HO3.

First, we compare against their first CE ejection channel, which
is roughly equal to our previously defined 1CE sub-channel: when
the binary system has experienced a single CE episode that leads
to the sdB candidate formation. However, for a better compari-
son, we select only those sdB candidates that correspond to the
initially most massive (primary) star of the system, and we also
include stars that were classified as HeWDs by COMPAS (but can be
considered as candidates according to Section 3.1.5, setting a 5%
threshold). With these constraints in place we find general agree-
ment with properties presented in H03: most of the progenitors
are classified as FGB stars (the exception being a few CHeB stars),
the masses of the candidates show a sharp peak at ~0.46 My, and
the companions are in the MS stage. For stars born from progeni-
tors with masses below MHeF, we find a similar minimum period,
on the order of 107! days (twice the H03 value), and our maxi-
mum period is around 30 days, which is a bit different from what
is reported in HO3 as they mention a maximum period >40 days.
We note that this maximum period value can be increased by, for
example, changing our choice of critical mass ratio prescription
from GE20 to NONE, raising our maximum period to around 50
days. Additional small discrepancies are found for candidates born
from progenitors with ZAMS masses higher than MHeF, consider-
ing that they are described as products of HG stars resulting in low
HeMS masses, while we find instead that our candidates are all in
the FGB and cover a wide (0.3-0.6 M) mass range without a well
defined peak. We should remark, however, that we do find these
systems with more massive progenitors restricted to short periods
(<1 days), as pointed out by HO3.

We then proceed to analyse the first stable RLOF channel pre-
sented by HO03, described as being composed of sdB candidates
with MS companions in wide orbits that cover the 0.5-2 000 days
period range. There is agreement if we compare against sdB can-
didates formed after the initially primary star overflows its Roche
lobe and loses its outer layers through stable mass transfer in our
chosen model, particularly finding companions in the same evolu-
tionary stage (MS) and a similar orbital period range. In our case,
the periods cover the 5 to 23 000 day range, though it should be
noted that there is a constant decrease in the number of systems
for periods greater than 500 days. HO3 also mention that the short
period systems are stars going through the start of the HG and,
although we have not verified in which section of the HG our can-
didates lost most of their outer hydrogen-rich layers, we find that
the short period end of our period distribution (5 to ~500 days,
peaking at about 100 days) is also composed of HG stars. For ref-
erence, candidates born from FGB stars cover the 50-3 000 days
period range, while we find fewer CHeB progenitors in the 500-
3 000 day period range. Going back to the HG progenitor group,
HO03 comment on a wide mass distribution range, which is also
observed in our sample, though our upper sdB mass is restricted
by our initial cut at 0.58 Mg.

The analysis of H03’s second CE ejection channel is rather simi-
lar to the first CE ejection one, though in this case companions are
in the WD stage. The characteristics of this configuration imply
that its final product should be systems with periods shorter than
the ones found in previous configurations, and also that the range
covered by the period distribution could be wider. Due to these
properties, we compare this channel to our sdB candidates born
after two CE episodes, the bottom panels in Fig. 13. As can be
understood from the distributions, we do find that most of the
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companions are COWDs, with a small contribution of ONeWDs
and an even smaller fraction of NSs. A striking difference to the
HO3 predictions is that, although all our periods are shorter than
the ones found in other channels and clustered around 0.05 days,
they do not cover the expected wider range when compared to the
first CE channel. In this scenario, it is possible to realise that some
members of our 1CE episode channel actually match the defini-
tion of HO3’s second CE ejection, in which case the period range
being covered is indeed wider, going up as far as ~100 days. If this
is the case, however, the period peak is slightly displaced towards
longer periods at 0.1 days. Further, the peaks in mass distribu-
tion for the subset of stars that have experienced 2 CE episodes
and have progenitor masses above (below) the MHeF limit match
the predictions of H03, with a value of ~0.33 (~0.46) My. The
more massive progenitors (above MHeF) account for most of the
systems found, in line with the description of HO3.

