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ABSTRACT

1. The population of White Dwarf binaries

White dwarfs (WD) are the final stage of evolution for the major-
ity of stars, and as such provide useful information for studies of
stellar populations. While they are a straightforward end-point
for low mass single stars, WDs can also be formed via binary
evolution and even be the result of mergers.

A binary system containing a WD can be formed through
many evolutionary channels (Fig. 2). Two stars can be born in a
binary system but be separated enough to never interact; as they
evolve as single stars, the result can be a WD and a Main Se-
quence (MS), giant, or another WD, depending mostly on their
initial mass ratio. If the two stars are born close enough to in-
teract, a WD can also be formed after a period of mass trans-
fer, which can be stable or unstable. In stable mass transfer, the
would-be WD evolves out of the MS and fills its Roche lobe,
donating mass to its companion. Depending on the stage of evo-
lution of the two stars and their separation, this mass transfer can
become unstable, leading to a common envelope (CE) phase.
Once again, this evolution can result in a WD binary (Toonen
et al. 2017).

Whether the system goes through stable or unstable mass
transfer, the imprints of its evolution are left on the parameters
of the final systems, such as on their periods. While these signs
are not unambiguous, they provide important clues to our un-
derstanding of binary evolution, in particular on the still poorly
understood CE phase. Zorotovic et al. (2010), for instance, uses
a sample of WD+MS binaries from SDSS to estimate the effi-
ciency of envelope ejection after the CE phase, α, finding values
in range of 0.2 − 0.3 to represent the final parameters of most of
their sample. The recent work of Scherbak & Fuller (2023) mod-
els the CE phase of 10 WD binary systems using stellar evolution
code MESA, finding a similar range for α, 0.2 − 0.4.

In this work, we aim to calibrate the mass transfer parameters
of binary population synthesis (BPS) models of the code COS-
MIC (Breivik et al. 2020) with a sample of WD binaries from
the APOGEE-Galex-Gaia catalog (Anguiano et al. 2022). We
explore in our COSMIC models different α, limits on the accre-

tion during RLO, and criteria for on the onset of unstable mass
transfer. These models are compared to the data of WD+MS sys-
tems by their ∆RVmax, a proxy for period. The data is described
in Sect. 2, COSMIC and the models we calculated in Sect. 3,
our preliminary results are in Sect. 4, and the next steps of this
project in Sect. 5.

2. APOGEE-Gaia-Galex catalog (AGGC)

AGGC is a catalog of candidate binaries containing WD stars.
It was compiled by (Anguiano et al. 2022) using near-infrared
data from the Apache Point Observatory Galactic Evolution Ex-
periment (APOGEE - data release 17) project (Majewski et al.
2017), UV data from GALEX (Bianchi et al. 2017), and optical
data from the Gaia mission (Lindegren et al. 2021). With this
combination, AGGC was able to identify WDs in systems with
stars in a broad range of luminosities, from low mass MS stars
to giants.

Fig. 1 gives an overview of the data, focusing on the
WD+MS binaries we are interested in this work. In the upper left
panel, we show the HR diagram for the entire APOGEE sample,
with the WD binaries of all classes highlighted. The black lines
define three regions: the red giant branch (RGB), and the MS
(log g < 4), further divided into hot (Teff > 5500K) and cold
(Teff < 5500K). In total, AGGC contains 588 WD+MS systems:
428 in the cold MS and 187 in the hot MS.

