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Abstract

Binary systems of a hot subdwarf B (sdB) star 4+ a white dwarf (WD) with orbital periods less than 2-3 hr can
come into contact due to gravitational waves and transfer mass from the sdB star to the WD before the sdB star
ceases nuclear burning and contracts to become a WD. Motivated by the growing class of observed systems in this
category, we study the phases of mass transfer in these systems. We find that because the residual outer hydrogen
envelope accounts for a large fraction of an sdB star’s radius, sdB stars can spend a mgmﬁcant amount of time
(~tens of megayears) transferring this small amount of material at low rates (~10 °_10 M o yr 1) before
transitioning to a phase where the bulk of their He transfers at much faster rates ( 210~ 8 M. yr'). These systems
therefore spend a surprising amount of time with Roche-filling sdB donors at orbital perlods longer than the range
associated with He star models without an envelope. We predict that the envelope transfer phase should be
detectable by searching for ellipsoidal modulation of Roche-filling objects with Py, = 30-100 minutes and
Tt = 20,000-30,000 K, and that many (>10) such systems may be found in the Galactic plane after accounting
for reddening. We also argue that many of these systems may go through a phase of He transfer that matches the
signatures of AM CVn systems, and that some AM CVn systems associated with young stellar populations likely
descend from this channel.

Unified Astronomy Thesaurus concepts: Ellipsoidal variable stars (455); Close binary stars (254); Roche lobe

overflow (2155); AM Canum Venaticorum stars (31); B subdwarf stars (129); Stellar physics (1621)

1. Introduction

Hot subdwarf B (sdB) stars are subluminous stars of spectral
type B, thought to be compact He-burning stars of mass
~0.3-0.6 M, with thin hydrogen envelopes (Heber 2009, 2016;
Zhang et al. 2009; Gotberg et al. 2018; Geier 2020). The low
masses of these He-burning objects that have not yet gone through
AGB mass loss suggest that interaction with a binary companion is
needed to explain the existence of sdB stars (Maxted et al. 2001;
Han et al. 2002; Pelisoli et al. 2020). Indeed, in many cases sdB
stars are observed in compact binary systems with orbital periods of
only a few hours, implying a prior common envelope event that
ejected most of the sdB star’s former H envelope and caused the
companion star to spiral inward toward its current orbital
configuration (Han et al. 2002, 2003; Napiwotzki et al. 2004;
Nelemans 2010; Copperwheat et al. 2011; Kruckow et al. 2021).
The most compact of these systems consist of sdB (or sometimes
even hotter sdO) stars with white dwarf (WD) companions with
orbital periods on the order of just 1 hr (Vennes et al. 2012; Geier
et al. 2013; Kupfer et al. 2017a, 2017b, 2020a, 2020b; Pelisoli et al.
2021), which can make contact and transfer mass from the sdB/
sdO star to the WD via stable Roche lobe overflow within the sdB/
sdO stfr’s He-burning lifetime (Justham et al. 2009; Brooks et al.
2015).

4 For convenience, in the remainder of this paper, we will use the shorthand
“sdB” to refer to the hot subdwarfs of mass ~0.3-0.6 M, that we model in this
work; though, in some stages models may also evolve toward hotter
temperatures where observations may classify them as sdOB or sdO stars.
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Evolution of these compact sdB+WD binaries can lead to many
interesting astrophysical phenomena, including thermonuclear
events due to accretion on the WD and runaway subdwarf
remnants in the case of a supernova that disrupts the binary (Hirsch
et al. 2005; Justham et al. 2009; Wang et al. 2009; Piersanti et al.
2014; Brooks et al. 2015; Geier et al. 2015; Neunteufel et al.
2016, 2019; Bauer et al. 2017, 2019; Neunteufel 2020). Some
observed thermonuclear transients show evidence of thick He shell
detonations (De et al. 2019; Polin et al. 2019; De et al. 2020),
consistent with the binary evolution predictions for mass transfer
from sdB stars to WD companions.

These binaries may also be important gravitational-wave sources
for the Laser Interferometer Space Antenna (LISA), motivating
work toward better characterization of the population of these
binaries in our Galaxy (Gotberg et al. 2020). For systems in which
the sdB star is at or near Roche filling, high-cadence photometry
can detect gravity darkening and ellipsoidal modulation of the
lightcurve due to temperature variations on the distorted subdwarf
surface, as Kupfer et al. (2020a, 2020b) recently demonstrated in
discovering two new Roche-filling systems with subdwarf donor
stars.

Although the hydrogen envelope of an sdB star contains only a
small fraction of the star’s total mass (Mepy ~ 107% — 1072 M),
the envelope extends over a significant fraction of the total radius,
and therefore has a large impact on the range of orbital periods for
which sdB stars are Roche-filling objects that display significant
ellipsoidal modulation. Previous work has emphasized the ~20-40
minute orbital period range for compact Roche-filling sdB cores
calculated neglecting the H envelope (Savonije et al. 1986; Iben
et al. 1991; Piersanti et al. 2014; Brooks et al. 2015). In this paper,
we use the stellar evolution code Modules for Experiments in
Stellar Astrophysics (MESA) to calculate models that explore the
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sensitivity of sdB radii to H envelope masses and map out the
space of possible orbital periods where Roche-filling mass transfer
can occur. We find that when accounting for the H envelope, sdB
stars can fill their Roche lobes at longer orbital periods and for a
much longer portion of their lifetimes. This has significant
implications for the potential range of orbital periods at which
these systems can be discovered by searching for ellipsoidal
modulation in high-cadence photometry.

In Section 2, we calculate a grid of MESA sdB star models to
demonstrate the dependence of the radius on the thin H envelope
mass. In Section 3, we describe the physics of mass transfer for
Roche-filling sdB stars, and we show that the mass—radius
relations from our MESA models are sufficient to predict
accretion rates and timescales through both the H and He mass
transfer phases. Surprisingly, the H mass transfer phase can last
for >10Myr, as long or longer than the subsequent He mass
transfer phase. In Section 4, we use a grid of MESA sdB models
to map out the space of orbital periods for which systems can fill
their Roche lobes and begin transferring mass. We find that H
envelope mass transfer can begin at orbital periods as long as
~100 minutes, and that 40-60 minutes may be a typical period
for the onset of mass transfer. In Section 5, we verify our
calculations with two full binary evolution models for sdB+WD
systems in which we model both stars along with the orbital
evolution and mass transfer using MESA. In Section 6, we
demonstrate that the ellipsoidal variation for these sdB+WD
systems will be easily detectable for many systems within a few
kiloparsecs, which will enable discovery of many new systems.
Finally, in Section 7 we discuss the implications of our work for
targeting searches for these binary systems based on ellipsoidal
modulation, and predict that at least tens of these systems may be
discovered within a few kiloparsecs in the Galactic plane after
accounting for reddening.

2. sdB Star Radius as a Function of Envelope Mass

As we will show in Section 3, the first phase of mass transfer
from sdB star donors onto WD companions depends primarily
on the sdB star envelope mass—radius relation, so in this section
we use grids of MESA models to show this relation for use in
later sections. Our MESA models all use release version 15140
(Paxton et al. 2011, 2013, 2015, 2018, 2019). The MESA
equation of state (EOS) is a blend of the OPAL (Rogers &
Nayfonov 2002), SCVH (Saumon et al. 1995), FreeEOS
(Irwin 2004), HELM (Timmes & Swesty 2000), and PC
(Potekhin & Chabrier 2010). Radiative opacities are primarily
from OPAL (Iglesias & Rogers 1993, 1996), and electron
conduction opacities are from Cassisi et al. (2007). Nuclear
reaction rates are from JINA REACLIB (Cyburt et al. 2010)
plus additional tabulated weak reaction rates (Fuller et al. 1985;
Oda et al. 1994; Langanke & Martinez-Pinedo 2000). Screen-
ing is included via the prescription of Chugunov et al. (2007).
Thermal neutrino loss rates are from Itoh et al. (1996).

Our MESA sdB models employ the “predictive” mixing
scheme (Paxton et al. 2018) for convection in the He-burning
core. This allows the convective core to grow over the sdB star
lifetime without requiring convective overshoot (Schindler
et al. 2015) while also providing a setting that prevents the core
from growing too far and dividing, which can cause “breathing
pulses” that cause the core size to fluctuate along with the star
luminosity and radius. Breathing pulses would greatly
complicate the study of mass transfer via Roche-lobe overflow
from sdB stars, but they are likely numerical artifacts rather
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Figure 1. Grid of MESA models showing sdB star radius as a function of
hydrogen envelope mass for a 0.47 M, sdB star. Each point of a given color
represents a distinct MESA model in the grid, with colors indicating sdB star
age. For comparison, the black crosses show estimated sdB radii based on the
beginning of the log g—T tracks of Han et al. (2002) for 0.46 M., sdB models.

than physical phenomena (Paxton et al. 2019), so we use the
predictive mixing scheme so that our models avoid them during
core He burning. For a more thorough discussion of convection
treatments in MESA sdB models, see Ostrowski et al. (2021).

Our first grid of MESA sdB models represents a canonical
047 M., sdB star with a range of envelope masses. These
models are constructed from a 1M, progenitor star with
metallicity Z = 0.02 that undergoes the He core flash when the
core reaches a mass of 0.47M.. After the He core flash, we
remove all but a thin residual H envelope, and evolve the models
as sdB stars to produce the relation between sdB radius R and
envelope mass M., shown in Figure 1. Envelope mass M., is
defined here as all the mass of material contained in the exterior
layers for which the H mass fraction is X > 0.01. For this set of
047 M, models, the envelope material has roughly solar
composition matching the initial ZAMS composition of the
progenitor 1M, star. Figure 1 shows three snapshots at different
ages along the radius evolution in this grid of models, showing
that these sdB models slowly evolve from smaller to larger radii
for most of their core He-burning lifetime. Figure 1 also shows
radius estimates from the models of Han et al. (2002) based on
the beginning of the log g—T.¢ tracks in Figure 2 of that paper,
confirming that our models generally agree with another stellar
evolution code commonly used to model sdB stars. Envelope
masses log(Me,y /M) < —4.5 in Figure 1 give radii that
converge toward the radius of a model with a bare He core and
no envelope.