HO3 also include the merger channel, which usually represents
a non-negligible fraction of the total amount of the sdB candidates
in all their populations (see their Tables 1 and 2). Our mergers
have not been analyzed through detailed models as what has been
done in HO02, which means that our results are referential and
would only set an upper limit to the total number of sdBs being
formed through this process (i.e. some of our mergers could be
stars that do not ignite helium or follow a different evolutionary
path). Nevertheless, we can see agreement in the mass range of
our merger candidates.

We also note that figure 5 in HO2 is similar to our Fig. 12,
though the observational sample currently available is much
richer and the hydrogen-rich layer treatment is different. Probably
because of this reason, and the fact that we have not conducted
a current day population study, the coverage within the Kiel
diagram more readily matches the observations in our work.

We briefly address a different study by Clausen et al. (2012),
who mention the relevance of hydrogen-rich shell in sdBs, but
do not implement them within their rapid BPS code. Instead,
they check whether their sdB candidates would remain in the
log g-log T box (chosen as their definition of sdBs) if those same
stars had hydrogen-rich shells, based on results of Caloi (1972).
However, their lower limit for surface gravity is set at log g =75,
leaving a non-negligible fraction of the observational sample out
of their parameter study (see Fig. 12).

Another important element raised by Clausen et al. (2012) is
the mass cutoff for helium ignition. They consider both a 0 and 5%
cutoff value through their fy, parameter, similar to what we have
explored in our parameter variations. Accordingly, the impact in
their population is evident, as can be concluded from comparing
any pair of runs where only the fy, is different in their table 1. For
example their run 6 has about 15 times more resampled systems
than run 7, which is potentially related to the spike that appears
when considering a non-zero threshold in Fig. 7.

We note, however, that a direct one-to-one comparison is not
possible at this point, particularly because our study does not
predict a current-day population and therefore many of the con-
clusions drawn within Clausen et al. (2012) cannot be tested. We
intend to present our estimates of the current-day sdB population
in a following study.

4. Conclusions

We have explored parameters influencing the different sdB forma-
tion channels and their characteristics as predicted by COMPAS.
Our results are in agreement with previous studies that have used
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population synthesis to analyze the properties of these stars, show-
ing that COMPAS and the prescription for hydrogen-shells are
elements that further expand the set of tools available when analyz-
ing sdBs. A more in-depth comparison with previous studies and
the current day Galactic population of sdBs requires additional
work, including a sampling based on the Galactic star formation
rate and the different mass fractions and metallicities of each com-
ponent of the Galaxy (Bulge, Disks, and Halo), elements which
we intend to analyze in a future publication. We foresee that this
upcoming study will allow a comparison between our 1CE channel
and, e.g. Schaffenroth et al. (2022), potentially providing an addi-
tional constraint to the parameters explored in the current work.
Similarly, it will be possible to compare the total number of sdBs in
the Galaxy at the current epoch as predicted by the COMPAS BPS
approach against the observational results of the 500pc sample
(Dawson et al. 2024).

Moreover, the improved coverage of the sdB box within the Kiel
diagram highlights the potential of our prescription for sdBs with
hydrogen-rich shells to further improve the predictions of rapid
BPS models, particularly when it comes to comparing to observ-
ables linked to stellar radii and luminosity, such as the surface
gravity and effective temperature distributions. An extended cov-
erage of the models towards more massive sdBs would be ideal
to further improve our predictions and avoid unnecessary mass
cuts in the population, while a detailed study on the hydrogen-
rich envelope relation with the different formation channels could
impose additional constraints on the population. If each sub-
channel presents a different hydrogen-envelope mass distribution,
unlike the randomly sampled envelopes of our work, then we
could check whether the corresponding number and characteris-
tics of the sdBs born through each channel are in agreement with
the observed Galactic sdB population or not. These potential dif-
ferences could stem from the characteristics (stability) of the mass
transfer episode that gives birth to a given sdB population.