In the upper right panel of Fig. 1, we compare the distri-
bution of the maximum and minimum values of radial velocity
measurements, ∆RVmax, between subsets of the AGCC sample,
particularly for WD+MS binaries. Out of the many parameters
AGGC has of its WD binary systems, ∆RVmax has a direct con-
nection to the period of the system. The largest RV shifts will
happen for systems where the gravitational forces of the two
stars affect each other more strongly, which happens for tighter
systems, with smaller periods; in systems with larger periods,
the orbital velocities of the stars are lower, and thus ∆RVmax is
also smaller. Thus, ∆RVmax is a valuable proxy for period, as
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Fig. 1. Overview of the white dwarf binaries in the APOGEE-Gaia-Galex catalog. Upper left panel shows the full APOGEE DR17 data in blue,
APOGEE data of red clump stars in orange, and the companions of WDs in green and red, for the red clump. Upper left panel shows the ∆RVmax
distribution for different cuts in the data: hot and cold MS from the full APOGEE DR17, all WD binaries in AGGC, in blue tones, doted lines, and
WD with hot and cold MS companions in orange, red and black, full lines. The lower panel shows the Gaia distance of the systems, for the full
AGGC, and for WD binaries with hot and cold MS companions.

finding the periods of binary systems requires long term moni-
toring, while ∆RVmax can be determined with only a few mea-
surements. The shape of the cumulative distribution of ∆RVmax
for the WD+MS binaries of both the hot and cold MS has a no-
tably different shape than the distribution for the full APOGEE
DR17 for MS stars, skewing to larger ∆RVmax values, which in-
dicates WD+MS systems tend to have shorter periods. Finally,
the lower panel of Fig. 1 shows the distance distribution for the
AGGC data, with a higher number of cold MS stars being visi-
ble at smaller distances. Excluding the more evolved and bright
RGB stars as companions, the distances covered by the sample
are closer.

3. Binary population synthesis with COSMIC

Binary population synthesis (BPS) codes are widely used in the
study of populations of single and binary stellar populations. As
BPS are based on simplified prescriptions for the key evolution-
ary processes of the system, such as mass transfer, they are much
faster than stellar evolution codes which evolve the stellar struc-

ture equations in real time. Thus, great numbers of systems can
be simulated in a time-efficient manner, and the qualitative trends
in the population can be analyzed.

In this work, we use the BPS code COSMIC (Breivik et al.
2020). We created a grid of COSMIC populations, each contain-
ing 10000 binaries. As COSMIC has dozens of input parameters,
we kept most of them fixed; all our populations are initialized
with the initial mass function (IMF) from Kroupa (2001), an uni-
form eccentricity distribution, and the period distribution from
Raghavan et al. (2010). The populations all have solar metallic-
ity and a uniform star formation history over the last 10 Gyr.

COSMIC has several parameters that control the evolution
of its binaries. Our main interest in this work are binary systems
where one of the members is a white dwarf and the other a MS
star. From theory, these WD+MS systems can form via many
evolutionary channels, and binary interaction is not a necessity
(see Fig. 2). As COSMIC simulates thousands of systems, our
sample will contain WD+MS binaries that evolved differently:
some will have undergone only stable mass transfer, some will
have undergone common envelope, and some will have not in-
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Fig. 2. Schematic of the possible evolutionary paths a binary system
can go through to become a WD+MS binary. The system can either not
interact, or go through mass transfer, which can in turn be stable (Roche
lobe overflow) or unstable, leading to a common envelope phase.

teracted at all, with the WD formed via single stellar evolution.
Changing the parameters of COSMIC changes the recipes of the
interactions these systems go through, thus significantly mod-
ifying the evolution and final characteristics of the simulated
WD+MS population.

We explore three key binary evolution parameters in our
COSMIC grid:

– acclim, which limits the amount of mass accreted during
Roche-lobe overflow. This parameter sets overall fraction of
donor material that is accreted, with the rest being lost from
the system (acclim = 0.5 assumes 50% accretion efficiency)
(Belczynski et al. 2008). Values range from 0 to 1.

– α, the common envelope efficiency parameter, which scales
the efficiency of transferring orbital energy to the envelope
to eject it, as Ebind,i = α(Eorb,f − Eorb,i), Eq. 71 of Hurley
et al. 2002. An α = 1 indicates that all of the orbital energy
of the system was used to unbind the envelope; larger values
assume all of the orbital energy and energy from another,
unspecified source, were used.