To illustrate the case of a less massive sdB star donor, we also
run a second grid of MESA models for a 0.34 M, sdB star. This
smaller He-burning core is descended from a 2.8M, progenitor
star that does not go through the He core flash, and the residual
H-rich material that forms the sdB envelope is enriched in He
due to partial nuclear processing of that region in the receding
convective core on the main sequence (see Kupfer et al. 2020a
for more details). Figure 2 shows the M,.,,—R relation for this
lower-mass grid of MESA sdB models. Envelope masses
log(Meyy /M) < —3 for this model yield radii that quickly
converge to the radius of a bare He core. This is due to the
smoother composition transition between the He core and H
envelope, which leaves only a few percent H by mass in the
residual outer envelope when log(Me,, /M) < —3.
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Figure 2. Same as Figure 1 but for a 0.34 M, sdB star.

3. Mass Transfer Physics

We now present the physics that describes the mass transfer
rate for both the envelope and He-rich core of the sdB star. In
Section 5, we will also compare these mass transfer rate
predictions to some example MESA binary evolution models,
and confirm that they show general agreement with the analytic
calculations here.

We label the sdB as star 1 with radius R; and mass M, and
the WD as star 2 with radius R, and mass M,. The mass ratio is
g =M,/M,, and following Eggleton (1983), we approximate
the Roche radius for the hot subdwarf as

_ 0.49¢%/3a
0.6¢>3 + In(1 + ¢/’

Rrr (H
where a is the orbital separation between the two stars. Kepler’s
third law gives the relation between orbital separation and
period:

5o G+ My)Pgy
4r?

When the sdB star begins to overflow its Roche lobe, the
mass transfer rate depends on the response of the star’s radius
to losing mass, which can be described in terms of an exponent
¢ for the relation R; Mf (Soberman et al. 1997). If mass
transfer is slow enough that the star can maintain thermal
equilibrium, the relevant exponent is

dlIlRl
= s 3
Ceq (dlIlMl)eq ( )

@)

which simply encodes the mass—radius relation for a star in
equilibrium with no structural effects from losing mass. On the
other hand, if thermal transport is not efficient enough to
maintain equilibrium on the timescale of mass removal, the
entropy profile in the stellar interior will remain fixed, so that
the relevant exponent encodes the adiabatic radius response:

dlan
= . 4
Cad (dlan )ad ( )

The overall timescale for orbital evolution is set by the rate at
which gravitational-wave radiation (GWR) shrinks the orbital
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separation and Roche lobe:

Jorb
Tor = ———, 5
or ad ()
where
i 32(mGY” )
5By ) M+ M)
32 (GY7?
2—5(;) (M1 Ms)> My + M, (6)
and

Ga
Jory = MM, /m (7

In order to estimate the mass transfer rate, it is also necessary
to account for the change in the Roche radius that results from
transferring mass from star 1 to star 2:

d lIlRRL dlna d ln(RRL/a) d lnq

= + . ®)
dInM, dInM, dlng dInM,

CRL

For conservative mass transfer (M, + M, = constant) and
constant J,, we can use Equation (7) to evaluate the first
term on the right-hand side as dlna/dInM; = 2(qg — 1).
Conservative mass transfer also yields d Ing/d InM; = 1 + q.
Differentiating Equation (1) gives

1
129" + 15

0.6¢%3 + In(1 + ¢'/?)

dln(RRL/a) _ ﬁ 2

ding 3 {4 - O)

So the full expression for the Roche radius response to
conservative mass transfer can be written as

(4 +q¢)q'”
3
1/3 !
2 B 1.2q + 1+q1,3
q'? 06> +1In(1 + 43 |

Cro=2(q — 1)+

(10)

It will often be convenient to adopt the much simpler
approximation

5
Crr ~ 3 + 2.1¢q, arn

which can be shown to agree with Equation (10) to within a
few percent. Note that (g, <0 for ¢ < 0.8, so in general the
Roche lobe radius expands in response to mass lost from the
sdB donor for the systems with Mwp>0.6 M, C/O WD
accretors that are the focus of this paper.

Lastly, we also must account for the timescale for the donor
star’s radius to change due to stellar evolution independent of

mass transfer

-1

TR:(‘”nR‘) . (12)
dt

We assume fully conservative mass transfer here, so that jgr is
the only term affecting the net angular momentum of the
system, and the equilibrium mass transfer rate can then be
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estimated as (see, e.g., Ritter 1988)

Jy— (i+i), (13)

¢ — Crr\ Ter TR

where ( is determined by comparing the timescale for orbital
evolution to the thermal (Kelvin—Helmholtz) timescale:

(14)

We use (= (eq When 7y < Ty and (= (g When gy > T,
and mass transfer is stable as long as (z; < (.

Throughout this paper, we will assume that both stars in the
binary maintain corotation with the orbit, so that we can neglect
angular momentum that might be lost from the orbit, e.g., due
to accretion causing the WD to spin up. Direct impact accretion
is thought to violate this assumption in double white dwarf
systems (Nelemans et al. 2001; Marsh et al. 2004), causing
dynamically unstable mass transfer in systems with ¢ <2/3
that would otherwise be stable. However, the sdB+WD
systems that we consider here have larger orbital separations
due to the larger sdB radius when it overflows its Roche lobe.
Using the Nelemans et al. (2001) fit to the Lubow & Shu
(1975) calculations for minimum distance of the accretion
stream from the accretor, we find that sdB4+WD binary systems
will never come close to the direct impact regime due to the
larger orbital separations required for sdB donors. These
systems are therefore expected to form an accretion disk that
transfers most of its angular momentum back into the orbit
(Priedhorsky & Verbunt 1988; Verbunt & Rappaport 1988).
Therefore, we will find that mass transfer is stable in almost all
of the systems that we consider here, except for the case of low
mass sdB donors (Mygg < 0.35 M) transferring He in systems
with ¢ >2/3 (see Section 3.2).

3.1. Envelope Transfer

To represent a typical subdwarf, we consider an sdB star of
total mass M| =0.47M. with an initial hydrogen envelope
mass of 107> M. Figure 1 shows that such a subdwarf will
have a radius in the range R; =0.16-0.20R., for most of its
lifetime. For the example binary evolution scenarios presented
throughout this paper, we will adopt a WD companion mass of
M, =0.75 M, which is representative of many of the short-
period sdB4+WD systems that have been observed so far (e.g.,
Geier et al. 2013; Kupfer et al. 2020b; Kupfer et al. 2021b, in
prep), likely reflecting the fact that these systems are found
among young populations. For this companion mass
M, =0.75M,, Equations (1) and (2) together imply that the
sdB star will initially fill its Roche lobe (R; = Rg;) at an orbital
period of 50-70 minutes. For the sdB stars shown in Figure 1
with luminosities on the order of L~ 20L., the Kelvin—
Helmholtz timescale is 7y < 2 Myr. For M; =0.47M, and
M, =0.75M, and Py, =50 minutes, 7, ~ 150 Myr>> gy,
and the star’s radius response is therefore described by (.
From the timescale for radius evolution shown in Figure 1, we
can estimate 7z~ 400Myr based on the change in InR,
according to Equation (12).

For mass transfer of the envelope, we can write the star’s
radius response in terms of an exponent for the envelope mass
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rather than the total stellar mass:

dInR, Moy
- - , 15
Ceq,env (d ]n Menv )eq Ml Ceq ( )

which can be estimated from Figure 1, giving values of
Ceqeny ~0.2-0.3.  This implies that (.4>1 because
M| > M.,. On the other hand, (g, is of order unity according
to Equation (11) (see Figure 4 in Soberman et al. 1997), so (g,
can be neglected when applying Equation (13) to transferring
the envelope. We can therefore approximate the instantaneous
mass transfer rate for the hydrogen envelope as

My ~ M—(i + i), (16)

Ceq,env Tar TR

which predicts that when the subdwarf first fills its Roche lobe
at P4, = 50-70 minutes, mass transfer will occur at rates in the
range of My ~ 2-8 x 107" M yr~'. This mass transfer is
driven primarily by the shrinking of the orbit due to GWR (74,
term), with a smaller contribution from the slowly expanding
radius of the star pushing material past its Roche lobe (7x
term).

Without a hydrogen envelope, Figure 1 shows that the bare
helium core has a substantially smaller equilibrium radius on
the order of 0.11-0.13R., which fills the Roche lobe at an
orbital period of 28-36 minutes (see also Figure 3). We can
write the GWR merger time of two point masses as

5 ccat

256 GIMMy (M, + My)

a7)

Tmerge =

This equation describes the time evolution of the system’s
orbital separation before the stars are in contact (M; and M,
constant), and it can be shown that it also applies as long as the
stars are transferring mass at a rate that is negligible for
affecting the angular momentum of each star compared to
GWR evolution. In this context, a rate of M < 1079 M yr—'is
negligible, so Equation (17) applies during the envelope
transfer phase as well as prior to the stars coming into contact.
Using this equation along with Equation (2), we find that the
inspiral time to reach a period of 30 minutes from a period of
50 minutes (70 minutes) is 14 Myr (40 Myr). Therefore, after
the hydrogen envelope begins to overflow the Roche lobe, the
mass transfer must occur at an average rate on the order of
2-7 x 107" M, yr~ " until the 10> M, envelope is exhausted,
which agrees with the prediction of Equation (16).

