
Draft version November 11, 2024
Typeset using LATEX twocolumn style in AASTeX631

The first catalog of candidate white dwarf-main sequence binaries
in open star clusters: A new window into common envelope evolution

Steffani M. Grondin ,1 Maria R. Drout ,1 Jason Nordhaus ,2, 3 Philip S. Muirhead ,4

Joshua S. Speagle (氡伡堡) ,5, 1, 6, 7 and Ryan Chornock 8

1David A. Dunlap Department of Astronomy & Astrophysics, University of Toronto, 50 St. George St., Toronto, ON M5S 3H4, Canada
2National Technical Institute for the Deaf, Rochester Institute of Technology, 1 Lomb Memorial Dr., Rochester, NY 14623, USA

3Center for Computational Relativity and Gravitation, Rochester Institute of Technology,

1 Lomb Memorial Dr., Rochester, NY 14623, USA
4Department of Astronomy & The Institute for Astrophysical Research, Boston University,

725 Commonwealth Ave., Boston, MA 02215, USA
5Department of Statistical Sciences, University of Toronto, 9th Floor, Ontario Power Building,

700 University Ave., Toronto, ON M5S 3G3, Canada
6Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St George St., Toronto, ON M5S 3H4, Canada

7Data Sciences Institute, University of Toronto, 17th Floor, Ontario Power Building,

700 University Ave., Toronto, ON M5G 1Z5, Canada
8Department of Astronomy, University of California, Berkeley, CA 94720-3411, USA

(Received July 5, 2024; Accepted for publication in The Astrophysical Journal on August 15, 2024)

ABSTRACT

Close binary systems are the progenitors to both Type Ia supernovae and the compact object
mergers that can be detected via gravitational waves. To achieve a binary with a small radial
separation, it is believed that the system likely undergoes common envelope (CE) evolution. Despite
its importance, CE evolution may be one of the largest uncertainties in binary evolution due to
a combination of computational challenges and a lack of observed benchmarks where both the
post-CE and pre-CE conditions are known. Identifying post-CE systems in star clusters can partially
circumvent this second issue by providing an independent age constraint on the system. For the
first time, we conduct a systematic search for white dwarf (WD) and main-sequence (MS) binary
systems in 299 Milky Way open star clusters. Coupling Gaia DR3 photometry and kinematics
with multi-band photometry from Pan-STARRS1 and 2MASS, we apply a machine learning based
approach and find 52 high-probability candidates in 38 open clusters. For a subset of our systems, we
present follow-up spectroscopy from the Gemini and Lick Observatories and archival light curves from
TESS, Kepler/K2 and the Zwicky Transient Facility. Examples of M-dwarfs with hot companions
are spectroscopically observed, along with regular system variability. While the kinematics of
our candidates are consistent with their host clusters, some systems have spatial positions o!set
relative to their hosts, potentially indicative of natal kicks. Ultimately, this catalog is a first step to
obtaining a set of observational benchmarks to better link post-CE systems to their pre-CE progenitors.

Keywords: Binary stars (154), Catalogs (205), Close binary stars (254), Multiple star evolution (2153),
Open star clusters (1160), White dwarf stars (1799)

1. INTRODUCTION

White dwarfs (WDs) are the final evolutionary out-
come for nearly all stars in the Universe. On their own,
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WDs are impressive cosmic laboratories, informing stel-
lar evolution histories through the initial-final mass re-
lation (IFMR, e.g. Cummings et al. 2018) and equations
of state of degenerate matter (Koester & Chanmugam
1990). WDs in binary systems are especially useful,
since they are the progenitors to both Type Ia super-
novae and mergers producing gravitational waves. For-
tunately, binaries containing a WD are relatively com-
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mon, where →25% of binaries in the immediate solar
vicinity (< 20 parsecs) have a companion (Holberg et al.
2008; Toonen et al. 2017). Unfortunately, we often lack
context for how a binary system evolved into its cur-
rent configuration, and binary evolution models rely on
multiple uncertain physical processes, from the stabil-
ity and e”ciency of mass transfer to the impact of na-
tal kicks. These uncertainties then impact multiple ar-
eas of astrophysics, from predictions for compact object
merger rates (Ivanova et al. 2013b) and gravitational
wave detections (Belczynski et al. 2017) to our under-
standing of planetary survival during single star evolu-
tion (Soker 1998; Nelemans & Tauris 1998; Nordhaus &
Spiegel 2013; Lagos et al. 2021; Merlov et al. 2021).
The stability of mass-transfer primarily depends on

two quantities: (i) how the radius of the primary star
responds to mass loss and (ii) how the orbit of the sys-
tem itself responds to the mass transfer (e.g. Iben &
Livio 1993; Pols 2011). Stable mass-transfer will occur
if the transfer causes the primary star to either contract
more or expand less than its Roche lobe. However, if
the response to mass transfer leads to a situation where
the Roche radius is located inside the nominal surface of
the primary star (often the case for red giant or asymp-
totic giant branch stars with deep convective envelopes
that can expand in response to mass loss) mass will be
unstably transferred to the companion star on a dynam-
ical timescale. In this case, the transferred mass col-
lects in an extended envelope around both stars, caus-
ing the system to orbit inside a common envelope (CE,
e.g. Livio & Soker 1988; Webbink 2008; Ivanova et al.
2013a,b; Postnov & Yungelson 2014). Once inside the
CE, the binary’s orbit loses energy and angular momen-
tum. As a result, the binary either ejects the envelope,
emerging as a short-period post-CE system, or is tidally
disrupted and merges, leaving a single star whose evo-
lution has been substantially altered (Nordhaus et al.
2011; Guidarelli et al. 2019, 2022).
Understanding the CE phase is crucial for determining

the evolution of short-period binary systems (Paczyn-
ski 1976). Unfortunately, modelling CE evolution is ex-
tremely di”cult due to the large range of scales and
complex physical processes involved. As a result, popu-
lation synthesis models often rely on heuristic prescrip-
tions and approximations of important quantities like
the envelope ejection e”ciency parameter (‘ωCE ’, e.g.
Webbink 1984) to approximate CE outcomes. While
there has been a large e!ort to conduct hydrodynamical
simulations to better understand the CE phase, com-
parison of the outcomes is di”cult given the large ar-
ray of input physical quantities (for a recent comparison
of 3D CE simulations to observations in the context of

ωCE , see Iaconi & De Marco 2019). Often, these simu-
lations result in predictions of binary outcomes inconsis-
tent with observations of post-CE field systems (Ricker
& Taam 2012; Passy et al. 2012; Politano 2021) though
the inclusion of missing physical processes such as con-
vection and radiation may resolve this issue (Wilson &
Nordhaus 2019, 2020, 2022). Even so, it is clear that
observational constraints of both the pre- and post-CE

phases are essential.
The renaissance of large multi-wavelength surveys has

yielded the discovery of thousands of Galactic binary
systems containing a WD and main-sequence (MS) star
(Willems & Kolb 2004; Farihi et al. 2006; Rebassa-
Mansergas et al. 2010; Ren et al. 2014; Parsons et al.
2016; Inight et al. 2021; Rebassa-Mansergas et al. 2021;
Nayak et al. 2023), and a few dozen post-CE WD+MS
binaries have been identified in this data (e.g. Rebassa-
Mansergas et al. 2010; Nebot Gómez-Morán et al. 2011;
Liu et al. 2012; Nordhaus & Spiegel 2013; Inight et al.
2021; Hernandez et al. 2022). While this sample of sys-
tems allows for understandings of post-CE behaviour,
they are located in the field and thus su!er from cooling
track uncertainties due to their binary nature.
Identifying WD+MS post-CE systems in stellar clus-

ters can circumvent this issue by providing independent
constraints on the age of the system. This, in turn,
allows for more detailed probes of the pre-CE evolu-
tion. Such e!orts have been successfully applied to two
post-CE WD+MS binaries in the Hyades: V471 Tau
and HZ9. For V471 Tau, Muirhead et al. (2022) es-
timate the pre-CE mass of the WD progenitor to be
between M = 3.16M→ ↑ 3.41M→. Combined with the
WD’s temperature and age of the Hyades, this progeni-
tor mass implies that the system could not have formed
via standard binary evolution. Both Muirhead et al.
(2022) and O’Brien et al. (2001) favor a scenario where
a merger occurred in a triple system and subsequently
entered a CE with the tertiary star after the merged
product evolved o! the MS. In the case of HZ9, Muir-
head et al., in prep measure a current mass for the WD
of M = 0.504 ± 0.016M→. Combined with the cooling
age, this is compatible with isolated binary evolution for
a system that underwent a CE phase.
Despite their utility, only a handful of WD+MS sys-