– qcflag, which selects the model used to determine critical
mass ratios for the onset of unstable mass transfer and/or a
common envelope during RLO. There are six available pre-
scriptions in COSMIC:

– qcflag = 0: Hurley et al. (2002) (standard BSE);
– qcflag = 1: Hurley et al. (2002) with Hjellming & Web-

bink (1987)’s treatment for giant and asymptotic giant
branch (GB and AGB) stars;

– qcflag = 2: Claeys et al. (2014);
– qcflag = 3: Claeys et al. (2014) with Hjellming & Web-

bink (1987)’s treatment GB/AGB stars;
– qcflag = 4: Belczynski et al. (2008), except for WD donors

which follow BSE;

– qcflag = 5: Neijssel et al. (2019).

qc = 0.362 +
[
3.0

(
1.0 −

Mc1

M1

)]−1

(1)

qc = 2.13

1.67 − x + 2
(

Mc1

M1

)5−1

(2)

We created 27 models varying these three parameters ac-
cording to Table 2. The models can be separated in 8 categories:
models in families A, B and C have the same α, but vary acclim
(letters) and qcflag (1 to 4); models D, E, F, G and H vary α (let-
ters) and acclim (0, 0.5 and 1), but keep qcflag fixed. Fig. 3 shows
the variation in the orbital period of the WD+MS binaries in
each of the models, colored by the type of interaction the system
went through during its evolution. The majority of systems, for
all models, become a WD+MS system without ever interacting
(blue boxes); these systems have the largest periods, as it is nec-
essary that they be wider to avoid interaction in the first place,
and remain wide until one of the stars become a WD. In all mod-
els, T the systems with the shortest periods are the ones that un-
dergo common envelope evolution. To go through CE in the first
place, the two stars must already be close at birth; the transfer of
mass and AM as they evolve makes the system tighter through-
out their lifetime. Many of these systems merge, and the ones
that survive CE phase end up as binaries with very short periods.

Whether a system goes through only stable mass transfer
(RLO) or also through a phase of unstable mass transfer (such
as CE) depends not only on the initial separation of the system,
but also on the amount of mass accreted during Roche-lobe over-
flow (acclim), and the critical value for the mass ratio between
the core and envelope of the donor star (qcrit). This critical value
in turn depends on its evolutionary state, following Table 1. In
model families A, B and C, we explore four prescriptions for
qcflag. As shown in Fig. 3 (upper three panels), the relative num-
ber of systems that go through no mass transfer, only RLO, and
CE vary little between qcflag = 1 and 3, with more significant, but
still relatively small, changes for qcflag = 2. For qcflag = 4, how-
ever, there is a larger number of systems that go only through
stable mass transfer for all the explored values of acclim, due
to the larger values set for the onset of unstable mass transfer.
For model families D, E, F, G and, H, where we explore α and
acclim (Fig. 3, lower five panels), we see that acclim has a much
more significant effect on the number of systems that go stable
or unstable mass transfer, and on the resulting orbital period of
these systems. Models with full conservative accretion (acclim
= 1) form binaries with periods of around 1000 days via RLO,
but slide more easily into CE as the conservation of angular mo-
mentum shrinks the orbit of system more effectively than in the
models with non-conservative mass transfer.

Fig. 4 shows the histograms of the period distribution of the
models for the systems that undergo some sort of mass transfer.
There is a gap in the period distribution of the models from about
200-1000 days in family models A, B, C, D and E, with the clear
exception of the models with qcflag = 4 (A4, B4 and C4). In these
models (A4, B4, C4), as the threshold for unstable mass transfer
is higher, the two stars can come closer together and remain in
a stable mass transfer scenario; there is still a gap in the period
distributions of these models, but it happens at around 10 days.