We also note that it is still complicated to disentangle the
different factors contributing to the observed characteristics of
each analyzed physical property, in cases such as the period and
mass distributions of the different formation channels. Moreover,
additional parameters not explored in this work could reveal yet
more properties and/or constraints for the evolution of sdBs,
such as the case of magnetic braking (e.g. Blomberg, El-Badry, &
Breivik 2024) and companions below the hydrogen burning limit
(Brown Dwarfs, see e.g. Schaffenroth et al. 2022). We highlight,
however, that the companion mass distribution could potentially
constrain the angular momentum loss and critical mass prescrip-
tions. Similarly, the mass distribution of sdBs with periods in the
range ~1-10 days could help to further test the threshold at which
naked cores with masses below the expected helium-core mass at
helium ignition would indeed ignite and become sdBs.

Finally, our chosen model (not to be confused with a best
model, since we have not compared with the current-day Galactic
sdB population) predicts the existence of sdB plus NS systems
being born through a very specific channel, which we labeled
as ECE+RLOF. While the expected occurrence of these systems
seems to be low, it is interesting that a big fraction of them are born
from systems that experience an early CE (ECE) episode, but the
sdB candidate is born from a late stable mass transfer event. Even
though we also predict sdB + NS systems from the 2CE channel,
the ECE+RLOF one should be ~10 times more common, with
periods longer than 1 day. Another interesting type of systems that
can be found in our results are COWD+-sdB pairs from the 1CE or
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2CE channel, which can be understood as potential gravitational
wave sources (owing to their close orbits) and will be of interest
for LISA. The formation rate of these events is also something that
we expect to predict in a future publication where a Galaxy-like
population will be studied.
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Table Al. Parameters used on each compas configuration set. Proprieties not listed here were kept as default, or already specified in Table 1.