tems have ever been associated with an open cluster
(OC), likely because 5-D kinematic (position, parallax
and proper motion) information of stars in the Galactic
disk was scarce prior to the launch of Gaia (for a re-
cent review on binary system insights made possible by
Gaia, see El-Badry 2024). To the best of our knowledge,
the only WD+MS binaries found in OCs are: (i) V471
Tau (ii) HZ9 and (iii) a magnetized WD+MS binary as-
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sociated with NGC 2422 (Richer et al. 2019). In the
latter case, no orbital period has yet been measured, so
it is unclear whether it is indeed a post-CE system. In
addition, this system’s faint Gaia apparent magnitude
(mG = 19.8 mag) makes additional follow-up challeng-
ing. Clearly, additional benchmark post-CE WD+MS
binaries in stellar clusters would be beneficial.
In this work, we perform the first systematic search

for WD+MS binary systems in 299 Milky Way OCs.
We define our OC and stellar samples in Section 2,
and outline the supervised machine learning approach
used to photometrically identify WD+MS binary can-
didates in this study in Section 3. Section 4 presents
the photometric, spatial and kinematic properties of our
high-probability WD+MS candidates, while follow-up
spectra and archival light curves for an example subset
of these systems are presented in Section 5. In Sec-
tion 6.3, we discuss other possible astrophysical sources
present in our catalog by photometrically comparing our
candidates to known samples of cataclysmic variables,
MS+MS binaries, rapidly rotating (active) M-dwarfs
and single WDs. We discuss implications of natal kicks
in Section 6.4 and summarize in Section 7. Spectral
energy distributions (SEDs) for all of our candidates
are presented in Appendix C. Ultimately, this catalog
is an essential first step in identifying a population of
WD+MS post-CE binaries in clusters.

2. INITIAL SAMPLE SELECTION

In this paper, we aim to photometrically identify can-
didate WD+MS binaries in stellar clusters based on
multi-band photometry. Here, we describe both our
choice of which Milky Way OCs to search within (Sec-
tion 2.1) and which specific stars in the vicinity of those
clusters we will further examine below (Section 2.2).

2.1. Open Cluster Selection

Our sample of Milky Way OCs stems from the Cantat-
Gaudin et al. (2020) catalog – a compilation of 2017 OCs
identified in Gaia DR2 (Gaia Collaboration et al. 2016,
2018a). Since we are searching for WD+MS systems,
the OCs in our study must adhere to specific distance,
declination and age criteria. First, we discard 150 OCs
in this sample that do not have reported distances or
ages. The rest of our selection criteria to produce our
final OC sample is described below.

2.1.1. Distance

We place an upper limit on the distance to the clusters
that we search in this study to ensure that (i) WD+MS
binaries are detectable given the depth of the surveys
we utilize and (ii) reliable Gaia parallaxes are expected

to be broadly available. To assess the detectability of
WD+MS binaries, we consider a known sample of spec-
troscopic WD+MS systems from the Sloan Digital Sky
Survey (SDSS, Rebassa-Mansergas et al. 2010). While
there are some bright outliers (MG → 6 mag), these
binaries generally have absolute magnitudes between
MG = 8 ↑ 14 mag in the Gaia G-band. At distances
↭ 1.5 kpc, bright WD+MS binaries would have mag-
nitudes fainter than mG = 19 mag. Moreover, Gaia

DR3 kinematics are essential for associating binaries
with host clusters in this study, so it is imperative that
distance measurements to the cluster stars are reliable.
At large distances, using inverted parallax as a distance
estimate is challenging due to the resulting skewed dis-
tance error distribution (Lutz & Kelker 1973). Depend-
ing on color and sky position, sources at distances fur-
ther than → 1.5 kpc have errors in parallax ↭ 20% and
are thus less reliable (Bailer-Jones 2015; Bailer-Jones
et al. 2021). Hence, we restrict ourselves to clusters at
distances < 1.5 kpc, as at distances greater than this,
(i) even bright WD+MS binaries become harder to de-
tect and (ii) parallax measurements become less reli-
able. Imposing this constraint on the full OC sample in
Cantat-Gaudin et al. (2020) yields 589 clusters.

2.1.2. Declination

As we are photometrically identifying WD+MS bina-
ries, we utilize multi-band data from a variety of astro-
nomical surveys in this study. The presence of a WD can
be inferred by a photometric excess at blue wavelengths
(e.g. Rebassa-Mansergas et al. 2010), so we impose a
minimum constraint that each candidate must have at
least g-band data. The Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS1, Tonry et al.
2012; Chambers et al. 2016) has collected g, r, i, and z-
band photometry for much of the sky with declinations
> ↑30↑. While there are indeed other surveys that o!er
g-band magnitudes (e.g. Skymapper; Onken et al. 2024),
we restrict ourselves to clusters that lie within the Pan-
STARRS1 footprint for uniformity across photometric
bands. When we impose this filter, we are left with 403
clusters in our sample.

2.1.3. Age

Finally, as our goal is to identify candidate WD+MS
binaries, we limit ourselves to clusters old enough such
that the first, most massive, WDs will have had time
to form. While the precise divide between high and low
mass stellar evolution is debated, the divide between
WD and neutron star (or black hole) formation is ex-
pected at masses → 8M→ (Poelarends et al. 2008). Thus,
to determine an approximate minimum age for a clus-
ter to contain WDs, we examine when a 7M→ MS star
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reaches the tip of the thermally pulsing asymptotic giant
branch with the MESA Isochrones and Stellar Tracks
(MIST, Dotter 2016; Choi et al. 2016). We find that it
takes → 55 Myr for this star to become a WD, so we
impose a minimum age constraint by only searching for
WD+MS systems in clusters that have ages > 50 Myr.
Cantat-Gaudin et al. (2020) measure cluster ages via a
neural network, where 301 clusters that passed our pre-

vious cuts also have ages larger than 50 Myr and thus

represent our final sample of OCs to search in this study.

2.2. Stellar Sample Selection

For each of the 301 OCs identified in Section 2.1, we
utilize Gaia DR3 data (Gaia Collaboration et al. 2016,
2023) to define the set of stars that we further analyze
in Section 3 to identify possible WD+MS systems. Each
sample of stars is selected by combining (i) a generous
search radius around each cluster and kinematic con-
straints to identify stars broadly consistent with cluster
membership, (ii) photometric constraints to select stars
in the broad region of the Gaia color-magnitude dia-
gram where WD+MS systems are expected to appear,
and (iii) the requirement that su”cient multi-band pho-
tometry is available to carry out a most detailed assess-
ment of each system’s possible binary nature. Here, we
describe each of these constraints in more detail. With
respect to point (i) we note that we are purposely gen-
erous during our initial sample selection, while a more
detailed assessment of the kinematics of high-probability
WD+MS systems is performed in Section 4.2.

2.2.1. Cluster Search Radius

When identifying members of an OC, a physical radius
of 50 parsecs from the cluster centre is often chosen as a
baseline search radius (e.g. van Groeningen et al. 2023).
However, recent observations show that many OCs are
surrounded by extended coronae of stars (Meingast et al.
2021; Tarricq et al. 2022; Kos 2024). Moreover, post-CE
WD+MS binaries could receive natal kicks of a few km
s↓1 during asymmetric mass loss in the asymptotic gi-
ant branch phase (e.g. Vassiliadis & Wood 1993; Heyl
2007a) or upon ejection of the CE (Sandquist et al.
1998; Chamandy et al. 2019). As such, WD+MS bina-
ries could end up on the cluster outskirts or be located
at larger radii than most known cluster members.
Thus, to encapsulate as many WD+MS binaries as

possible—including those that could be post-CE—while
still selecting sources in close proximity to each OC, we
select the search radius for each OC via a two-step pro-
cess. First, we compute the physical distance, rprob, cor-
responding to a location 30% larger than the furthest

high-probability (P > 0.5) OC member from Cantat-
Gaudin et al. (2020)1.
Next, we compare rprob to the baseline search radius of

50 parsecs. If rprob < 50 parsecs, we utilize the baseline
50 parsec search radius to encapsulate as manyWD+MS
binaries as possible. All OCs in our sample adhere to
this criteria, with the exception of ASCC 108, Collinder
463, Melotte 20, NGC 6991, Stock 2, UBC 6, UBC 10b,
UPK 167 and UPK 294. For these clusters, we instead
use a search radius of rprob, with the goal of including
as many WD+MS binaries as possible while minimizing
contamination and computational expense.

2.2.2. Kinematic Constraints

In this study, it is essential that the kinematics of
each WD+MS candidate are consistent with those of its
suspected host OC. While a complete kinematic analysis
is applied to our full catalog in Section 4.2, we initially
apply the following set of rough kinematic constraints.

1. εω/ϑ < 0.5: To ensure at least moderately reliable
distances to each candidate, we only select stars
with relative parallax errors < 50%.