The gap is a consequence of the RLO phase (systems that
go through CE are all in the shorter period range): bimodal dis-
tributions are present for nearly all models in Fig. 3. Although
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Evolutionary state of donor qcrit value
qcflag = 1 qcflag = 2 qcflag = 3 qcflag = 4

MS, < 0.7 M⊙ 0.695 0.695 / 1.0 0.695 / 1.0 3.0
MS, > 0.7 M⊙ 3 1.6 / 1.0 1.6 / 1.0 3.0

Hertzsprung Gap 4 4.0 / 4.7619 4.0 / 4.7619 3.0
First Giant Branch Eq. 1 Eq. 2 / 1.15 Eq. 1 / 1.15 3.0

Core Helium Burning 3 3.0 / 3.0 3.0 / 3.0 3.0
Early Asymptotic Giant Branch (AGB) Eq. 1 Eq. 2 / 1.15 Eq. 1 / 1.15 3.0

Thermally Pulsing AGB Eq. 1 Eq. 2 / 1.15 Eq. 1 / 1.15 3.0
Naked Helium Star MS 3 3.0 / 3.0 3.0 / 3.0 1.7

Naked Helium Star Hertzsprung Gap 0.784 4.0 / 4.7619 4.0 / 4.7619 3.5
Naked Helium Star Giant Branch 0.784 0.784 / 1.15 0.784 / 1.15 3.5

Table 1. Values for qcrit according to the evolutionary state of the donor star for each qcflag. Eq. 1 from Hjellming & Webbink (1987) and Eq. 2
from Claeys et al. (2014).

the bimodality and gap remain nearly constant between different
model families, the distribution of the periods of systems that go
through CE moves towards larger periods as α increases (black
dashed lines in Fig. ??). As the envelope ejection efficiency in-
creases, less orbital energy is necessary to eject it, thus leading
to systems with slightly larger separations, and therefore periods,
blending away the gap in models F, G and H.

The cause of the gap is likely the boundary between stable
and unstable mass transfer. The systems that cross this bound-
ary, having the necessary conditions in mass, radius and separa-
tion, enter a common envelope phase, where mass and angular
momentum transfer quickly tighten orbit the system.The differ-
ences in the size and exact position of the gap in period space
depend, therefore, on the evolutionary parameters that control
the stable/unstable boundary of mass transfer, which explains the
drastic difference for models with qcflag = 4 from the rest of the
models.

Preliminary analysis of the data shows that it is possible a
gap also exists in the period distribution of the WD+MS binaries
in the AGGC data. The significance of the gap will be explored
in more detail as this project develops, but this can in principle
be used to further constrain the evolutionary parameters of our
simulations.

4. Results and discussion

4.1. ∆RVmax distribution

In our COSMIC models, we have the periods of the simulated
systems, as shown in Figs. 3 and 4. To compare the models to
AGGC data, we created a ∆RVmax distributions based on their
period distribution. The periods, mass ratios and eccentricities
of the COSMIC models were given as input to a Monte Carlo
code (Badenes et al. 2018) that also generated random inclina-
tions and arguments of pericenter for these systems. With all
the orbital information for the systems in hand, the MC code
could find RV values for the COSMIC models for a given dis-
tribution of time lags (times at which these RV “measurements”
were taken for each system). We used the time lags of APOGEE
DR17. Finally, from the full RV distribution we could extract a
∆RVmax distribution. As this is a MC code, the distribution can
be sampled many times, i. e., many values of RV can be obtained
for the same system, given that its inclination, argument of peri-
center and time lag change each time we run the code. Thus, we
could also estimate the uncertainty of ∆RVmax distribution for
our COSMIC models. For our comparison of data and models,