Set o Gerit z FA MLF Set o Gerit YA FA MLF Set o Gerit z FA MLF
1 0.2 NONE 0.0012 0 0 55 1 NONE 0.0012 0 0 109 1.5 NONE 0.0012 0 0
2 0.2 GE20 0.0012 0 0 56 1 GE20 0.0012 0 0 110 1.5 GE20 0.0012 0 0
3 0.2 NONE 0.0012 0.5 0 57 1 NONE 0.0012 0.5 0 111 1.5 NONE 0.0012 0.5 0
4 0.2 GE20 0.0012 0.5 0 58 1 GE20 0.0012 0.5 0 112 1.5 GE20 0.0012 0.5 0
5 0.2 NONE 0.0012 1 0 59 1 NONE 0.0012 1 0 113 1.5 NONE 0.0012 1 0
6 0.2 GE20 0.0012 1 0 60 1 GE20 0.0012 1 0 114 1.5 GE20 0.0012 1 0
7 0.2 NONE 0.0012 0 0.5 61 1 NONE 0.0012 0 0.5 115 1.5 NONE 0.0012 0 0.5
8 0.2 GE20 0.0012 0 0.5 62 1 GE20 0.0012 0 0.5 116 15 GE20 0.0012 0 0.5
9 0.2 NONE 0.0012 0.5 0.5 63 1 NONE 0.0012 0.5 0.5 117 1.5 NONE 0.0012 0.5 0.5
10 0.2 GE20 0.0012 0.5 0.5 64 1 GE20 0.0012 0.5 0.5 118 1.5 GE20 0.0012 0.5 0.5
11 0.2 NONE 0.0012 1 0.5 65 1 NONE 0.0012 1 0.5 119 1.5 NONE 0.0012 1 0.5
12 0.2 GE20 0.0012 1 0.5 66 1 GE20 0.0012 1 0.5 120 1.5 GE20 0.0012 1 0.5
13 0.2 NONE 0.0012 0 1 67 1 NONE 0.0012 0 1 121 1.5 NONE 0.0012 0 1
14 0.2 GE20 0.0012 0 1 68 1 GE20 0.0012 0 1 122 1.5 GE20 0.0012 0 1
15 0.2 NONE 0.0012 0.5 1 69 1 NONE 0.0012 0.5 1 123 1.5 NONE 0.0012 0.5 1
16 0.2 GE20 0.0012 0.5 1 70 1 GE20 0.0012 0.5 1 124 1.5 GE20 0.0012 0.5 1
17 0.2 NONE 0.0012 1 1 71 1 NONE 0.0012 1 1 125 1.5 NONE 0.0012 1 1
18 0.2 GE20 0.0012 1 1 72 1 GE20 0.0012 1 1 126 1.5 GE20 0.0012 1 1
19 0.2 NONE 0.0142 0 0 73 1 NONE 0.0142 0 0 127 1.5 NONE 0.0142 0 0
20 0.2 GE20 0.0142 0 0 74 1 GE20 0.0142 0 0 128 1.5 GE20 0.0142 0 0
21 0.2 NONE 0.0142 0.5 0 75 1 NONE 0.0142 0.5 0 129 1.5 NONE 0.0142 0.5 0
22 0.2 GE20 0.0142 0.5 0 76 1 GE20 0.0142 0.5 0 130 1.5 GE20 0.0142 0.5 0
23 0.2 NONE 0.0142 1 0 7 1 NONE 0.0142 1 0 131 1.5 NONE 0.0142 1 0
24 0.2 GE20 0.0142 1 0 78 1 GE20 0.0142 1 0 132 1.5 GE20 0.0142 1 0
25 0.2 NONE 0.0142 0 0.5 79 1 NONE 0.0142 0 0.5 133 1.5 NONE 0.0142 0 0.5
26 0.2 GE20 0.0142 0 0.5 80 1 GE20 0.0142 0 0.5 134 1.5 GE20 0.0142 0 0.5
27 0.2 NONE 0.0142 0.5 0.5 81 1 NONE 0.0142 0.5 0.5 135 1.5 NONE 0.0142 0.5 0.5
28 0.2 GE20 0.0142 0.5 0.5 82 1 GE20 0.0142 0.5 0.5 136 1.5 GE20 0.0142 0.5 0.5
29 0.2 NONE 0.0142 1 0.5 83 1 NONE 0.0142 1 0.5 137 1.5 NONE 0.0142 1 0.5
30 0.2 GE20 0.0142 1 0.5 84 1 GE20 0.0142 1 0.5 138 1.5 GE20 0.0142 1 0.5
31 0.2 NONE 0.0142 0 1 85 1 NONE 0.0142 0 1 139 1.5 NONE 0.0142 0 1
32 0.2 GE20 0.0142 0 1 86 1 GE20 0.0142 0 1 140 1.5 GE20 0.0142 0 1
33 0.2 NONE 0.0142 0.5 1 87 1 NONE 0.0142 0.5 1 141 1.5 NONE 0.0142 0.5 1
34 0.2 GE20 0.0142 0.5 1 88 1 GE20 0.0142 0.5 1 142 1.5 GE20 0.0142 0.5 1
35 0.2 NONE 0.0142 1 1 89 1 NONE 0.0142 1 1 143 1.5 NONE 0.0142 1 1
36 0.2 GE20 0.0142 1 1 90 1 GE20 0.0142 1 1 144 1.5 GE20 0.0142 1 1
37 0.2 NONE 0.03 0 0 91 1 NONE 0.03 0 0 145 1.5 NONE 0.03 0 0
38 0.2 GE20 0.03 0 0 92 1 GE20 0.03 0 0 146 1.5 GE20 0.03 0 0
39 0.2 NONE 0.03 0.5 0 93 1 NONE 0.03 0.5 0 147 1.5 NONE 0.03 0.5 0
40 0.2 GE20 0.03 0.5 0 94 1 GE20 0.03 0.5 0 148 1.5 GE20 0.03 0.5 0
41 0.2 NONE 0.03 1 0 95 1 NONE 0.03 1 0 149 1.5 NONE 0.03 1 0
42 0.2 GE20 0.03 1 0 96 1 GE20 0.03 1 0 150 1.5 GE20 0.03 1 0
43 0.2 NONE 0.03 0 0.5 97 1 NONE 0.03 0 0.5 151 1.5 NONE 0.03 0 0.5
44 0.2 GE20 0.03 0 0.5 98 1 GE20 0.03 0 0.5 152 1.5 GE20 0.03 0 0.5
45 0.2 NONE 0.03 0.5 0.5 99 1 NONE 0.03 0.5 0.5 153 1.5 NONE 0.03 0.5 0.5
46 0.2 GE20 0.03 0.5 0.5 100 1 GE20 0.03 0.5 0.5 154 1.5 GE20 0.03 0.5 0.5
47 0.2 NONE 0.03 1 0.5 101 1 NONE 0.03 1 0.5 155 1.5 NONE 0.03 1 0.5
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Table Al. Continued.
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Set o Gerit z FA MLF Set o Gerit z FA MLF Set o Gerit z FA MLF
48 0.2 GE20 0.03 1 05 102 1 GE20 0.03 1 0.5 156 15 GE20 0.03 1 0.5
49 0.2 NONE 0.03 0 1 103 1 NONE 0.03 0 1 157 15 NONE 0.03 0 1
50 0.2 GE20 0.03 0 1 104 1 GE20 0.03 0 1 158 15 GE20 0.03 0 1
51 0.2 NONE 0.03 05 1 105 1 NONE 0.03 05 1 159 15 NONE 0.03 05 1
52 0.2 GE20 0.03 05 1 106 1 GE20 0.03 05 1 160 15 GE20 0.03 0.5 1
53 0.2 NONE 0.03 1 1 107 1 NONE 0.03 1 1 161 15 NONE 0.03 1 1
54 0.2 GE20 0.03 1 1 108 1 GE20 0.03 1 1 162 15 GE20 0.03 1 1