A less massive sdB star (like the 0.34 M, models shown in
Figure 2) will not fill its Roche lobe until reaching an orbital
period of Pgy, =25-40 minutes (for a 0.75M., WD compa-
nion), and the period at which the bare He core is exposed is
P, =18 minutes. The inspiral timescale according to
Equation (17) is therefore only 2—-10 Myr, and mass transfer
of the envelope must occur at a rate on the order of
My ~ 107102107 M, yr .

Once the hydrogen envelope is exhausted after a few to tens
of megayears, the He-rich layers underneath will be revealed
and mass transfer will proceed at a much higher rate.



THE ASTROPHYSICAL JOURNAL, 922:245 (13pp), 2021 December 1

L L L L e
[ ® 50 Myr ]
0125F & 100 Myr ]
"® r ]
& 0.100 F .
as : ]
0.075 .
E‘ T T T T T T T T
£ ® 50 Myr
2
’ 30 -
bo - -
E ]
u—;' 20 ]
[} L
-~
(]
Q
o=t
L — T T T
30F e 50 Myr .
100 Myr o
o) L ]
=, 20 :
= 0F ]
O s i 1 1 1 1
7.5 L% ;
L -~ .
E L AA‘.“\ xxxxxxx ® TKH ]
_ : ]
ET0p g X Tg
P Kol ]
6.5F .

0.35 0.40 0.45 0.50
M [Mg)]

Figure 3. Properties of MESA models for bare helium stars with a 0.75 M,
companion. The timescale 74 in the bottom panel is calculated using the
Roche-filling P, from the second panel.

3.2. The Helium Core

By the time the hydrogen envelope is completely removed at
an orbital period on the order of P, ~ 30 minutes for the
canonical 0.47 M, sdB model, the timescale for GWR to shrink
the orbit is much shorter at 74~ 38Myr. Figure 3 shows the
mass—radius relation for He cores based on a grid of MESA
models with no H envelope. This relation gives (.4~ 2 for He
stars with no H envelope, and therefore Equations (11) and (13)
give M; ~ 1078 M, yr~! when He mass transfer begins. The
second panel of Figure 3 shows the periods at which sdB He
cores will fill the Roche lobe with a 0.75 M. companion,
calculated with Equations (1) and (2) by setting Rg; = R using
the radius from the top panel.

Figure 3 also shows the mass—luminosity relation for these
cores, which allows the calculation of 7. The much lower
luminosity and radius of sdB stars with M < 0.35 M, results in
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the orbital evolution timescale becoming shorter than the
Kelvin—-Helmholtz timescale, so sdB stars that lose mass
beyond this point can no longer maintain thermal equilibrium
and will respond to mass loss adiabatically. The index to
describe the radius response for M; < 0.35 M, is therefore (g
rather than (.. We can approximate this index as (uq = —1/3
for an ideal gas polytrope (Soberman et al. 1997), meaning that
the adiabatic response of the star is to expand slightly as it loses
mass. Stable mass transfer therefore requires that (p; < — 1/3,
or ¢ $2/3 according to Equation (11), but this only requires
that the WD companion have mass M, > 0.525 M, so this
condition will generally be satisfied. Lower-mass sdB stars, or
those that lose enough mass to enter this adiabatic regime, also
have shorter orbital periods (second panel in Figure 3)
corresponding to 7, as short as 5-10 Myr (fourth panel). With
Caa — Crz = 0.5, Equation (13) therefore predicts mass transfer
rates of order M; > 1077 M, yr~! in this lower-mass regime.

The general picture for He transfer then is that a canonical
0.47M. sdB star should begin transferring He at
M, ~ 1078 M, yr~!, and the mass transfer rate will gradually
increase up to a value approaching 107’ M. yr ' as the sdB
star loses mass, which agrees with previous work modeling
mass transfer from He stars (Savonije et al. 1986; Iben et al.
1991; Yungelson 2008; Brooks et al. 2015).

4. Post Common Envelope Periods and Contact Scenarios

In this section, we show the range of post-common envelope
binary (PCEB) orbital periods that can lead to mass transfer
from a hot subdwarf to a white dwarf companion. After a
PCEB exits the common envelope at period Pj,, it spirals
inward toward shorter orbital periods. If the GWR inspiral
timescale at Pj,; is shorter than the He-burning lifetime of the
sdB star, the binary will eventually make contact and transfer
mass from the sdB to the WD. On the other hand, if the orbital
period is long enough that the inspiral time is longer than the
He-burning lifetime, the sdB star will exhaust its nuclear fuel,
and the binary will merge later as a double WD system that
includes a “hybrid” He/C/O WD (Zenati et al. 2019; Schwab
& Bauer 2021). Using models for sdB radius and lifetime, we
can find the maximum value of Pj,; for which a system can
make contact as an sdB4+WD. In order to map out this range of
orbital periods, we start with a grid of MESA models run from
ZAMS to construct a variety of He-burning core masses.
Figure 4 shows the relation between zero-age main-sequence
(ZAMS) mass Mzans and the resulting He core mass Mo for
models with no overshoot and initial metallicity Z=0.02. The
Meore—Mzanvs relation is sensitive at the ~10% level to
parameters like initial metallicity and overshoot (through
changes to opacities, convection, and mixing), but our grid
here is sufficient for our purposes in that it produces a
representative range of He-burning core masses for sdB
models. A more detailed investigation of the More—Mzams
relation for models including a range of metallicities and
overshoot treatments can be found in Ostrowski et al. (2021).

After the models ignite He, we strip the outer H envelope
down to a specified total H mass (either 10> M, or
3% 107*M.) and evolve the model as an sdB star through
its core He-burning lifetime. Note that the total envelope mass
can vary depending on how much He is contained in the H-rich
layers above the He core, and in general M.,, > My. For the
stars descended from progenitors with Mzams < 2.3 M, that go
through the He core flash, there is a sharp boundary between
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Figure 4. He-burning core masses for a range of ZAMS masses. Stars with
Mzams S 2.3 Mg, undergo the He core flash to ignite He off-center, while more
massive stars ignite He under nondegenerate conditions in the center.

the He core and the H envelope, so that the envelope has
roughly solar composition and its total mass is Mep, = My/0.7.
On the other hand, sdB stars descended from progenitors with
Mzanms 2 2.3 M, that ignite He in the center have envelope
material that has been partially burned as part of the receding
convective core earlier on the main sequence, so that the mass
fraction of hydrogen in the region of the star that becomes the
sdB envelope is X < 0.7, and it can be as low as X~ 0.2
(Kupfer et al. 2020a). This envelope composition affects the
compactness of the envelope in our sdB models and hence the
overall compactness of the sdB stars. For example, a 0.47 M,
sdB star can descend either from an MS star of mass
Mzams = 1.0-1.5 M, or from a higher mass MS star with
Myams =~ 3.8 M. For our sdB models, the star with the higher
mass progenitor has a much more He-rich envelope and a more
compact overall structure, as shown in radius evolution
displayed in the upper panels of Figure 5.

Using these sdB models, we then calculate the maximum
PCEB orbital period Pj,; for which an sdB binary system will
be able to spiral inward and transfer mass during its core He-
burning lifetime. For each model, we take the maximum radius
during core He burning (identified by the black points in the
upper panels of Figure 5), and we calculate the orbital period at
which it will fill its Roche lobe using Equations (1) and (2),
assuming a WD companion mass of 0.75 M. We then use the
age for the maximum radius of each model in the upper panels
of Figure 5 to calculate the maximum initial orbital period for
which the system will have time to spiral inward and reach
contact according to Equation (17). We use a similar grid of
bare He models with no H envelope to identify the analogous
contact and initial periods for mass transfer from the more
compact He cores.

The shaded regions in the lower panels of Figure 5 map out
the orbital period ranges over which H and He phases of mass
transfer can occur, as well as the range of P;,;; for which an sdB
+WD system will not be able to spiral into contact with the
sdB star’s He core burning lifetime. For example, a 0.47 M,
sdB star with a sufficiently thick H-rich envelope will be able
to fill the Roche lobe and transfer some hydrogen for P;,; as
long as 175 minutes, but it can only spiral in far enough to
transfer material from the He core for Pj,; < 105 minutes. It
will first fill its Roche lobe and begin transferring the H
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envelope at an orbital period in the range of
Py, = 50-150 minutes. It will eventually exhaust the envelope
and begin transferring material from the He core at
Porp < 35 minutes. The WD companion mass can also have a
minor impact on the orbital period ranges displayed in these
plots. See the Appendix for a further discussion on this effect.

5. MESA Binary Evolution Models

To illustrate typical sdB+WD binary evolution scenarios,
we run two example MESA binary models through the mass
transfer phases up to the point of He thermonuclear runaway on
the accreting WD. These models calculate the mass transfer
rate according the implicit Roche lobe overflow scheme
described in Paxton et al. (2015) for the Ritter (1988) mass
transfer prescription, and they therefore provide independent
verification for the analytic accretion rate estimates from
Section 3.

The angular momentum in these binary evolution models is
driven by GWR losses as described by Equations (6) and (7).
We evolve both the sdB donor star and a 0.75 M., WD accretor,
ignoring rotation in both stars for simplicity. Our modeling for
the accreting WD closely follows Bauer et al. (2017), including
the "“N(e™, 1)*C(a, 7)'®0 (NCO) reaction chain that may
initiate the eventual 3o thermonuclear runaway depending on
the accretion rate. The 14C(o¢, 7)180 rate in our MESA models
is that of Johnson et al. (2009) as in Bauer et al. (2017).
Neunteufel et al. (2017, 2019) have argued that rapid rotation
and magnetic fields due to the angular momentum from the
accreted material on the WD may significantly alter the thermal
structure of the WD’s accreted envelope and modify the
eventual thermonuclear runaway in the accreted He. However,
we interpret the calculations of Fuller & Lai (2014) as
indicating that dynamical tides and dissipation due to WD
pulsation modes should prevent the WD from spinning up to
rotation rates near critical. Instead, tides are likely to drive the
WD toward much slower rotation rates on the order of Py,
which would be far too slow to effect the envelope structure of
a compact WD with dynamical time #4yn, < Por,. This is also
consistent with the fact that observations rule out rapid rotation
for the accreting WD in some AM CVn systems (Roelofs et al.
2006; Kupfer et al. 2016). Therefore, it should be safe to ignore
rotation in calculating the structure of the He envelope accreted
onto the WD.