2. (ϑ, µε, µϑ) < 1.3 ↓ P (> 0.5) members: Simi-
lar to Section 2.2.1, we use the high-probability
(P > 0.5) cluster members in Cantat-Gaudin
et al. (2020) to define a coarse kinematic range
for our stellar samples. Using each OC’s proper
motion and parallax distributions, we only select
stars that have kinematics within a range that ex-
tends 30% beyond the minima and maxima high-
probability cluster member values.

We note that when searching for unresolved binaries
in Gaia, it is often common to use constraints on the
Renormalized Unit Weight Error (ruwe; e.g. Belokurov
et al. 2020; Castro-Ginard et al. 2024). A ruwe of 1.0
is expected for single star systems, where ruwe values
> 1.4 indicate a single star model is a poor fit to the as-
trometric observations from Gaia (and hence, an unre-
solved multiple star system is possible). However, post-
CE envelope binaries are believed to have extremely
short orbital periods on the order of a few hours to a
few days (Nebot Gómez-Morán et al. 2011). Small or-
bital separations would thus likely not be detected in
the astrometric solution. As highlighted in El-Badry

1
It is worth noting that cluster parameters and members in

Cantat-Gaudin et al. (2020) are derived from Gaia DR2, whereas

our cluster star samples and stellar properties are obtained from

Gaia DR3. However, this should not significantly change our

sample selection, since we already expand our search to include

stars in the extended coronae and outskirts of each cluster.
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(2024), Gaia light curve data would be most powerful
to identify short-period post-CE binaries, however, the
sample of systems with light curve data is currently lim-
ited (but will be heavily expanded upon with the fourth
data release of Gaia). While we do not consider ruwe

when selecting stars for further analysis, we do provide
ruwe values for each of the WD+MS candidates in our
final catalog (Section 4.3).

2.2.3. Photometric Constraints

Since we are photometrically identifying WD+MS
candidates, we apply the following set of constraints.

1. Gaia BP ↑RP ↔ 2.6: WD+MS binaries typically
lie bluewards of the zero-age MS (ZAMS). This
is especially evident in Rebassa-Mansergas et al.
(2010), who present a catalog of 1602 spectro-
scopically confirmed WD+MS systems with SDSS
DR6 data. When cross-matching this catalog
with Gaia DR3, we find that 1468 systems have
BP ↑ RP color measurements, > 99.5% of which
have BP ↑RP < 2.6.

2. Gaia mG ↔ 19.5 & MG ↗ 6.0: Depending on the
distance and relative flux contributions of each bi-
nary component, WD+MS systems can exhibit a
wide array of magnitudes. While the limiting Gaia

DR3 apparent magnitude is mG → 21 (Gaia Col-
laboration et al. 2016), follow-up spectroscopy of
WD+MS binaries with mG ↗ 19.5 mag is di”cult.
Furthermore, we find that > 98.5% of Rebassa-
Mansergas et al. (2010) WD+MS systems have ab-
solute Gaia DR3 magnitudes fainter thanMG = 6.

To define each OC’s stellar sample, we query Gaia

DR3 using pyia (Price-Whelan 2018) within search radii
from Section 2.2.1, selecting only stars that pass the
kinematic and photometric filters from Section 2.2.2 and
2.2.3.

2.2.4. Cross-matching

For every OC in Section 2.1, we have a sample of Gaia

DR3 stars from Section 2.2 that are kinematically sim-
ilar to the host cluster and in the broad region of the
Gaia color-magnitude diagram (CMD) where WD+MS
binaries are expected to appear. However, other classes
of objects can also appear in this region of a Gaia CMD
(see e.g. Section 6.3). Still, WD+MS systems exhibit
specific ultraviolet, optical and infrared colors due to
the presence of a hot WD and a cool M-dwarf compan-
ion (e.g. Rebassa-Mansergas et al. 2010). We therefore
impose the added requirement that su”cient multi-band
photometry is available to carry out a detailed assess-
ment of their possible binary nature. To span a range

of wavelengths, we cross-match each of our Gaia DR3
OC stellar samples with data from Pan-STARRS1 DR1
(Tonry et al. 2012; Chambers et al. 2016) and the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
using TOPCAT (Taylor 2005). We adopt the default cross-
matching parameters in TOPCAT, using a cross-match
radius of 1.0 arcsecond. We note that two clusters
(UBC 577 and UPK 303) had zero cross-matches, so
they are discarded from our sample. Finally, we only
select stars that have greater than three-sigma detec-
tions (εmag < 0.36) in all photometric bands to ensure
the data is high quality.
While the inclusion of shorter-wavelength photomet-

ric bands (i.e. u-magnitudes) would allow for detection
of hotter WDs (and would better separate WD+MS
binaries from MS stars in color-color spaces), existing
u-band data for OCs is limited. For instance, SDSS
DR16 (Ahumada et al. 2020)—which contains u-band
photometry—only o!ers sporadic coverage of the Galac-
tic plane (where most OCs are located). Specifically, less
than a few dozen of the 301 clusters that meet our cri-
teria outlied in Section 2.1 retain > 50% of their stars
when cross-matching their stellar samples with SDSS
DR16. Other ultraviolet/u-band photometric surveys
like the Galaxy Evolution Explorer (GALEX; Martin
et al. 2005) and the Ultraviolet Near Infrared Optical
Northern Survey (UNIONS; Ibata et al. 2017) also pri-
marily observe the Galactic halo. Future surveys like
the Ultraviolet Explorer (UVEX; Kulkarni et al. 2021)
will provide all sky ultraviolet coverage, allowing for in-
corporation of bluer wavelengths.
Hence, our final stellar samples of 299 OCs con-

tain G,BP,RP photometry from Gaia DR3, g, r, i, z

photometry from Pan-STARRS1 and J,H,Ks pho-
tometry from 2MASS. Potential issues when cross-
matching between multiple surveys—with di!erent spa-
tial resolutions—within the moderately crowded regions
of OCs is addressed in Section 3.7.

3. WD+MS CANDIDATE IDENTIFICATION

As mentioned in Section 2.2.4, WD+MS binaries ex-
hibit unique photometry and occupy unique regions of
CMDs and color-color spaces. Previous studies that
identified WD+MS binaries in the field (e.g. Willems
& Kolb 2004; Rebassa-Mansergas et al. 2010; Ren et al.
2014; Rebassa-Mansergas et al. 2021; Nayak et al. 2023)
combined multi-wavelength observations in a variety of
CMDs and color-color spaces, highlighting that these
binaries are generally photometrically distinct from the
majority of MS stars. Here, we present a supervised
machine learning method to identify high-probability
WD+MS binary candidates based on a variety of in-
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z

Figure 1. A schematic summarizing our methodology to identify high-probability WD+MS binary candidates in clusters, using
the Pleiades as an example. (1) We define an initial Gaia DR3 stellar sample utilizing high-probability cluster members from
Cantat-Gaudin et al. (2020). (2a) We pre-process and cross-match the stellar sample with Pan-STARRS1 and 2MASS. (2b)
We train a support vector machine classification model to identify stars that are photometrically similar to a known sample of
WD+MS systems in SDSS. (3) We run the stellar sample from 2a through our SVM in 2b. The SVM computes the probability
that each star in the sample is a WD+MS binary from high-dimensional input photometry. (4) For each candidate identified
with P > 0.9, we first vet its SED and then examine the spatial locations and kinematics relative to a sample of known cluster
members. (5) High-probability candidate WD+MS binaries are identified. (6*) We perform follow-up spectroscopy and/or
analyze existing light curve data for an example subset of high-probability systems.
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put colors. We adopt a machine learning as opposed to
manual approach because, in providing probabilities, it
can better handle edge cases and/or stars with individ-
ual photometric bands that are unphysical (e.g. due to
catalog errors). The machine learning method, train-
ing data, input features, model definition/evaluation,
application to stellar samples and additional vetting of
candidates are described below. The overall candidate
identification procedure is summarized in Figure 1.

3.1. Support Vector Machines

Classification in astronomy often requires combining
data from a myriad of surveys and instruments, re-
sulting in high-dimensional datasets. Supervised ma-
chine learning approaches are beneficial for classification
tasks, since they use known labelled (‘training’) data
to predict the class of objects in an unknown sample.
A popular supervised machine learning approach is a
support vector machine (SVM). Developed by Cortes
& Vapnik (1995), a SVM creates a N -dimensional hy-
perplane to separate classes of data with N -dimensional
input features. The SVM hyperplane is defined by a
set of ‘support vectors’, which are the points that max-
imally separate the di!erent classes of input data from
one another. Ultimately, the hyperplane represents a
decision boundary, classifying data depending on where
the points lie relative to the boundary.
SVMs are advantageous when working with non-linear

data, as they allow for the definition of non-linear hy-
perplanes through di!erent kernel choices2. Due to the
regular presence of non-linearity in astronomical data,
SVM approaches have been used to classify a variety
of astrophysical phenomena, such as stars, galaxies, ac-
tive galactic nuclei, quasars and gravitational lenses (e.g.
Ma#lek et al. 2013; Hartley et al. 2017; Wang et al. 2022).
For a brief review of SVM applications in astronomy, see
Zhang & Zhao (2014). We note that while SVMs are
widely used in classification, there are a variety of other
robust supervised machine learning techniques. For in-
stance, in the binary classification landscape, Neugent
et al. (2020) used the k-nearest neighbours method to
identify red supergiants with probable O- or B-type bi-
nary companions.