Model name α acclim qcflag
A1 0.25 0 1
A2 0.25 0 2
A3 0.25 0 3
A4 0.25 0 4

B1 0.25 0.5 1
B2 0.25 0.5 2
B3 0.25 0.5 3
B4 0.25 0.5 4

C1 0.25 1 1
C2 0.25 1 2
C3 0.25 1 3
C4 0.25 1 4

D0 0.75 0 1
D0.5 0.75 0.5 1
D1 0.75 1 1

E0 1 0 1
E0.5 1 0.5 1
E1 1 1 1

F0 3 0 1
F0.5 3 0.5 1
F1 3 1 1

G0 5 0 1
G0.5 5 0.5 1
G1 5 1 1

H0 7 0 1
H0.5 7 0.5 1
H1 7 1 1

Table 2. Overview of the parameters and names of 27 COSMIC models
used in this work. Models are referred to by their names throughout the
text.

we created 100 MC sampled ∆RVmax distributions for each of
our 27 models.

Fig. 5 shows the comparison between the ∆RVmax cumula-
tive fraction of our 27 models with the data from AGCC for the
WD+MS binaries. In model families A, B and C, which have α
= 0.25 and acclim = 0, 0.5 and 1, respectively, the effect of the
different qcflag in each of models on the ∆RVmax distribution is
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Fig. 3. Violin plots of the WD+MS binary systems in each of our 27
COSMIC models, colored according to the type of interaction the sys-
tem went through during its evolution. The printed values indicate how
many systems are in each category.

Fig. 4. Final period distribution of the WD+MS binaries that went
through mass transfer, either stable or unstable. The dashed black lines
in the lower panels represent the mean of the distribution of only the
systems that went through a common envelope phase.
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Fig. 5. Cumulative distributions for the ∆RVmax of the models and
AGCC sample of WD+MS binaries (in gray, hatched). The shaded col-
ored regions represent the 15%-85% quartiles of the 100 MC simula-
tions used to calculate the ∆RVmax curve for for each COSMIC model.

significant. Models with qcflag = 4 particularly have difficulty in
reproducing the data in lower and middle ∆RVmax values, which
represent the systems with larger orbital periods. The effect of
acclim increases as with ∆RVmax, becoming more important at
the tails of the distribution, particularly for models G and H.
The parameter α is the main responsible for the curvature of
the distribution: models with larger α have a steeper drop-off.
In other words, models low α overestimate the amount of short
period systems. From visual inspection alone, the models that
come closer to reproducing the ∆RVmax distribution of the data
are G1 and H1.

To quantitatively compare the ∆RVmax distributions of the
AGGC data and of our COSMIC populations, we used the
Kolmogorov-Smirnov (KS) and the Anderson-Darling (AD) sta-
tistical tests. The distributions were compared in the range 10 <
∆RVmax < 400 km−1. We use all four tests on all 100 MC sampled
∆RVmax values for each of the models. For all models in families
A, B and C, the null-hypothesis that data and models were sam-
pled from the same underlying distribution is rejected at a confi-

dence level of 95% (or higher) for both the KS and AD test. For
models with higher α, starting with models D, begin to show a
better agreement between data and models. The null-hypothesis,
for models D, G0 and H0, cannot be rejected with a significance
above 10%, and 15% for models E, F, G0.5, G1, H0.5 and H1
in the AD test, and between 10 and 15% for all models in the
KS test. Therefore, our results indicate that the AGGC data for
WD+MS binaries is better reproduced by COSMIC models with
larger values of common envelope efficiency parameter, α.

While the statistical tests favor models with higher α, the pe-
riod gap discussed in Sect. 3 can provide another, opposite con-
strain if further analysis of the data confirms the gap is present,
since, as shown in Fig. 4 models with higher α cannot reproduce
it. Also playing against the higher α is the lack of explanation for
the source of this extra energy necessary to eject the envelope,
going as large as 7 times the binding energy of the system.

5. Next steps

We are excited to continue this project, which we believe will
soon develop into a paper. Our immediate next steps are to con-
firm the period gap in the AGGC data, which would have impor-
tant consequences for our conclusions. If indeed the data shows
a gap, this information will have to be properly accounted for
when comparing data and model ∆RVmax distributions, perhaps
as a prior, in which case we must rethink our statistical analysis
as a whole.
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