As the sdB spirals inward toward its companion, tides may
cause it to spin up to rotation on the order of the orbital period,
though tidal dissipation may not be efficient enough to bring
the donor star into fully synchronous rotation (Preece et al.
2018). Even for fully synchronous rotation, we can use
Equation (2) to find that a Roche-filling donor would rotate
with a frequency €Q2,/92, = (1 + 1/¢q)(Rg./a)®, where

Quic = GM, /R} is the critical rotation rate of the donor star
and Qg = 27/Pyp. Using Equation (1) along with the above
formula, we find that Q2,/Q2%, ~ 0.1 for any ¢<1, so
distortion in the outer layers due to rotation would have only a
minor impact on the donor sdB star. Since this is an upper limit
on the rotation rate due to potential tidal spin-up, we feel it is
justified to neglect the structural effects of rotation for the
MESA sdB models in this section.

We assume conservative mass transfer (M, = —M,) unless
the WD is undergoing a nova outburst that causes it to expand
and overflow its Roche lobe. In that case, we adopt the
following simple prescription for removing mass from the WD
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Figure 5. Upper panels: radius evolution through the end of core He burning for a grid of hot subdwarf models with masses in the range Myqg = 0.32-0.55 M., with
My = 107% M, in the left panel and My; = 3 x 107> M, in the right panel. Black points mark the location on each track where the radius reaches its maximum value
during core He burning. Dashed curves indicate models for which the progenitor mass was Mzams < 2.3 M., and the He core ignited off-center. Solid curves indicate
models for which the progenitor mass was Mzams > 2.3 M, and the He ignition occurred under nondegenerate conditions at the center. Middle panel: merger time
Tmerge Calculated using Equation (17) for sdB stars with masses in the range Myqg = 0.32-0.55 M, and a 0.75 M., WD companion. Lower panels: orbital period ranges
over which different phases of mass transfer can occur. Orange shaded regions show orbital period ranges over which the H envelope can transfer to the WD
companion, calculated using the radii from the upper panels. The blue shaded region shows the orbital period range where the orbit can become compact enough to
transfer material from the He core of the sdB star. The gray shaded region to the right shows orbital periods for which the inspiral time is too long for the system to
transfer any mass within the sdB star’s He-burning lifetime. The red shaded region shows the range of orbital periods for which the system may be able to inspiral
close enough to transfer some of the H envelope, but will not have time to become compact enough for mass transfer to reach the He core.
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to allow it to evolve through nova cycles while staying within
its Roche lobe and allowing binary evolution to continue.
When the WD radius expands beyond 0.85 Rg; > (where Rg; »
is the WD Roche radius), we use a simple exponential Roche
lobe overflow scheme for the WD to remove mass from the
system at a rate of

(18)

. R, — 0.85R
M, = (1075 M, yr—Yexp (M)

3 x 1073 R,

This mass is assumed to be lost from the WD as a spherical
wind, and therefore carries away specific angular momentum
matching the WD orbit. It should be noted that the parameters
in Equation (18) are chosen for simplicity rather than based on
any physical motivation. These parameters were chosen by
experimenting to find values that allowed the WD to expand
near its Roche lobe and then quickly ramp up mass loss to
allow robust evolution through multiple complete nova cycles,
but they are not necessarily unique in accomplishing this goal.
The details of this WD mass loss scheme therefore should not
be construed as physical, but the small amount of mass lost
from the system during these nova cycles will not have a large
impact on the overall orbital evolution. For a more thorough
discussion of the impact of mass loss prescriptions on MESA
models of novae, see Wolf et al. (2013). For simplicity, we also
do not consider any interaction between the donor and mass
lost from the WD during these hydrogen novae, which may
lead to some dynamical friction that enhances the rate at which
the system loses angular momentum and spirals inward; though
this process is uncertain (e.g., Shen 2015).

5.1. Canonical Mass sdB Donor

Our canonical sdB model is 0.47 M., with an envelope mass
of Mey,y, = 107> M, descended from a 1.0 M., model that has
the H envelope removed during the He core flash. We initialize
this in a binary with orbital period Pj,; = 90 minutes with a
0.75 M-, WD companion. The left panel of Figure 6 shows that
this system comes into contact after 50Myr when
P, = 65 minutes, and donates the H envelope at a rate of
M <1070 M_yr~! for 30 Myr. During this time, the WD
accretor model undergoes 6 H novae while accreting H-rich
material, and ejects most of the 107> M, of accreted material
from the system. The hot subdwarf donor increases its T to
nearly 35,000 K as the Roche lobe shrinks and the hot
subdwarf becomes more compact while maintaining a nearly
constant luminosity before finally exposing the He core.

Once the He core is exposed and begins to overflow the
Roche lobe when P,y = 34 minutes, the mass transfer rate
increases to M ~ 1078 M yr~! for another 20Myr, in
agreement with the prediction of Section 3. The sdB donates
nearly 0.2 M, of He-rich material to the WD companion, and
its luminosity and T.¢ decrease as core He burning subsides
and eventually shuts off altogether in the donor star, while the
remaining He core continues to grow more compact.
Eventually, the WD accumulates enough He that the NCO
chain initiates a dynamical thermonuclear runaway at the base
of the accreted He envelope, likely leading to a detonation. The
density at the ignition location in the envelope of this model is
p=17x10°gcm ™, above the critical density threshold
Perit = 10° gcmf3 for which a detonation is likely (Woosley
& Weaver 1994; Woosley & Kasen 2011; Bauer et al. 2017;
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Neunteufel et al. 2017). This detonation may destroy the entire
WD and liberate the remnant of the sdB donor to become a
runaway star with a velocity close to its final orbital velocity of
780 km s ! (Bauer et al. 2019; Neunteufel et al. 2019;
Neunteufel 2020).

The fourth panel in Figure 6 gives bolometric luminosities of
both the sdB donor and WD accretor as well as the estimated
accretion luminosity L, = GMwpM /Rwp. This shows that
the sdB star dominates the luminosity of the system before
mass transfer and during the envelope transfer phase (except
during novae), but the accretion luminosity may become
comparable or larger during the He transfer phase. Late in the
evolution of these systems, the accretion disk may dominate
observed luminosity in both the ultraviolet and optical. In this
phase, these binaries would appear as AM Canum Venaticorum
(AM CVn) systems, with negligible luminosity from the sdB
donor once it loses enough mass to drop below ~0.3 M. This
particular model donates some carbon along with the He during
this phase due to most of the He core containing some ashes
from the He core flash, and the spectral signatures of this C in
the accretion disk would be atypical for an AM CVn. Donors
descended from higher mass progenitors that ignite He in their
centers rather than through an off-center core flash do not
contain any C ashes outside the convective He-burning core.
These sdB stars contain a ~0.2-0.3 M, shell of unprocessed
He-dominated material in their outer layers to transfer during
the He overflow phase, and this would form a more typical AM
CVn spectrum from the accretion disk, showing nitrogen
features from the ashes of main-sequence CNO burning, but
not carbon features. See also Yungelson (2008) for a discussion
of the composition of material donated from He stars
corresponding to the scenario of higher mass progenitors that
did not experience an off-center He flash.

5.2. 0.37 My, sdB Donor

Our second binary evolution model contains a 0.37 M., sdB
star descended from a Myzams=3.0 M. progenitor (see
Figure 4). The envelope contains a total hydrogen mass of
My =10 M, like the models in the left panel of Figure 5.
However, the H mass fraction in the layers that form the
eventual sdB envelope is only X~ 0.2 due to prior nuclear
processing in the receding convective core during the MS
evolution. This leads to a very compact overall structure for the
sdB model because of the higher He content in the envelope,
and the total mass of material in the outer layers that contain
some His M.,, =7 X 1073 M_,. We initialize this sdB model in
a binary with a 0.75M, WD with an orbital period of
Pinic = 120 minutes. It first comes into contact after 220 Myr
when the orbital period has decreased to P, = 37 minutes, and
it then begins donating the envelope material at a rate of
M ~ 107° M, yr~'. Over the next 7Myr, the WD accretor
undergoes 22 H novae and ejects much of the accreted
envelope mass from the system. The downward spikes in the
accretion rate in the right panel of Figure 6 are due to
temporary widening of the orbit due to this small amount of
mass loss during each nova cycle. These downward spikes are
a direct result of our oversimplified prescription for removing
mass from the WD during novae as a simple spherical wind, so
the orbital evolution briefly following each nova is likely
oversimplified and unphysical as well. However, this has little
impact on the overall orbital evolution and mass transfer, as
each nova removes only ~ 107* M, from the system, and
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Figure 6. MESA binary evolution models of sdB stars with a 0.75 M., WD companion. The left panels show the model for a canonical 0.47 M, sdB star described in
Section 5.1, and the right panels show the model for a 0.37 M, model described in Section 5.2. The x-axis in these plots is time since He core burning started in the
sdB model, which also corresponds to when the envelope was removed from the progenitor star to form a subdwarf, presumably through a common envelope that also
leaves the binary systems at the initial orbital periods P;,; labeled at the top of the plots.

GWR quickly brings the system back into contact with a
similar equilibrium mass transfer rate to that before the nova
occurred.