3.2. Training Data

Like other supervised machine learning methods, a
SVM requires a set of training data that contains known
labelled objects. Since we wish to identify WD+MS bi-
naries, our training data includes two samples: (i) a set

2
https://scikit-learn.org/stable/modules/svm.html

of stars that are likely non-WD+MS cluster members
and (ii) a population of known WD+MS binary systems.

3.2.1. Cluster Star Training Sample

We first require a set of stars that can be used to de-
scribe the expected properties of non-WD+MS stars.
Since we are searching within OCs, we select a com-
parison sample of stars from known OC members. We
select stars from five OCs (Alessi 10, ASCC 41, NGC
2251, NGC 2632 and NGC 7086) that span a variety of
ages (→ 90↑700Myr) and extinctions (AV → 0↑2) rep-
resentative of our OC sample described in Section 2.1.
For inclusion in the training sample, we require that a
star was identified as having a membership probability
of P > 0.7 in Cantat-Gaudin et al. (2020) and that, after
cross-matching, it has greater than three-ε detections in
all photometric bands. In addition, we exclude a set of
bright (g <14 mag) stars located in NGC 2632 where
data-quality issues due to saturation in Pan-STARRS1
were identified. This leaves 875 cluster members in our
training sample: 42 cluster stars in Alessi 10, 39 stars
in ASCC 41, 57 stars in NGC 2251, 379 stars in NGC
2632 and 358 stars in NGC 7086.
While we do not remove potential WD+MS cluster

binaries from this sample, after running our full classifi-
cation method, we identify only one cluster member with
a SVM probability of > 50% and zero cluster members
with 90% probabilities of being WD+MS stars among
this sample. As this source represents only 0.2% of the
total sample and a SVM works by defining a plane be-
tween two populations, we expect the e!ect of potential
binaries in our cluster member sample to be minimal.
In addition to our cluster member sample, we also

include a set of spectral type B8V to M8V Pickles
(1998) model stars. Defining a boundary where the
bluest possible non-WD+MS binaries could exist is im-
portant for yielding a SVM hyperplane that properly
separates WD+MS binaries from bluer MS stars. While
we already include low-reddening clusters in our training
sample, incorporating zero-reddening (AV = 0) Pickles
(1998) stellar models ensures that we span the bluest
possible range for all MS spectral types that could
be picked up in our stellar samples. Synthetic Pan-
STARRS1, 2MASS and Gaia photometry for 29 model
stars is obtained after scaling the fluxes for the models
to match the Gaia absolute magnitudes in the “Modern
Mean Dwarf Stellar Color and E!ective Temperature
Sequence” distributed by E. Mamajek3 (Pecaut & Ma-
majek 2013).

3
https://www.pas.rochester.edu/→emamajek/EEM dwarf

UBVIJHK colors Te!.txt

https://scikit-learn.org/stable/modules/svm.html
https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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Figure 2. Properties of the training data used to identify WD+MS binaries. MS cluster members from five OCs (Alessi 10,
ASCC 41, NGC 2251, NGC 2632 and NGC 7086) are indicated as gray circles. SDSS WD+MS binaries from Rebassa-Mansergas
et al. (2010) are marked as squares, where the sample is split into two classes. Class 1 (dark pink outlined) represents WD+MS
binaries that are distinct from the MS cluster members in a t-SNE projection, five example color-color spaces and a Gaia CMD,
while Class 2 (light purple) represent a subset of binaries that are more likely to share properties with MS cluster members.
To maximize separation between the MS stars and WD+MS binaries and thus minimize potential contamination, we only use
Class 1 WD+MS binaries when training our SVM.

3.2.2. WD+MS Training Sample

Our set of known WD+MS systems is taken from
Rebassa-Mansergas et al. (2010), who provide a catalog
of 1602 WD+MS binaries from SDSS DR6. After cross-
matching this catalog with Gaia DR3, Pan-STARRS1
and 2MASS and cleaning the sample using the same con-
straints as the cluster star samples and training data, we
are left with 570 WD+MS binaries.
To explore the global properties of the Rebassa-

Mansergas et al. (2010) sample (which were identified
spectroscopically using a template fitting technique),
we use the t-SNE algorithm (van der Maaten & Hin-
ton 2008). T-SNE is an unsupervised machine learn-
ing method that reduces the dimensionality of a high-
dimensional dataset and has been widely used in as-

tronomy to easily examine and visualize similarities (e.g.
Anders et al. 2018; Kos et al. 2018; Čotar et al. 2019;
Grondin et al. 2023). Using scikit-learn (Pedregosa
et al. 2011), we run the t-SNE algorithm with an in-
put set of 10 colors from Gaia DR3, Pan-STARRS1 and
2MASS with a high perplexity (p = 100), to identify
global rather than local features. The results are plot-
ted in Figure 2.
From Figure 2, we see that most WD+MS binaries are

distinct from the cluster star training sample in the two-
dimensional t-SNE projection, indicating that the global
properties of the population are unique from the MS
stars. However, we observe that there is some separation
among the WD+MS sample, and we split them into two
classes (as defined by the pink box in the right panel
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Figure 3. Our support vector machine (SVM) model to identify WD+MS binaries in five di!erent color-color spaces. Our test
data is run through the SVM, where each point is colored by its probability of being a WD+MS binary. The training sample
containing OC members (gray) and known WD+MS binaries from SDSS (purple, Rebassa-Mansergas et al. 2010) is highlighted
for reference. Overall, the assigned probabilities for the test data are aligned with the SVM classifier (rainbow gradient), where
any outliers can likely be explained by higher-dimensional e!ects (i.e. here, we use 2-D example spaces to visualize the SVM
classification, however the SVM is actually a 10-dimensional hyperplane and uses all input colors to compute probabilities).

of Figure 2). Class 1 consists of 445 WD+MS binaries
that are widely separated from the cluster sample in five
example CCDs and a Gaia CMD. Class 2 consists of 125
WD+MS binaries that lie closer to the cluster stars in
all aforementioned spaces.
The overall redder colors and higher absolute magni-

tudes of the Class 2 systems may simply be attributed
to higher mass MS companions. However, after run-
ning a series of tests and multiple iterations of our SVM
model, we chose to remove them from our training sam-
ple in order to minimize contamination and maximize
separation between the cluster members and WD+MS
binaries. We discuss the impact of this choice on our fi-
nal sample contamination and completeness in Sections
3.5.1 and 3.5.2 below. Class 1 represents the final train-
ing sample of WD+MS binaries in this study.

3.3. SVM Input Features

As discussed in Section 2.2.4 and shown in Figure
2, WD+MS binaries occupy di!erent regimes of CMDs
and color-color spaces than MS stars (e.g. Rebassa-
Mansergas et al. 2010, 2021; Anguiano et al. 2022;

Nayak et al. 2023). Thus, we train our SVM to iden-
tify WD+MS binary candidates using colors constructed
from Gaia DR3, Pan-STARRS1 and 2MASS magni-
tudes. Specifically, our set of input features includes 10
colors: BP↑RP , g↑r, g↑i, g↑z, r↑i, r↑z, i↑z, J↑K,
g↑J , and r↑K. While many WD+MS systems are also
located in a unique region of various CMDs (appearing
bluewards of the ZAMS and redwards of most isolated
WDs), we do not input any absolute magnitudes when
training our SVM in order to mitigate e!ects caused by
parallax uncertainty.