Appendix B. Coefficients for Fits

B.1. Lifetime

The lifetime (maximum age) of a HeMS star with a hydrogen-rich
shell can be computed by using Equation 15, and the different A;
coefficients are shown in Table B1.

Table B1. Coefficients for age fit, as presented in Equation (15).

Progenitor

mass Ap Ay A3z Ag As
Below 1.22188566 0.26004337 —1.59709934 0.07264813 —61.88868775
MHeF

Above 0.05161968 0.25380777 0.09981282 0.00252778 424.26395881
MHeF

B.2. Radius

The coefficients of the fit shown in Equation (17) can be computed
using one of the following forms:

Fy=(a+bM+cM?) (d+ eMy +fM*) + g+ hMy,  (20)

b
F = - MZ d M 2
? <a+0.323—M+iM2+c >( +eMy + fMy) + ¢

+ hM, (21)
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F3=F, (a,b,c,d,e,f,g h) +j (045 — M*) + k (0.45 — M*)

+1(0.45 — M), (22)

while the specific details of the a, b, ..., k, I constants for each B;
coefficient are given in Table B2.

B.3. Luminosity

Similar to what was done for the stellar radius, the coefficients of
the fit applied to luminosity and shown in Equation (18) require
one of the following:

Fy=(a+bM+ cM?) (d+ eMy) + f + gMy, (23)

F; = (a—i—bM—}-(Mj_d)e) (f+gMH)+h+iMH; (24)
Fs=(a+bM+ cM* + dM°) (e + fMy) + g + hMy,

with specific values corresponding to the a,b,..., h,i constants
required for each C; being shown in Table B3.