Eventually when P, = 26 minutes the underlying He core
is exposed, and mass then begins to transfer to the WD at a rate
on the order of 1078 M_ yr~! for the next 9 Myr. The system
transfers a total of 0.15 M, before 3« burning in the degenerate
accreted He leads to a thermonuclear runaway in the WD
envelope. The final donor velocity in this model is 950 kms ™',
but the ignition location of the WD envelope occurs in less
dense layers (p =4 x 10° gcm ) outward from the base of the
accreted He due to a temperature inversion (Brooks et al. 2015;
Bauer et al. 2017), so this particular model is unlikely to lead to
a detonation that liberates the donor as a runaway star. If the
WD accretor does not detonate, this system could continue
transferring mass and evolve through a period minimum around

Po, = 10 minutes when the donor is ~0.2 M. (Yungelson
2008; Neunteufel 2020), eventually transferring hybrid He/C/
O material from the partially burned core as the system evolves
back toward longer orbital periods (Nelemans 2010).

6. Detectability of Ellipsoidal Variation

Ellipsoidal modulation of the lightcurves in sdB+WD binary
systems is the key observable that will enable discovery of new
systems based on time-domain observations with enough
epochs or short enough cadence to resolve orbital periods on
the order of 20 minutes to 3 hr. In order to demonstrate the
detectability of this modulation, in this section we use
LCURVE’ (Copperwheat et al. 2010) to calculate the amplitude

3 https://github.com/trmrsh /cpp-lcurve
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of variation by modeling the lightcurve variability of
ellipsoidally deformed sdB stars in binary systems with WD
companions. We model phase folded lightcurves with 1000
data points. We use values for limb darkening and gravity
darkening based on Claret (2017) and assume a typical sdB star
with Teer=25,000K and log(g/cm s~2) = 5.5. We treat the
WD companion as a point mass, so that there are no eclipses as
we are only interested in the ellipsoidal amplitude. The
geometry of the ellipsoidally deformed sdB star is the primary
source of flux variation. Limb darkening and gravity darkening
have small influence on the ellipsoidal amplitude in our models
(order 1% level) but can increase toward hotter temperatures.
Doppler beaming can also slightly enhance the overall
amplitude by boosting one of the lightcurve peaks relative to
the other peak (e.g., Bloemen et al. 2011), as seen in Pelisoli
et al. (2021) with TESS observations of HD 265435. For
actively accreting systems, an accretion disk can further alter
the lightcurve through the Rossiter—McLaughlin effect or due
to irradiation, as seen in Kupfer et al. (2020a). Our models in
this section therefore represent a conservative estimate of the
total amplitude of variation in an ellipsoidal system, as the
amplitude can be further enhanced by eclipse features from a
WD or disk at high inclination or greater limb and gravity
darkening for a subdwarf with T.¢ > 25,000 K.

We find that the main factors influencing the amplitude of
ellipsoidal modulation are the Roche-filling fraction of the sdB
(Rsqp/Rgr) and inclination (see Equation (4) in Bloemen et al.
2012). Figure 7 therefore shows the amplitude of ellipsoidal
modulation as a function of these two variables. The mass ratio
can also have a minor impact on the amplitude, so we show the
amplitude for two different mass ratios (g =0.5 and g = 1.0).
As an example to illustrate the detectability of ellipsoidal
variation in practice, for sdB stars within 2 kpc the variability
amplitudes in Figure 7 translate into the following sensitivity to
detection by the Zwicky Transient Facility (ZTF; Bellm et al.
2019; Graham et al. 2019), which was used to discover the
systems of Kupfer et al. (2020a, 2020b). Assuming an sdB star
with absolute magnitude of 4 (typical in the Gaia G band)
yields an apparent magnitude of 15.5 at 2kpc without any
extinction. Stars in the Galactic plane may experience an
additional 0.7-1.0 mag of extinction per kpc (Krelowski &
Papaj 1993; Green et al. 2019), yielding 17-17.5 mag for stars
at 2 kpc. For stars at this magnitude, ZTF has a flux precision of
AF/F~1.5% —2% (see Figure 11 in Masci et al. 2019).
Therefore, a photometric amplitude of 5%—6% can be easily
detected with a >3¢ significance. The contours in Figure 7
therefore show that all Roche-filling sdB stars with inclination
i 230° should be easily detectable at this distance, and a
significant fraction of sdB stars should be detectable even when
they have only reached 70%—-80% of Roche-lobe filling.

In the future, the Legacy Survey of Space and Time (LSST;
Ivezi€¢ et al. 2019) of the Vera Rubin Observatory will enable
pushing this detection sensitivity out to even further distances
(several kiloparsecs) and smaller Roche-filling fractions for
sdB+WD systems. A magnitude of 17 is the bright end for
LSST, and the photometric precision goal is 5 mmag in g and r
(0.5%; see Table 14 in the requirements document®). An
amplitude of just 1.5%-2% will therefore be easily detected
with >3¢ significance, enabling detection of some sdB systems
that are only ~50% of Roche-filling according to Figure 7. For

S hitps://www.Isst.org/scientists /publications /science-requirements-
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Figure 7. Contours showing the observable amplitude of flux variability as a
function of orbital inclination and Roche-filling fraction for two different mass
ratios: g = 0.5 (upper panel) and g = 1.0 (lower panel). Variability amplitudes
are calculated using LCURVE (Copperwheat et al. 2010) assuming a typical
sdB star with T,¢ = 25,000 K and log(g/cm s™2) = 5.5.

a typical compact sdB+WD system that is born by exiting a
common envelope at Py, =~ 1.5-3 hr, the sdB could spend up
to hundreds of megayears with detectable ellipsoidal deforma-
tion as it spirals inward before filling its Roche lobe and
beginning to transfer mass for another few tens of megayears.
Detection of the distribution of sdB+WD binaries with
ellipsoidal modulation in LSST could therefore map out nearly
the entire lifetime of this phase, from birth to eventual mass
transfer, supernova, or merger.

7. Discussion and Conclusions

We have calculated characteristic timescales and orbital
periods for mass transfer from sdB stars to WD companions.
Our results imply that many undiscovered compact sdB4+WD
binary systems with Roche-filling or near Roche-filling sdB
donors have yet to be discovered. We can estimate a lower limit
for the number of observable systems based on the following
argument. Kupfer et al. (2020a, 2020b) found two short-period
(39 and 56 minutes) subdwarf+WD binaries within 2 kpc in
which the subdwarf is currently overflowing its Roche lobe and
transferring mass to the WD. These systems were discovered
because the subdwarf donors are very hot (T.g > 33,000 K),
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which allowed discovery due to ellipsoidal modulation in a
sample with strict color cuts even after reddening due to dust in
the Galactic plane where these systems reside (Kupfer et al.
2020b).

Modeling in Kupfer et al. (2020a, 2020b) indicated that these
observed systems are currently evolving through a short-lived
~1 Myr phase in which the subdwarf becomes hotter just after
core He burning has ended. Similar systems that exited a
common envelope at slightly shorter orbital periods would
come into contact megayears earlier while the donor is still a
cooler He-burning sdB star. Our calculations in this paper
indicate that the mass transfer phases for both the outer H
envelope and the He core last for ~10 Myr when the binary
comes into contact while the sdB star is still burning He in its
core. Section 6 shows that the variability of these systems will
be easily detectable by ZTF for all Roche-filling systems within
2 kpc except those with small inclinations i < 30°. Therefore, at
least tens of binary systems with Roche-filling donors in both
of these phases should be observable, and there are likely
hundreds more that are close enough to Roche-filling to exhibit
detectable ellipsoidal modulation according to Figure 7.
Clearly, many more sdB4+WD systems await discovery among
the millions of variable stars observed in the Galactic plane
(Kupfer et al. 2021a).

Most of these systems have not yet been discovered because
they likely reside in the Galactic plane, where the strict color cuts
of previous searches for sdB stars have resulted in excluding
these systems due to reddening. The demographics of the few
systems that we do know of so far (Vennes et al. 2012; Geier
et al. 2013; Kupfer et al. 2017a, 2017b, 2020a, 2020b) indicate
that they come from a young population in the Galactic plane.
Indeed, measured WD companion masses are often significantly
larger than 0.6 M., indicating short MS progenitor lifetimes
prior to the common envelope. The population synthesis models
of Han et al. (2003) also indicate that sdB+WD binaries
with Py, <3 hr primarily descend from stars with Mzams >
2 M, that do not experience a degenerate core He flash, another
indicator that these systems must descend from a young
population.

Additionally, Geier & Raddi (2019) present a catalog of
~40,000 sdB candidates from Gaia DR2, but their selection
criteria are likely to exclude many sdB stars in the Galactic
plane associated with a young population in dense stellar
regions. Their selection criteria include quality metrics from
Gaia DR2, which remove blended sources and sources with
bad astrometry. This affects in particular dense stellar regions,
which makes the selection based on the Geier & Raddi (2019)
catalog very incomplete at low Galactic latitudes with high
stellar densities. Therefore, searches based on this catalog will
miss a significant number of sdBs from a young population.
sdB stars descended from such a young population would have
the more compact envelope configurations of stars that do not
experience the He core flash in Figure 5, and therefore they
should typically experience the onset of H envelope mass
transfer at orbital periods of 40—-60 minutes according to the
darker orange shaded region in the lower panels of Figure 5.
We therefore predict that this period range should be the most
fruitful in searching to discover new Roche-filling sdB+WD
binary systems.

Discovering and characterizing this population of sdB+WD
binary systems will provide useful constraints on common
envelope outcomes. The lower panels of Figure 5 show that
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systems that spiral close enough to transfer mass from the sdB
star must exit the common envelope at orbital periods shorter
than the shaded regions on the right side of those plots.
Modeling of well-characterized systems will therefore provide
a direct link to post-common-envelope outcomes for this class
of binary systems.