3.4. Model Definition

In this study, we implement a SVM model using the
scikit-learn (Pedregosa et al. 2011) Python package.
We randomly split up our initial training dataset in Sec-
tion 3.2 into three sub-groups, using 60% for training
and reserving 20% for model validation and 20% for test-
ing. Ultimately, this allows us to validate and test the
SVM on new input data to avoid overfitting our model.
To build our SVM, we first use our validation data

to tune a set of hyper-parameters to determine the best
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model parameters for classification. For our SVM, the
most important parameters are the regularization (C),
kernel choice and kernel coe”cient (ϖ). To determine
the optimal model C, kernel and ϖ, we perform a coarse
search over all parameters using GridSearchCV with k =
5 folds in scikit-learn (Pedregosa et al. 2011). Using
the cross-validation outcomes, we then perform a finer
grid search to identify the optimal model parameters.
Using our validation data, we find that C = 630.957
and a radial basis function kernel with ϖ = 0.0025118
yields the best model.
Our SVM contains 10 input features, hence the re-

sulting hyperplane separating the WD+MS population
from the likely MS cluster stars is high-dimensional. To
visualize the SVM classifier, we highlight some exam-
ple 2-D parameter spaces in Figure 3. In each of these
color-color spaces, the WD+MS binaries are clearly sep-
arated from the MS cluster stars in both the training and
testing data. The SVM plane is represented as a gradi-
ent, where the color corresponds to the probability that
a system is either a WD+MS binary or a MS cluster
star. It is worth remembering that the SVM classifies
systems by including all input features, so a star that
appears to be a WD+MS binary but is classified as a
MS star likely shares properties consistent with the MS
population in higher dimensions (and vice versa). As
shown with a confusion matrix in Figure 4, the SVM
classifies the 20% of systems reserved for testing incred-
ibly well. In our testing data, only → 1% of WD+MS
binaries are classified as MS stars when adopting a pre-
diction threshold above a probability of P > 0.5. More
importantly, using the same probability threshold, zero
cluster members are classified as WD+MS binaries.

3.5. Model Evaluation

Although we find that the number of misclassified
stars in our testing data is low, we recognize that there
are other potential factors that could impact the per-
formance of our model when applied to the sample of
cluster stars described in Section 2. Below, we per-
form a series of tests to probe the expected contami-
nation and completeness of our final catalog. Through-
out, we emphasize that given only 2 post-CE systems
in OCs are currently known, our primary motivation in
performing this study is not to be 100% complete, but
rather to identify a set of high-probability WD+MS can-
didates with low contamination that can subsequently
be followed-up in more detail.

Figure 4. A normalized confusion matrix of our SVM clas-
sifier using our test data. Overall, the SVM performs well,
with no false positives and only one false negative identified
out of 265 systems when utilizing a prediction probability
threshold of P > 0.5.

3.5.1. Catalog Contamination

Impact of Extinction: While our training sample in-
cludes members from clusters that span a wide range
of extinction values (0 < AV < 2; Section 3.2), we do
not explicitly attempt to correct any stars for line of
sight extinction. Hence, we examine the impact that
this can have on our method of WD+MS identification.
In particular, we wish to understand whether a MS star
with high reddening could be inadvertently identified
as a WD+MS candidate by the SVM model described
above. To test this, we use the same Pickles (1998) stel-
lar atmosphere models as in Section 3.2 for B8V to M8V
MS stars. We apply a range of reddening values (0 <

AV < 3) using a Cardelli et al. (1989) extinction law
with RV = 3.1 and perform synthetic photometry in the
Pan-STARRS1 g, r, i, z, 2MASS J,H,Ks and the Gaia

G, GBP, and GRP filters.
In Figure 5 we show the resulting MS for both AV = 0

and AV = 3 in the Gaia CMD and four representative
color-color diagrams. The training sample of cluster and
WD+MS stars described in Section 3.2 are also shown
for context. In many of the color-color spaces, increasing
the reddening of a MS star moves its location either
along the MS or away from the location of the known
WD+MS sample. To quantitatively test this, we run
the reddened Pickles models through our SVM model.
None of these stars are identified as a probable WD+MS
system, with P<0.20 in all cases.
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Figure 5. Reddened MS stars of spectral types B8V to M8V relative to the training samples of OC members from Cantat-
Gaudin et al. (2020) and SDSS WD+MS binaries in Rebassa-Mansergas et al. (2010). The thin line shows the Pickles (1998)
stellar atmosphere models for an extinction of AV = 0 while the thick black line depicts an extinction of AV = 3. Both lines
are colored by the e!ective temperatures of the stars. It is clear that reddening of MS stars moves them along or away from the
known WD+MS sample.

Impact of WD+MS Training Sample: As described
in Section 3.2.2, after running t-SNE we separated the
WD+MS sample from Rebassa-Mansergas et al. (2010)
into two subsets and used only the Class 1 objects in our
baseline SVM model. However in addition, we trained
a separate SVM model using the same procedures de-
scribed in Section 3.4 in which we utilized both the
Class 1 and Class 2 WD+MS binaries. While the model
still performed well, we found that the number of mis-
classified MS cluster members at intermediate probabil-
ities increased. Since the overall number of MS stars
is orders of magnitudes larger than the number of ex-
pected WD+MS binaries in clusters, contamination of
even a few percent could cause falsely identified systems
to dominate over real WD+MS systems. Hence, we opt
for our baseline SVM model trained with Class 1 bina-
ries from Rebassa-Mansergas et al. (2010).
Impact of Specific Cluster Properties: As described

in 3.2, our training sample is composed of both cluster
members from five OCs and model stars spanning a vari-
ety of spectral types. While this sample does encompass
a wide range of extinctions and colors, it is possible that
some OCs investigated in this study have di!erent over-
all properties than the stars used in our training data.

To mimic the process of classifying an unseen cluster
with our SVM, we perform a leave-one-out cross valida-
tion (LOO-CV) test on our training data. Using the
LeaveOneGroupOut function from scikit-learn (Pe-
dregosa et al. 2011), we remove one cluster from our
training data and run it through our SVM model, re-
peating this for each of the five OCs.
Figure 6 highlights the results of the LOO-CV, where

each labelled cluster is the one that was left out of train-
ing and used as the test data with the SVM. Overall, the
computed WD+MS probabilities of these cluster mem-
bers are relatively low, where some clusters (i.e. Alessi
10 and NGC 2251) have little contamination even at
medium probabilities (i.e. 0% of members are classified
as WD+MS binaries at P > 0.5). Other clusters like
ASCC 41, NGC 2632 and NGC 7086 yield larger mis-
classification rates (2.5%, 0.83% and 4.8% at P > 0.5,
respectively). However, this is not unexpected: in vari-
ous parameter spaces these clusters had colors and mag-
nitudes that were “closest” to the sample of WD+MS
stars (see Figure 6). Removing them from the training
sample is therefore likely to shift the location of the hy-
perplane which the SVM uses to separate the samples
(as in Figure 3).
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Figure 6. Leave-one-out cross validation (LOO-CV) results for our training sample. To investigate the performance of our
SVM on ‘new’ clusters, we remove one cluster from our training sample and use it as test data with our SVM (each left out
cluster is labelled). Overall, the SVM classifies the cluster members as low-probability WD+MS systems, where only a few
cluster members are classified as high-probability WD+MS binaries. Specifically, zero sources are classified with probabilities
above P > 0.9. Hence, we opt to use this as a metric for defining a high-probability sample of systems in this study. The OC
with the highest cluster member contamination is NGC 7086 (dark purple), which is due to its broad colors extending near the
known WD+MS binaries (light purple) in color-color spaces.

We emphasize that we expect our final model to have
lower contamination than was found based on these
LOO-CV tests as: (i) we specifically chose these five
clusters to span the range of observed behaviour for the
full sample and (ii) in the case of NGC 7086, two-thirds
of the stars misclassified with P >0.6 are bright MS
stars with MG < 6 mag, which would be excluded from
our sample based on the cuts described in Section 2.2.3.
However, even with these caveats, we note that no clus-
ter source in these LOO-CV tests was classified with
a WD+MS probability larger than P > 0.9, indicat-
ing that contamination from MS stars is likely minimal
above this probability threshold. With this as moti-
vation, we conservatively present only high-probability

candidates identified with P > 0.9 in our catalog (see
Section 3.6).