(25)
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Table B2. Coefficients used in the radius fit, as presented in Equation (17). The specific form of each F; expression is defined in Appendix B.2.

Progenitor mass below MHeF

Coefficient Expression

By Fy (—0.434436,1.973170, —1.205341, 0.313716, 370.599542, —77521.575181, 0.036542, 11.479660)

B, F> (15.270717,0.200441, 18.522382, 0.396108, 2.937080, —403.135079, —5.387696, —6.402536, 1.135359)

Bs F3 (104.818378, —59.288148, 92.739946, 97.627387, 485.083943, 2762.327494, —4634.939578, —48865.402741, —29131.062007, 102033.891774, —83692.857560)

B4 F3 (—108.617223, 51.647256, —80.701863, 100.737380, 599.399725, 4524.130261, 5732.389194, 63783.814535, 26674.381819, —93405.082867, 76825.313280)
Progenitor mass above MHeF

Coefficient Expression

By F1 (22.025096, 0.181156, —0.091887, 2.907441, 61.720625, —186.899498, —64.117643, —1338.448779)

B, F, (6.518631, —0.076714, —8.964896, —0.397295, 4.627599, —1034.098577, 3.034269, —3.262960, 1.071048)

Bs F3 (—24.259990, 9.674470, 33.807359, —28.283298, 93.282366, 22218.746585, 254.576441, 1269.137159, —7318.853816, 13786.689347, —8458.441421)

Bs F3 (7.879596, —5.387333, —5.251055, —58.010186, 557.107928, 44336.330592, —131.885596, —2088.395847, 4838.914927, —9979.402962, 6354.071627)
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Figure B1. Graphic comparison between the prescription developed in Section 2.2.1 (red lines) and the models from Bauer & Kupfer (2021) (solid grey lines). On the top-left corner
of the left-hand side panels, information related to the properties of the HeMS model in each row is given in the format mass at ZAMS (M), HeMS mass (M), metallicity (Z). A
similar annotation in the middle panel shows the total time spent (Myr) in the HeMS stage.
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Table B3. Coefficients for the luminosity fit, as presented in Equation 18. The relevant F; expressions are defined in appendix B.3.

Progenitor mass below MHeF

Coefficient

Expression

G
G
G
Cq
Cs
Cs

F4 (—2.832156, 1.893389, —8.330816, 0.362427, 2.673373, 1.079903, 8.669519)
F4 (4347669, 11.368773, —51.446872, 3.973225, —33.695657, —9.207025, —424.934405)
F4 (2.038440, —42.792174, 96.225155, 1.838567, 13.540573, 5.336893, —7.124086)
Fs (0.493809, 2.582426, —1.595225, —0.299580, 0.5, —0.018246, —3.431202, 0.173840, —2.045155)
Fs (0.205285, —2.542241, 0.899499, —0.656101, 1,0.008024, 0.276488, —0.486153, 0.546976)
Fe (—0.999444, 38.450766, —75.372175, 211.460780, 11.372078, —598.968156, —22.253736, 1481.736167)

Progenitor mass above MHeF

Coefficient

Expression

G
G
G
Cq
Cs
Cs

F4 (1.290771,0.011268, —1.551169, 1.432352, 46.903981, —1.659297, —59.940697)
F4 (0.845934, 1.062164, —44.727936, 3.382014, 110.443012, —21.708097, 56.817945)
F4 (1.805946, —18.760767, 43.447356, 4.459667, 354.682423, 0.673488, 271.354206)
Fs (—0.430926, —6.049646, —0.826707, —0.298135, 0.5, —0.063759, —2.422614, —0.142219, —54.654176)
Fs (1.095360, 0.033632, 27.629045, —28.972798, 1, 465.409144, 112269.817261, —66.539093, —15917.982883)
Fe (—0.819856, 36.965087, —46.603410, 115.884948, 5.492285, 218.203227, —10.880590, 129.648596)
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