Extending our estimates to the total number of systems in the
Galaxy based on the volume in which observed systems have
been detected so far, we estimate that our Galaxy contains at
least ~ 10°~10* sdB-+WD binaries with orbital periods shorter
than 1-2 hr. This lower limit is based on the two systems of
Kupfer et al. (2020a, 2020b) that were discovered within a
distance of d ~ 2 kpc using ZTF in the Northern Hemisphere.
We can then scale the tens to hundreds of observable systems
that we estimate should exist within a few kilparsecs by a factor
of M,/[(w/ 2)d’S,] ~ 100 to arrive at the total number of
systems in the Galaxy, where X, is the local stellar surface
density and M, is the total Galactic stellar mass
(McGaugh 2016). These sdB4+WD systems will therefore be
a significant source of Galactic foreground gravitational waves
for LISA, and some may be resolvable LISA sources. Our
estimates of the stars in this population are closely related to the
work of Gotberg et al. (2020), who focused on He stars in
binaries with slightly longer orbital periods Py, > 60 minutes
just outside the range of where their He star models may begin
to fill their Roche lobes and transfer mass. Our models
therefore represent a subset of the population of ~ 10 such
systems that they calculate, with the evolution extended toward
shorter orbital periods to continue through mass transfer.

Many of the sdB+WD systems with Py, < 2 hr are likely to
produce an eventual thermonuclear explosion of a thick
(~0.1 M) He shell on the accreting WD. With typical inspiral
times on the order of 10® yr, our estimate of 10°~10* systems
therefore predicts that the rate of such explosions in our Galaxy
could be as high as one per 10* yr, comparable to the rate of .
Ia” supernovae predicted from double WD AM CVn systems
(Bildsten et al. 2007; Shen & Bildsten 2009).

We have also found that during the He transfer phase, the
accretion luminosity is often the dominant source of luminosity in
the system, and therefore many of these systems may spend several
megayears in a state that appears very similar to the properties of
AM CVn systems (Nelemans et al. 2001, 2004; Marsh et al. 2004).
For sdB donors descended from Mzays 2 2.3 M., progenitors that
do not experience the He core flash, the outer ~0.2 M, of He-
dominated material that transfers onto the WD has not undergone
any He bumning to process the CNO abundances, and so the
composition of accretion disks in these systems would be
indistinguishable from the He WD donor channel for AM CVns
(Nelemans et al. 2010). Therefore we argue that it is possible that a
significant number of relatively short-period (10 minutes < Py, <
30 minutes) AM CVn-like systems associated with a young stellar
population in the Galactic plane may be descended from sdB+WD
binaries, even though the donor composition may point toward
CNO cycle material that has traditionally been interpreted as
indicating a He WD donor.

In fact, one such AM CVn-like system may already be
known. SDSS J190817.07 4-394036.4 is an AM CVn system
(Fontaine et al. 2011) with an orbital period of 18 minutes, and
Kupfer et al. (2015) found from the relation between the
superhump and the orbital period that this system likely has a
mass ratio of ¢ = 0.33, which is problematic for a double WD
interpretation of this system. According to Marsh et al. (2004),



THE ASTROPHYSICAL JOURNAL, 922:245 (13pp), 2021 December 1

My = 1073 M@, Mwp = 0.5 M@

0.55 [——— T T
— .
0.50 | & no mass transfer
— N B detached within sdB lifetime ]
© © 4 -
= 045Fe £ Henv 3
0 5 o transfer 1
= . & for core -
J a0fE 5 fash ;
5 ]

; potential
0.35 mass transfer ]
’ | within §dB lifetime \ .
50 100 150
Py, [min]

Bauer & Kupfer

My = 10—3 M@, Mwp =1.0 M@

0.55 T T T

0.50 F 8 . detached no mass transfer -
—_ [ £ Q2 within sdB lifetime ]
© PE g .
= 045F e & Hem 1
0 [ 3 o transfer ]
e ; & for core .
= 040 FF g/ flash ]
= potential ]
foxi mass transfer E
0.35 within sdB lifetime 7]

1 L L 1 L 1 L L L 1 1 L

50 100 150

Py, [min]

Figure 8. Same as the lower left panel of Figure 5, except with different WD accretor masses (0.5 M., in the left panel and 1.0 M, in the right panel) to show how
companion mass can cause minor shifts to the period ranges where these systems may be detected.

a double WD system with this mass ratio would likely
experience unstable mass transfer and merge, while we have
found that ¢ <2/3 sdB+WD systems will experience stable
mass transfer. Our binary model in Section 5.2 evolves through
stable He mass transfer with a mass ratio and orbital period
very similar to those observed for SDSS J1908.

In principle, these systems would also be distinguishable
from the classic He WD AM CVn scenario by the direction of
their orbital period evolution. The sdB+WD systems we
discuss in this paper have Py, < 0, evolving toward shorter
orbital periods, while AM CVn systems with He WD donors
spend most of their lifetime evolving in the opposite direction
toward longer orbital periods. A detection of negative By
could therefore serve as another indicator that an AM CVn
system comes from the sdB+WD binary channel. We expect
orbital period changes on the order of By, = —(3/8) Py /Tinerge
when negligible mass is being transferred so that we can use
Equations (2) and (17) directly to calculate a purely GWR-
driven value for P. This equation gives orbital period
evolution rates of [Py < 1072-10"""ss™' for sdB+WD
binary systems. He mass transfer from the less massive sdB to
the more massive WD slows orbital evolution to make |Py)
smaller relative to purely GWR-driven binary evolution (see
Equation (7) and the top panels in Figure 6). In practice, the
magnitude of this orbital period evolution may be detectable
after a few years of regular monitoring, at least for some
eclipsing systems with precise timing.
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github.com/trmrsh/cpp-lcurve) matplotlib (Hunter 2007),
NumPy (van der Walt et al. 2011; Harris et al. 2020).

Appendix
Impact of White Dwarf Companion Mass

Figure 8 shows the small impact of the WD companion mass
on the orbital period ranges over which the different phases of
mass transfer can occur as calculated in Section 4. The WD
companion mass enters this analysis in two ways. First, it
changes the size of Roche radius for a given sdB star mass, but
as Figure 8 shows this effect is very small when translated into
orbital period space. Second, the WD companion mass changes
the gravitational inspiral timescale according to Equation (17),
which has a noticeable impact on the orbital period range at
which the PCEB system can exit the common envelope and
still be able to make contact within the sdB star He-burning
lifetime. More massive WD companions cause this inspiral
timescale to be faster, moving the boundary for P;,;, required
for a system to make contact out toward longer orbital periods.

ORCID iDs

https: //orcid.org/0000-0002-4791-6724
https: //orcid.org/0000-0002-6540-1484

Evan B. Bauer
Thomas Kupfer

References
Bauer, E. B., Schwab, J., & Bildsten, L. 2017, ApJ, 845, 97
Bauer, E. B., White, C. J., & Bildsten, L. 2019, ApJ, 887, 68
Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019, PASP, 131, 018002
Bildsten, L., Shen, K. J., Weinberg, N. N., & Nelemans, G. 2007, ApJL,
662, L95

Bloemen, S., Marsh, T. R., Degroote, P., et al. 2012, MNRAS, 422, 2600
Bloemen, S., Marsh, T. R., Ostensen, R. H., et al. 2011, MNRAS, 410, 1787
Brooks, J., Bildsten, L., Marchant, P., & Paxton, B. 2015, ApJ, 807, 74


http://mesa.sourceforge.net
https://github.com/trmrsh/cpp-lcurve
https://github.com/trmrsh/cpp-lcurve
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-4791-6724
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://doi.org/10.3847/1538-4357/aa7ffa
https://ui.adsabs.harvard.edu/abs/2017ApJ...845...97B/abstract
https://doi.org/10.3847/1538-4357/ab4ea4
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...68B/abstract
https://doi.org/10.1088/1538-3873/aaecbe
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8002B/abstract
https://doi.org/10.1086/519489
https://ui.adsabs.harvard.edu/abs/2007ApJ...662L..95B/abstract
https://ui.adsabs.harvard.edu/abs/2007ApJ...662L..95B/abstract
https://doi.org/10.1111/j.1365-2966.2012.20818.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422.2600B/abstract
https://doi.org/10.1111/j.1365-2966.2010.17559.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.1787B/abstract
https://doi.org/10.1088/0004-637X/807/1/74
https://ui.adsabs.harvard.edu/abs/2015ApJ...807...74B/abstract

THE ASTROPHYSICAL JOURNAL, 922:245 (13pp), 2021 December 1

Cassisi, S., Potekhin, A. Y., Pietrinferni, A., Catelan, M., & Salaris, M. 2007,
AplJ, 661, 1094

Chugunov, A. I, Dewitt, H. E., & Yakovlev, D. G. 2007, PhRvD, 76, 025028

Claret, A. 2017, A&A, 600, A30

Copperwheat, C. M., Marsh, T. R., Dhillon, V. S., et al. 2010, MNRAS,
402, 1824

Copperwheat, C. M., Morales-Rueda, L., Marsh, T. R., Maxted, P. F. L., &
Heber, U. 2011, MNRAS, 415, 1381

Cyburt, R. H., Amthor, A. M., Ferguson, R., et al. 2010, ApJS, 189, 240

De, K., Kasliwal, M. M., Polin, A., et al. 2019, ApJL, 873, L18

De, K., Kasliwal, M. M., Tzanidakis, A., et al. 2020, ApJ, 905, 58

Eggleton, P. P. 1983, ApJ, 268, 368

Fontaine, G., Brassard, P., Green, E. M., et al. 2011, ApJ, 726, 92

Fuller, G. M., Fowler, W. A., & Newman, M. J. 1985, ApJ, 293, 1

Fuller, J., & Lai, D. 2014, MNRAS, 444, 3488

Geier, S. 2020, A&A, 635, A193

Geier, S., Fiirst, F., Ziegerer, E., et al. 2015, Sci, 347, 1126

Geier, S., Marsh, T. R., Wang, B., et al. 2013, A&A, 554, A54

Geier, S., Raddi, R., Gentile Fusillo, N. P., & Marsh, T. R. 2019, A&A,
621, A38

Gotberg, Y., de Mink, S. E., Groh, J. H,, et al. 2018, A&A, 615, A78

Gotberg, Y., Korol, V., Lamberts, A., et al. 2020, ApJ, 904, 56

Graham, M. J., Kulkarni, S. R., Bellm, E. C., et al. 2019, PASP, 131, 078001

Green, G. M., Schlafly, E., Zucker, C., Speagle, J. S., & Finkbeiner, D. 2019,
ApJ, 887, 93