3.5.2. Catalog Completeness

Any photometric method to identify WD+MS stars
will not be complete—especially when UV photometry
is not available—because for certain combinations of
binary masses and ages, the MS companion will com-
pletely dominate the SED. In addition, as described
above, we purposely design our SVM model to mini-
mize contamination from non-WD+MS sources by re-
moving a subset of the SDSS WD+MS systems (Class
2) from Rebassa-Mansergas et al. (2010) that lie close to

the ZAMS in both a Gaia CMD and multi-band color
color spaces (Figure 2). However, as a consequence, our
method may be less sensitive to WD+MS binaries with
more luminous (massive) MS stars.
To test this, we run the Class 2 WD+MS systems

through our SVM described in Section 3.2.2 and plot the
systems relative to our sample of MS cluster stars and
Class 1 WD+MS binaries in our testing data in Figure
7. We find that > 25% of the Class 2 WD+MS binaries
are still identified with probabilities of P > 0.9. Hence,
while we do sacrifice some completeness towards systems
with high-mass companions in our training sample, our
model should still be sensitive to some of these binaries.
In addition, we assume that the colors of WD+MS

field binaries in Rebassa-Mansergas et al. (2010) will be
similar to those of WD+MS systems in clusters. How-
ever, for particularly young clusters, it is possible that
low mass M-dwarfs will still be in the pre-MS phase, pos-
sibly reducing our sensitivity to those systems. However,
as seen in Palla (2012), almost all 0.1M→↑0.2M→ dwarfs
evolve onto the ZAMS within → 50 ↑ 100Myr. Hence,
while younger OCs in our sample may be slightly less
complete towards systems with very low mass compan-
ions, our method should be able to identify systems with
low mass dwarfs in OCs with ages ↭ 100Myr.
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Figure 7. SVM probabilities for sub-samples of systems
(not) used in our SVM training. As described in Section
3.2.2, we use a sample of likely MS cluster members (gray)
and WD+MS binaries from Rebassa-Mansergas et al. (2010)
to train our SVM. To minimize contamination, we only use
‘Class 1’ binaries (dark pink) in our model, which on average
have larger separation from the ZAMS in color-color spaces
and a Gaia CMD than the ‘Class 2’ binaries (light pink).
Here, we see that while our model is less sensitive to these
types of binaries, → 25% of the ‘Class 2’ systems are still
classified with high-probability with our SVM. Hence, these
types of binaries could be present in our catalog.

3.6. Application to Cluster Data

We run our SVM classification model on 52,556 stars
associated with 299 OCs that were selected as described
in Section 2. Based on the results of our LOO-CV,
we deem any source identified with a SVM probabil-
ity larger than P > 0.9 to be a high-probability can-
didate WD+MS binary and save it for further inspec-
tion. In 234 clusters (→78%), our model returns zero

high-probability candidates. In the remaining clusters,
there are typically 1↑4 systems identified with P > 0.9,
with one notable exception: when run on stars in the
region surrounding NGC1977, our model returned 75
candidates with a high-probability of being a WD+MS
system. After visual inspection, we found that this clus-
ter is located in a region of very high extinction, and
that significantly more scatter was present in the Pan-
STARRS1 photometry than was found in our training
sample. We therefore consider the results from this clus-
ter unreliable and exclude it from our sample. After re-
moving NGC1977, we are left with 118 candidates in 64
clusters that are classified with high-probability by the
SVM. Example plots of SVM results for clusters which
both do and do not have any high-probability WD+MS
candidates are shown in Appendix A.

3.7. Additional Vetting of Candidates

While we already removed sources with large magni-
tude errors (εm > 0.36) from our stellar samples, ad-
ditional systematic e!ects could lead to non-physical
SEDs, causing some sources to then be (incorrectly)
classified as high-probability WD+MS stars by our SVM
model. In particular, it is possible that in the crowded
regions of some OCs, the lower angular resolution of
2MASS may lead to a situation where individual 2MASS
sources contain the flux from multiple sources which
are individually resolved by Gaia/Pan-STARRS1. In
addition, photometry in the catalogs could be a!ected
by saturation—either of the star itself or due to the
image quality being a!ected by nearby bright objects.
We therefore performed a more detailed inspection of
the 118 high-probability candidates by examining their
SEDs, the Pan-STARRS1/2MASS catalog quality flags,
and images of the region surrounding each star.
Upon visual inspection of our SEDs, we noticed that

the photometry of many systems behaved as expected:
we observed blue (g-band) flux upticks of varying de-
grees (indicative of a hot companion), along with pho-
tometry well-fitting late-type MS stars at redder wave-
lengths (consistent with a MS companion). However,
others exhibited abnormalities. In particular, we ob-
served a number of systems that exhibited large flux
jumps between adjacent bands, especially when transi-
tioning from optical to infrared wavelengths–potentially
indicative of the cross match issue described above.
We used multiple methods to identify which subset of

our candidates may be a!ected. First, using the same
set of B8V to M8V Pickles models (with 0 < AV < 3)
described in Section 3.5.1 as a baseline, we selected stars
that had non-physical i↑ z, z↑ y, y↑J or J ↑K colors
(where we define “non-physical” as colors beyond the
distribution of the Pickles MS models). Second, we in-
spected the Pan-STARRS1 color image around the sys-
tem using the Aladin Lite interactive sky atlas (Bonnarel
et al. 2000), over-plotting the locations of both the Gaia

and 2MASS measurements relative to the star of inter-
est. We identified multiple cases where either (i) there
were multiple Gaia sources of similar brightness close to
a single 2MASS source or (ii) where there was a clear
red source in very close proximity to a blue star in the
Pan-STARRS1 image. In total, we identified 55 systems
where we are not confident that the SED fed into our
SVM model is representative of a single stellar system.
We removed these from our candidate sample.
In addition, when investigating Pan-STARRS1 photo-

metric quality flags, we found that nine systems exhib-
ited large magnitude fluctuations (standard deviations
> 0.3 mag) between multiple Pan-STARRS1 measure-
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Figure 8. Photometric properties of our catalog of 52 high-probability (P > 0.9) candidate WD+MS binaries (stars). Each
system is colored by its SVM probability. Four high-probability candidates with spectroscopy and/or a light curve discussed in
Section 5 in this paper are numbered: (1) Alessi12-c1, (2) Pleiades-c1, (3) Pleiades-c2, (4) Pleiades-c3. The MS cluster training
data (gray) and the Rebassa-Mansergas et al. (2010) SDSS WD+MS sample (purple) are also shown for reference. Note that
the WD+MS training data used in our SVM (only Class 1 WD+MS binaries; see Section 3.2.2) is indicated in plum, whereas
the full Rebassa-Mansergas et al. (2010) sample (including both Class 1 and Class 2 WD+MS systems) is indicated in light
purple. While the systems in our catalog generally overlap with the SDSS binaries, our candidates lie closer on average to the
ZAMS in a Gaia CMD and some example color-color spaces.

ments in either the g, r or z-bands. Upon inspecting
the region around each star, we found that many of
these sources were located near very bright stars that
are oversaturated in the Pan-STARRS1 images. Hence,
we also removed these systems from our catalog. Fi-
nally, we carefully inspected each SED for sources with
Pan-STARRS1 g-band magnitudes brighter than g = 14
mag, as sources above these magnitudes can be impacted
by saturation. We removed two additional objects from
our catalog due to potential saturation e!ects.
In summary, after manually inspecting the photom-

etry and on-sky positions of all of our candidates, we
are left with 52 high-probability candidate WD+MS bi-

naries in 38 OCs. SEDs for all of our vetted systems
are presented in Appendix C.

4. CANDIDATE CHARACTERISTICS

Here we describe the photometric, spatial and kine-
matic properties of the 52 high-probability (P > 0.9)
vetted WD+MS candidates identified in Section 3.

4.1. Photometric Properties

Figure 8 highlights our sample of 52 high-probability
binaries relative to our training samples of SDSS
WD+MS systems (Rebassa-Mansergas et al. 2010) and
MS cluster members (a version of this plot with pho-
tometric errors included is shown in Figure 16 of Ap-
pendix B). Our candidates broadly overlap with the
SDSS sample of WD+MS stars in these parameter
spaces, as expected based on our SVMmethod described
above. However, two points warrant further note.



A catalog of candidate WD+MS binaries in open clusters 15

First, we find that 14 (→ 27%) of our high-probability
candidates either overlap with, or are found slightly
redward of the MS cluster stars in our training sam-
ple in the Gaia CMD. We emphasize that we provided
only color information, and not absolute magnitudes,
to the SVM during the model training/candidate iden-
tification. These systems may represent stars with (i)
uncertain distances (thus impacting their position on
the vertical axis of Figure 8), (ii) locations in regions of
higher reddening or (iii) slightly more evolved MS com-
panions. We note that the spectroscopic sample of SDSS
WD+MS binaries from Rebassa-Mansergas et al. (2010)
does also contain a few stars in this region.
Second, we highlight that on average, our sample of

candidate WD+MS systems is closer to the ZAMS in
the Gaia CMD than the SDSS WD+MS sample. In
particular, → 40% of our high-probability candidates are
located within ±0.25 mag (in BP ↑RP ) of the ZAMS,
as compared to < 20% of the SDSS WD+MS sample
from Rebassa-Mansergas et al. (2010). A similar trend
is observed in our sample color-color spaces, where our
candidates tend to overlap with the redder portion of the
distribution of SDSS WD+MS binaries. As the location
of a given WD+MS system in these parameter spaces
depends on the flux ratio and temperatures of the WD
and MS stars, this e!ect is likely caused by a combina-
tion of the true prevalence of di!erent types of systems
as well as the relative sensitivity of our method (which
relies on photometry) versus that of Rebassa-Mansergas
et al. (2010) (which relies on spectroscopy) for detecting
di!erent combinations of WD+MS systems.
Indeed, Rebassa-Mansergas et al. (2021) observe a

similar e!ect when searching for WD+MS stars in
the Solar Neighbourhood using Gaia. They find that
their Gaia-identified systems generally contain cooler
WDs when compared to the SDSS sample of Rebassa-
Mansergas et al. (2010). They hypothesize this is an
observational e!ect where Gaia is better able to de-
tect binaries where flux contributions from cool WDs
are comparable to flux contributions from cool M-dwarf
companions in comparison to the spectroscopy template
matching method of Rebassa-Mansergas et al. (2010).
Cooler WD primaries are also found in Gaia WD+MS
binaries identified by Inight et al. (2021). While spectra
for each of our candidates would be required to deter-
mine e!ective WD temperatures, binaries with overall
redder colors seem to generally be consistent with other
WD+MS systems identified in Gaia.

4.2. Spatial & Kinematic Properties

In Sections 2.2.1 and 2.2.2, we describe the initial
spatial and kinematic constraints ensuring each candi-
date is at least broadly consistent with the properties
of its host cluster. We performed those cuts in order to
minimize computational expense, but chose liberal re-
strictions in order to allow for slight variations in both
spatial location and proper motion compared to the
high-probability cluster members identified by Cantat-
Gaudin et al. (2020). Here, we perform a ϱ

2 analysis
to quantitatively determine the degree of spatial and
kinematic cluster association for each candidate. A sim-
ilar technique has previously been used to identify possi-
ble foreground dwarfs in the direction of the Magellanic
Clouds based on their Gaia astrometric parameters (e.g
Gaia Collaboration et al. 2018b; O’Grady et al. 2020;
Neugent et al. 2020).
To begin, we must define a set of distributions that

describe the spatial and kinematic properties for each
of the OCs in our sample. We do not perform our own
cluster membership analysis, but instead select the stars
with cluster membership probabilities above P > 0.5
from Cantat-Gaudin et al. (2020). We then use the
Gaia DR3 astrometric measurements for these stars to
construct two separate covariance matrices (C) for each
cluster: one that describes the 3-D spatial distribution
(↑↘µ = [ω, ς, ϑ]) and one that describes the 2-D kine-
matic distribution (↑↘µ = [µε, µϑ]). Following O’Grady
et al. (2023), we take measurement uncertainties into
account by minimizing the total negative log-likelihood
for a set of matrices, each weighted by the measurement
uncertainties of a single object. This yields an “opti-
mal” covariance matrix, C↔, which is used in the rest of
our analysis.
For each of our candidate WD+MS systems, we then

calculate a ϱ2 statistic between both its spatial and kine-
matic properties and those of the high-probability clus-
ter members as: ϱ2 = (↑↘µ ↑↑↘

X )TC↓1
↔ (↑↘µ ↑↑↘

X ), where
↑↘
X

represents the median spatial or kinematic properties of
the known OC members. We then categorize our candi-
dates into three tiers based on their 3-D spatial (ω, ς,ϑ)
and 2-D kinematic (µε, µϑ) ϱ

2 values. To consider a
given candidate to be spatially or kinematically “consis-
tent” with a given cluster we set thresholds of ϱ2

< 12.8
and ϱ

2
< 10.6 for our 3-D spatial and 2-D kinematic

analyses, respectively. Candidates with ϱ
2 values that

exceed these thresholds fall outside the region that con-
tains 99.5% of the high-probability cluster members in
Cantat-Gaudin et al. (2020), making cluster association
less certain. Our three tiers of candidates are summa-
rized as follows:
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Figure 9. A 3-D spatial and 2-D kinematic ω
2 association for two candidate WD+MS binaries in NGC 2287. NGC2287-c1

(triangle) and NGC2287-c2 (hexagon) are shown relative to high-probability cluster members in Cantat-Gaudin et al. (2020).
Each source is colored by its ω2 value, where the spatial ω2 is computed using right ascension (ε), declination (ϑ) and parallax
(ϖ), whereas the kinematic ω2 is computed from proper motions (µω, µε). Both of these candidates fall into the ‘Tier 1’ category
for cluster membership, since they are both spatially and kinematically consistent with their host cluster.

1. Tier 1: Candidates are both spatially and kine-
matically consistent with their host cluster. 22/52
high-probability WD+MS candidates (→ 42%) fall
in Tier 1. In our catalog, Tier 1 candidates are
flagged with Tier=‘1’ and are the most secure
cluster members in our sample (see Table 1).

2. Tier 2: Candidates are kinematically consis-
tent with, but spatially o!set from the high-
probability cluster members in Cantat-Gaudin
et al. (2020). 28/52 high-probability WD+MS
candidates (→54%) fall in Tier 2. Tier 2 candi-
dates are flagged with Tier=‘2’ in our catalog.
We explore the possibility that the inconsistent
spatial locations for many of these systems could
be due to natal kicks in Section 6.4.

3. Tier 3: Candidates are both spatially and kine-
matically inconsistent with the host cluster. 2/52
high-probability WD+MS candidates (→4%) fall
in Tier 3. Tier 3 candidates are flagged with
Tier=‘3’ in our catalog. While these candidates
are located in the general vicinity of OCs–both
spatially and kinematically—we caution that their
cluster membership is less secure.

Figure 9 shows an example of this ϱ2 analysis for the
cluster NGC 2287, which contains two high-probability
candidate WD+MS systems. Both NGC2422-c1 and
NGC2422-c2 are classified as ‘Tier 1’ WD+MS candi-
dates, since their spatial locations and kinematics are
consistent with a set of 625 high-probability (P > 0.5)
cluster members from Cantat-Gaudin et al. (2020).
Zero candidates in our sample have consistent spa-

tial locations but inconsistent kinematics with respect
to the host cluster. It is, however, worth noting that
some OCs in our sample are di!use. Specifically, three
clusters (ASCC 97, Coin-Gaia 20 and UPK 418) have
less than 40 high-probability cluster members in Cantat-
Gaudin et al. (2020). This limited number of stars leads
to less certainty in the overall cluster properties, making
associations for these clusters more uncertain. More-
over, seven of our high-probability WD+MS candidates
(Basel11a-c1, Coin-Gaia20-c1, LP1800-c1, NGC2168-c1,
NGC2301-c1, NGC2323-c1 and UPK418-c1) have Gaia

parallax values that are less than three sigma (εω/ϑ >

0.33). While errors are taken into account when calcu-
lating the 3-D spatial ϱ2 values, these candidates would
also have higher uncertainties when spatially associating
them with a host cluster.
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Table 1. Candidate WD+MS Systems in Milky Way Open Clusters

No. Candidate Gaia DR3 ID ε (↑) ϑ (↑) gmag ... P(WDMS) ω
2(ε, ϑ,ϖ) ω

2(µω, µε) Tier

1 Alessi31-c1 4149442705819050752 265.63887 -13.98342 19.941 ... 0.978 43.68 3.55 2

2 Alessi44-c1 4291533250606570752 295.85724 5.73953 19.295 ... 0.977 16.13 1.00 2

3 Alessi44-c2 4241644456689125504 295.65824 2.46757 20.677 ... 0.937 0.98 0.36 1

4 Alessi44-c3 4291030803855467392 294.33365 4.80986 20.459 ... 0.989 17.35 3.25 2
...

49 UPK18-c1 4101661538264736512 282.60819 -15.46526 19.300 ... 0.995 46.94 6.23 2

50 UPK305-c1 335055179059807104 39.15801 39.66823 18.664 ... 0.927 1.91 0.53 1

51 UPK418-c1 3138459356262913280 115.43704 5.04302 21.023 ... 0.956 30.94 0.29 2

52 UPK442-c1 2951386008373222144 96.40236 -14.11618 20.353 ... 0.985 12.07 0.29 1

†This table represents an example subset of our candidate WD+MS binary catalog.

4.3. Final Candidate catalog

As described previously, we photometrically identify
52 high-probability candidate WD+MS binaries in 38
OCs with our SVM, thus composing our catalog. Table 1
highlights an example subset of systems and parameters
included in this catalog. A full list of catalog parameters
is described below.

• Gaia DR3 : Gaia identifiers, astrometry (ω, ς, ϑ,
µε, µϑ), photometric bands (G, GBP , GRP ), qual-
ity indicators (ruwe, astrometric excess noise) and
all associated uncertainties.

• Pan-STARRS1: photometric bands (g, r, i, z, y)
and associated uncertainties.

• 2MASS : 2MASS identifiers, photometric bands
(J , H, Ks) and associated uncertainties.

• Model outputs: SVM probabilities, spatial and
kinematic ϱ

2 values, and kinematic tiers.