Han, Z., Podsiadlowski, P., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS,
341, 669

Han, Z., Podsiadlowski, P., Maxted, P. F. L., Marsh, T. R., & Ivanova, N.
2002, MNRAS, 336, 449

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357

Heber, U. 2009, ARA&A, 47, 211

Heber, U. 2016, PASP, 128, 082001

Hirsch, H. A., Heber, U., O’Toole, S. J., & Bresolin, F. 2005, A&A, 444, 1.61

Hunter, J. D. 2007, CSE, 9, 90

Icko, Icko, J., & Tutukov, A. V. 1991, AplJ, 370, 615

Iglesias, C. A., & Rogers, F. J. 1993, ApJ, 412, 752

Iglesias, C. A., & Rogers, F. J. 1996, Apl, 464, 943

Irwin, A. W. 2004, The FreeEOS Code for Calculating the Equation of State
for Stellar Interiors, http://freeeos.sourceforge.net/

Itoh, N., Hayashi, H., Nishikawa, A., & Kohyama, Y. 1996, ApJS, 102, 411

Johnson, E. D., Rogachev, G. V., Mitchell, J., Miller, L., & Kemper, K. W.
2009, PhRvC, 80, 045805

Justham, S., Wolf, C., Podsiadlowski, P., & Han, Z. 2009, A&A, 493, 1081

Ivezié, Z., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111

Krelowski, J., & Papaj, J. 1993, PASP, 105, 1209

Kruckow, M. U., Neunteufel, P. G., Di Stefano, R., Gao, Y., & Kobayashi, C.
2021, ApJ, 920, 86

Kupfer, T., Bauer, E. B, Burdge, K. B., et al. 2020b, ApJL, 898, L25

Kupfer, T., Bauer, E. B., Marsh, T. R, et al. 2020a, ApJ, 891, 45

Kupfer, T., Bauer, E. B., & van Roestel, J. 2021b, arXiv:2110.11974

Kupfer, T., Groot, P. J., Bloemen, S., et al. 2015, MNRAS, 453, 483

Kupfer, T., Prince, T. A., van Roestel, J., et al. 2021a, MNRAS, 505, 1254

Kupfer, T., Ramsay, G., van Roestel, J., et al. 2017b, ApJ, 851, 28

Kupfer, T., Steeghs, D., Groot, P. J., et al. 2016, MNRAS, 457, 1828

Kupfer, T., van Roestel, J., Brooks, J., et al. 2017a, ApJ, 835, 131

Langanke, K., & Martinez-Pinedo, G. 2000, NuPhA, 673, 481

Lubow, S. H., & Shu, F. H. 1975, ApJ, 198, 383

Marsh, T. R., Nelemans, G., & Steeghs, D. 2004, MNRAS, 350, 113

Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003

13

Bauer & Kupfer

Maxted, P. F. L., Heber, U., Marsh, T. R., & North, R. C. 2001, MNRAS,
326, 1391

McGaugh, S. S. 2016, ApJ, 816, 42

Napiwotzki, R., Karl, C. A., Lisker, T., et al. 2004, Ap&SS, 291, 321

Nelemans, G. 2010, Ap&SS, 329, 25

Nelemans, G., Portegies Zwart, S. F., Verbunt, F., & Yungelson, L. R. 2001,
A&A, 368, 939

Nelemans, G., Yungelson, L. R., & Portegies Zwart, S. F. 2004, MNRAS,
349, 181

Nelemans, G., Yungelson, L. R., van der Sluys, M. V., & Tout, C. A. 2010,
MNRAS, 401, 1347

Neunteufel, P. 2020, A&A, 641, A52

Neunteufel, P., Yoon, S. C., & Langer, N. 2016, A&A, 589, A43

Neunteufel, P., Yoon, S. C., & Langer, N. 2017, A&A, 602, A55

Neunteufel, P., Yoon, S. C., & Langer, N. 2019, A&A, 627, A14

Oda, T., Hino, M., Muto, K., Takahara, M., & Sato, K. 1994, ADNDT, 56, 231

Ostrowski, J., Baran, A. S., Sanjayan, S., & Sahoo, S. K. 2021, MNRAS,
503, 4646

Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15

Paxton, B., Schwab, J., Bauer, E. B., et al. 2018, ApJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, ApJS, 243, 10

Pelisoli, I., Neunteufel, P., Geier, S., et al. 2021, NatAs, 5, 1052

Pelisoli, 1., Vos, J., Geier, S., Schaffenroth, V., & Baran, A. S. 2020, A&A,
642, A180

Piersanti, L., Tornambé, A., & Yungelson, L. R. 2014, MNRAS, 445, 3239

Polin, A., Nugent, P., & Kasen, D. 2019, ApJ, 873, 84

Potekhin, A. Y., & Chabrier, G. 2010, CoPP, 50, 82

Preece, H. P., Tout, C. A., & Jeffery, C. S. 2018, MNRAS, 481, 715

Priedhorsky, W. C., & Verbunt, F. 1988, ApJ, 333, 895

Ritter, H. 1988, A&A, 202, 93

Roelofs, G. H. A., Groot, P. J., Nelemans, G., Marsh, T. R., & Steeghs, D.
2006, MNRAS, 371, 1231

Rogers, F. J., & Nayfonov, A. 2002, ApJ, 576, 1064

Saumon, D., Chabrier, G., & van Horn, H. M. 1995, ApJS, 99, 713

Savonije, G. J., de Kool, M., & van den Heuvel, E. P. J. 1986, A&A, 155, 51

Schindler, J.-T., Green, E. M., & Arnett, W. D. 2015, ApJ, 806, 178

Schwab, J., & Bauer, E. B. 2021, ApJ, 920, 110

Shen, K. J. 2015, ApJL, 805, L6

Shen, K. J., & Bildsten, L. 2009, ApJ, 699, 1365

Soberman, G. E., Phinney, E. S., & van den Heuvel, E. P. J. 1997, A&A,
327, 620

Timmes, F. X., & Swesty, F. D. 2000, ApJS, 126, 501

Townsend, R. H. D. 2019a, MESA SDK for Linux, v. 20190503, Zenodo, doi:
10.5281/zenodo.2669541

Townsend, R. H. D. 2019b, MESA SDK for Mac OS, v. 20190503, Zenodo,
doi: 10.5281/zen0do.2669543

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22

Vennes, S., Kawka, A., O’Toole, S. J., Németh, P., & Burton, D. 2012, ApJL,
759, L25

Verbunt, F., & Rappaport, S. 1988, ApJ, 332, 193

Wang, B., Meng, X., Chen, X., & Han, Z. 2009, MNRAS, 395, 847

Wolf, W. M., Bildsten, L., Brooks, J., & Paxton, B. 2013, ApJ, 777, 136

Woosley, S. E., & Kasen, D. 2011, ApJ, 734, 38

Woosley, S. E., & Weaver, T. A. 1994, AplJ, 423, 371

Yungelson, L. R. 2008, AstL, 34, 620

Zenati, Y., Toonen, S., & Perets, H. B. 2019, MNRAS, 482, 1135

Zhang, X., Chen, X., & Han, Z. 2009, A&A, 504, L13


https://doi.org/10.1086/516819
https://ui.adsabs.harvard.edu/abs/2007ApJ...661.1094C/abstract
https://doi.org/10.1103/PhysRevD.76.025028
https://ui.adsabs.harvard.edu/abs/2007PhRvD..76b5028C/abstract
https://doi.org/10.1051/0004-6361/201629705
https://ui.adsabs.harvard.edu/abs/2017A&A...600A..30C/abstract
https://doi.org/10.1111/j.1365-2966.2009.16010.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402.1824C/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402.1824C/abstract
https://doi.org/10.1111/j.1365-2966.2011.18786.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.1381C/abstract
https://doi.org/10.1088/0067-0049/189/1/240
https://ui.adsabs.harvard.edu/abs/2010ApJS..189..240C/abstract
https://doi.org/10.3847/2041-8213/ab0aec
https://ui.adsabs.harvard.edu/abs/2019ApJ...873L..18D/abstract
https://doi.org/10.3847/1538-4357/abb45c
https://ui.adsabs.harvard.edu/abs/2020ApJ...905...58D/abstract
https://doi.org/10.1086/160960
https://ui.adsabs.harvard.edu/abs/1983ApJ...268..368E/abstract
https://doi.org/10.1088/0004-637X/726/2/92
https://ui.adsabs.harvard.edu/abs/2011ApJ...726...92F/abstract
https://doi.org/10.1086/163208
https://ui.adsabs.harvard.edu/abs/1985ApJ...293....1F/abstract
https://doi.org/10.1093/mnras/stu1698
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444.3488F/abstract
https://doi.org/10.1051/0004-6361/202037526
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.193G/abstract
https://doi.org/10.1126/science.1259063
https://ui.adsabs.harvard.edu/abs/2015Sci...347.1126G/abstract
https://doi.org/10.1051/0004-6361/201321395
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..54G/abstract
https://doi.org/10.1051/0004-6361/201834236
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..38G/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..38G/abstract
https://doi.org/10.1051/0004-6361/201732274
https://ui.adsabs.harvard.edu/abs/2018A&A...615A..78G/abstract
https://doi.org/10.3847/1538-4357/abbda5
https://ui.adsabs.harvard.edu/abs/2020ApJ...904...56G/abstract
https://doi.org/10.1088/1538-3873/ab006c
https://ui.adsabs.harvard.edu/abs/2019PASP..131g8001G/abstract
https://doi.org/10.3847/1538-4357/ab5362
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...93G/abstract
https://doi.org/10.1046/j.1365-8711.2003.06451.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341..669H/abstract
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341..669H/abstract
https://doi.org/10.1046/j.1365-8711.2002.05752.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.336..449H/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.1146/annurev-astro-082708-101836
https://ui.adsabs.harvard.edu/abs/2009ARA&A..47..211H/abstract
https://doi.org/10.1088/1538-3873/128/966/082001
https://ui.adsabs.harvard.edu/abs/2016PASP..128h2001H/abstract
https://doi.org/10.1051/0004-6361:200500212
https://ui.adsabs.harvard.edu/abs/2005A&A...444L..61H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1086/169848
https://ui.adsabs.harvard.edu/abs/1991ApJ...370..615I/abstract
https://doi.org/10.1086/172958
https://ui.adsabs.harvard.edu/abs/1993ApJ...412..752I/abstract
https://doi.org/10.1086/177381
https://ui.adsabs.harvard.edu/abs/1996ApJ...464..943I/abstract
https://freeeos.sourceforge.net/
https://doi.org/10.1086/192264
https://ui.adsabs.harvard.edu/abs/1996ApJS..102..411I/abstract
https://doi.org/10.1103/PhysRevC.80.045805
https://ui.adsabs.harvard.edu/abs/2009PhRvC..80d5805J/abstract
https://doi.org/10.1051/0004-6361:200810106
https://ui.adsabs.harvard.edu/abs/2009A&A...493.1081J/abstract
https://doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://doi.org/10.1086/133298
https://ui.adsabs.harvard.edu/abs/1993PASP..105.1209K/abstract
https://doi.org/10.3847/1538-4357/ac13ac
https://ui.adsabs.harvard.edu/abs/2021ApJ...920...86K/abstract
https://doi.org/10.3847/2041-8213/aba3c2
https://ui.adsabs.harvard.edu/abs/2020ApJ...898L..25K/abstract
https://doi.org/10.3847/1538-4357/ab72ff
https://ui.adsabs.harvard.edu/abs/2020ApJ...891...45K/abstract
http://arxiv.org/abs/2110.11974
https://doi.org/10.1093/mnras/stv1609
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453..483K/abstract
https://doi.org/10.1093/mnras/stab1344
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.1254K/abstract
https://doi.org/10.3847/1538-4357/aa9522
https://ui.adsabs.harvard.edu/abs/2017ApJ...851...28K/abstract
https://doi.org/10.1093/mnras/stw126
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.1828K/abstract
https://doi.org/10.3847/1538-4357/835/2/131
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..131K/abstract
https://doi.org/10.1016/S0375-9474(00)00131-7
https://ui.adsabs.harvard.edu/abs/2000NuPhA.673..481L/abstract
https://doi.org/10.1086/153614
https://ui.adsabs.harvard.edu/abs/1975ApJ...198..383L/abstract
https://doi.org/10.1111/j.1365-2966.2004.07564.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.350..113M/abstract
https://doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M/abstract
https://doi.org/10.1111/j.1365-2966.2001.04714.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1391M/abstract
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1391M/abstract
https://doi.org/10.3847/0004-637X/816/1/42
https://ui.adsabs.harvard.edu/abs/2016ApJ...816...42M/abstract
https://doi.org/10.1023/B:ASTR.0000044362.07416.6c
https://ui.adsabs.harvard.edu/abs/2004Ap&SS.291..321N/abstract
https://doi.org/10.1007/s10509-010-0392-0
https://ui.adsabs.harvard.edu/abs/2010Ap&SS.329...25N/abstract
https://doi.org/10.1051/0004-6361:20010049
https://ui.adsabs.harvard.edu/abs/2001A&A...368..939N/abstract
https://doi.org/10.1111/j.1365-2966.2004.07479.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.349..181N/abstract
https://ui.adsabs.harvard.edu/abs/2004MNRAS.349..181N/abstract
https://doi.org/10.1111/j.1365-2966.2009.15731.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.401.1347N/abstract
https://doi.org/10.1051/0004-6361/202037792
https://ui.adsabs.harvard.edu/abs/2020A&A...641A..52N/abstract
https://doi.org/10.1051/0004-6361/201527845
https://ui.adsabs.harvard.edu/abs/2016A&A...589A..43N/abstract
https://doi.org/10.1051/0004-6361/201630121
https://ui.adsabs.harvard.edu/abs/2017A&A...602A..55N/abstract
https://doi.org/10.1051/0004-6361/201935322
https://ui.adsabs.harvard.edu/abs/2019A&A...627A..14N/abstract
https://doi.org/10.1006/adnd.1994.1007
https://ui.adsabs.harvard.edu/abs/1994ADNDT..56..231O/abstract
https://doi.org/10.1093/mnras/staa3751
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.4646O/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.4646O/abstract
https://doi.org/10.1088/0067-0049/192/1/3
https://ui.adsabs.harvard.edu/abs/2011ApJS..192....3P/abstract
https://doi.org/10.1088/0067-0049/208/1/4
https://ui.adsabs.harvard.edu/abs/2013ApJS..208....4P/abstract
https://doi.org/10.1088/0067-0049/220/1/15
https://ui.adsabs.harvard.edu/abs/2015ApJS..220...15P/abstract
https://doi.org/10.3847/1538-4365/aaa5a8
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...34P/abstract
https://doi.org/10.3847/1538-4365/ab2241
https://ui.adsabs.harvard.edu/abs/2019ApJS..243...10P/abstract
https://doi.org/10.1038/s41550-021-01413-0
https://ui.adsabs.harvard.edu/abs/2021NatAs...5.1052P/abstract
https://doi.org/10.1051/0004-6361/202038473
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.180P/abstract
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.180P/abstract
https://doi.org/10.1093/mnras/stu1885
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.3239P/abstract
https://doi.org/10.3847/1538-4357/aafb6a
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...84P/abstract
https://doi.org/10.1002/ctpp.201010017
https://ui.adsabs.harvard.edu/abs/2010CoPP...50...82P/abstract
https://doi.org/10.1093/mnras/sty2091
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481..715P/abstract
https://doi.org/10.1086/166798
https://ui.adsabs.harvard.edu/abs/1988ApJ...333..895P/abstract
https://ui.adsabs.harvard.edu/abs/1988A&A...202...93R/abstract
https://doi.org/10.1111/j.1365-2966.2006.10718.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.371.1231R/abstract
https://doi.org/10.1086/341894
https://ui.adsabs.harvard.edu/abs/2002ApJ...576.1064R/abstract
https://doi.org/10.1086/192204
https://ui.adsabs.harvard.edu/abs/1995ApJS...99..713S/abstract
https://ui.adsabs.harvard.edu/abs/1986A&A...155...51S/abstract
https://doi.org/10.1088/0004-637X/806/2/178
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..178S/abstract
https://doi.org/10.3847/1538-4357/ac1b9d
https://ui.adsabs.harvard.edu/abs/2021ApJ...920..110S/abstract
https://doi.org/10.1088/2041-8205/805/1/L6
https://ui.adsabs.harvard.edu/abs/2015ApJ...805L...6S/abstract
https://doi.org/10.1088/0004-637X/699/2/1365
https://ui.adsabs.harvard.edu/abs/2009ApJ...699.1365S/abstract
https://ui.adsabs.harvard.edu/abs/1997A&A...327..620S/abstract
https://ui.adsabs.harvard.edu/abs/1997A&A...327..620S/abstract
https://doi.org/10.1086/313304
https://ui.adsabs.harvard.edu/abs/2000ApJS..126..501T/abstract
https://doi.org/10.5281/zenodo.2669541
https://doi.org/10.5281/zenodo.2669543
https://doi.org/10.1109/MCSE.2011.37
https://ui.adsabs.harvard.edu/abs/2011CSE....13b..22V/abstract
https://doi.org/10.1088/2041-8205/759/1/L25
https://ui.adsabs.harvard.edu/abs/2012ApJ...759L..25V/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...759L..25V/abstract
https://doi.org/10.1086/166645
https://ui.adsabs.harvard.edu/abs/1988ApJ...332..193V/abstract
https://doi.org/10.1111/j.1365-2966.2009.14545.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395..847W/abstract
https://doi.org/10.1088/0004-637X/777/2/136
https://ui.adsabs.harvard.edu/abs/2013ApJ...777..136W/abstract
https://doi.org/10.1088/0004-637X/734/1/38
https://ui.adsabs.harvard.edu/abs/2011ApJ...734...38W/abstract
https://doi.org/10.1086/173813
https://ui.adsabs.harvard.edu/abs/1994ApJ...423..371W/abstract
https://doi.org/10.1134/S1063773708090053
https://ui.adsabs.harvard.edu/abs/2008AstL...34..620Y/abstract
https://doi.org/10.1093/mnras/sty2723
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.1135Z/abstract
https://doi.org/10.1051/0004-6361/200912336
https://ui.adsabs.harvard.edu/abs/2009A&A...504L..13Z/abstract

	1. Introduction
	2. sdB Star Radius as a Function of Envelope Mass
	3. Mass Transfer Physics
	3.1. Envelope Transfer
	3.2. The Helium Core

	4. Post Common Envelope Periods and Contact Scenarios
	5. MESA Binary Evolution Models
	5.1. Canonical Mass sdB Donor
	5.2.0.37 M⊙ sdB Donor

	6. Detectability of Ellipsoidal Variation
	7. Discussion and Conclusions
	AppendixImpact of White Dwarf Companion Mass
	References