5. CANDIDATE FOLLOW-UP OBSERVATIONS

Our catalog contains 52 high-probability WD+MS bi-
nary candidates in 38 OCs, whose broadband photo-
metric properties are consistent with those of SDSS
WD+MS binaries identified by Rebassa-Mansergas et al.
(2010). While spectroscopic follow-up of the full sample
and detailed cases studies of individual objects will be
presented in future works, here we present spectroscopy
and high-cadence light curve analysis for a few exam-
ple systems in order to provide context on their nature.
Discussion of previous classifications for objects in our
sample as well as other possible origins will be provided
in Section 6 below.

5.1. Spectroscopic Follow-Up

To investigate the types of systems in our catalog, we
perform follow-up spectroscopy on a subset of our high-
probability candidate WD+MS binaries. Based on their
relative masses and temperatures, WD+MS binaries can
exhibit a variety of spectral features, so we observe sys-
tems that span a range of colors (1.0 < BP-RP < 2.6)
to probe di!erent system classes. To yield higher signal-
to-noise spectra, we also prioritize observing systems
that are relatively bright (mg < 19 mag). In Figure 10,
we present spectra and SEDs for three high-probability
candidates (Alessi12-c1, Pleiades-c1 and Pleaides-c2).
These objects are labeled with numbers 1, 2 and 3, re-
spectively in Figure 8 and were chosen to highlight the
types of systems identified in this study. Details of the
observations and resulting spectra are described below.

5.1.1. Data Acquisition and Reduction

We observed Alessi12-c1 using the Kast spectrograph
mounted on the 3-meter Shane telescope at Lick Obser-
vatory (Miller & Stone 1993) over the course of several
nights. Our instrumental setup used a 2↗↗ slit, a D57
dichroic beamsplitter, the 600/4310 grism on the blue
side of the spectrograph, and a 600/7500 grating on the
red side. This provided a resolution of →5 Å over the
range of 3520–8750 Å. Individual exposure times were
1830-seconds and 900-seconds on the blue and red sides,
respectively. The data reduction process followed stan-
dard procedures described by Silverman et al. (2012).
In the top panel of Figure 10, we present the combined
data taken over 2.5 hours in cloudy conditions on 2023
October 24 UT.
Observations of Pleiades-c1 and Pleiades-c2 were ob-

tained using the Gemini Multi-Object Spectrograph
(GMOS; Hook et al. 2004) on Gemini-North as part
of our program GN-2022A-Q-123 (Principle Investiga-
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Figure 10. An example set of spectra (left panels) and observed photometry (right panels) for three high-probability candidate
WD+MS binaries in our catalog. For each system, we show an observed spectrum/photometry (colored), a best-fit Pickles
(1998) M-dwarf model (black) and a residual spectrum (gray). Photometric bands for Pan-STARRS1 and 2MASS along with
Balmer absorption features (Hϱ, Hς, Hϑ) are plotted for reference. Top: Alessi12-c1 (the bluest source in our catalog); this
observed spectrum was obtained with the Kast spectrograph at the Lick Observatory. For reference, we plot both the raw
and smoothed spectrum. A large blue continuum flux excess and clear Balmer absorption features are present, indicating the
presence of a WD in the system. At redder wavelengths, Alessi12-c1 nicely fits the shape of a M3V star. Hence, Alessi12-c1 is
a clear WD+MS binary. Middle: Pleiades-c1 (the reddest source in our catalog); this observed spectrum was obtained with the
GMOS at the Gemini-North Telescope. While less dramatic than Alessi12-c1, Pleiades-c1 also exhibits an excess blue continuum
flux and broad Balmer absorption features in its spectrum. While there is a slight infrared excess, Pleiades-c1 matches a M3V
star at redder wavelengths. Bottom: Pleiades-c2; like Pleiades-c1, this observed spectrum was obtained with the GMOS at the
Gemini-North Telescope. Neither Balmer absorption lines nor a blue continuum flux excess are observed, however both the
spectrum and photometry match that of an M4V Pickles model star.
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tor: Ste!ani M. Grondin). For both objects, we used
a 1↗↗ slit, the B600 grating and multiple subexposures
were taken at two central wavelengths (540 and 550 nm)
in order to cover the GMOS chip gaps. Overall, this
provides a resolution of →5 Å over the range of →3800-
7100 Å. All observations were obtained at the parallactic
angle. Data was reduced using standard gemini gmos

packages in pyraf. This includes bias subtraction, flat
field correction, source extraction and wavelength cal-
ibration. Flux calibration was also performed using a
combination of pyraf tasks and observations of spec-
trophotometric standards taken in the same set-up as
our observations on a di!erent night. Final spectra of
Pleiades-c1 and Pleiades-c2 are shown in the lower two
panels of Figure 10.

5.1.2. Description of Observed Properties

In Figure 10 we present both the optical spectra (left
panels) and optical-to-infrared SEDs (right panels) of
Alessi12-c1, Pleiades-c1, and Pleiades-c2. Also shown
are representative Pickles (Pickles 1998) models of M-
type MS stars and the residuals after subtracting the
fiducial Pickles model from the observed spectrum. As
described above, these three objects were chosen to
span the range of observed properties of our sample
and include both the bluest (Alessi12-c1) and reddest
(Pleiades-c1) objects in our final sample (in terms of
their Gaia BP-RP color; see Figure 8).
At a high level, there are several features that ap-

pear in the observed spectra of all three objects. First,
they all show clear molecular absorption lines at red-
der wavelengths, indicative of an M-type star. Second,
all three objects show narrow hydrogen Balmer lines in
emission. Such features have previously been observed
in close WD+MS binares (often attributed to the heated
face of the secondary star e.g. Parsons et al. 2012) and
are also common in young/active M-dwarfs (caused by
chromospheric activity e.g. Newton et al. 2017).
However, clear di!erences are also evident, particu-

larly at bluer wavelengths. Alessi12-c1 is an example
of a system that is clearly a WD+MS binary; a large
blue continuum flux excess and clear Balmer absorption
features are observed in the blue, while the spectrum
matches a Pickles M3V stellar model at redder wave-
lengths. This spectrum is in agreement with the pho-
tometry of Alessi12-c1, which nicely fits the shape of a
M3V star in the i to K bands, but has a significant flux
uptick in the Pan-STARRS1 g and r bands.
While significantly less dramatic than Alessi12-c1,

Pleiades-c1 (which was the reddest object in our sam-
ple) also exhibits an excess blue continuum flux and
broad Balmer absorption features. The spectrum of

Pleiades-c1 also matches that of an M-dwarf at redder
wavelengths, however Pleiades-c1 has a slight infrared
excess compared to a Pickles M3V model star (see Sec-
tion 6.2.3). Similar to Alessi12-c1, the photometry of
Pleaides-c1 reveals a clear flux uptick in the g-band com-
pared to the M3V star. We note that this object was
also previously identified as a spectroscopic binary (see
Section 6.2).
Finally, we discuss Pleiades-c2. This object has a simi-

lar, but slightly bluer, Gaia BP ↑RP color to Pleiades-
c1 and is located similarly close to the ZAMS in Fig-
ure 8. However, as seen in the lower right panel of Fig-
ure 10, while a small g-band deviation from the M4V
dwarf model is observed (likely leading to its selection by
our SVM model) this is much more subtle than observed
even in Pleiades-c1. In addition, when we compare our
observed spectrum to the M4V model, the only signifi-
cant deviation observed is the narrow Balmer emission
lines described above. In particular, the spectrum does
not show clear evidence for either broad Balmer absorp-
tion lines or a continuum flux excess down to wave-
lengths of →4000 Å. While this object may represent
a case with very low flux contribution from the WD in
the optical (which would then be better served by ultra-
violet follow-up) it is also possible that it is a (single)
active M-dwarf whose Pan-STARRS1 g-band photom-
etry was impacted by flares. We will further address
whether this is expected to be a significant contaminant
in our sample in Section 6.3.3, below.
Detailed modelling and RV follow-up for Alessi12-c1,

Pleaides-c1, Pleiades-c2, and other objects in our final
sample are ongoing and will be presented in future work.
We emphasize again, that these three objects were cho-
sen as representative examples. SEDs for all 52 candi-
dates are provided in Appendix C, where it is clear that
other sources in our catalog have similar photometric
properties to each of those discussed in detail here.

5.2. Light Curve Data

Although more ambiguous than spectroscopy, ob-
served system variability can provide context for the
nature of an astronomical system. While light curves
containing eclipses are the strongest variability indica-
tors of both the presence of a binary and its period,
eclipsing binaries are unfortunately rare. However, light
curves exhibiting clear, short-period variability could in-
dicate the presence of ellipsoidal modulations, which oc-
cur due to tidal distortions of stars in tight binaries.
In addition, sinusoidal variability can be observed at a
variety of timescales due to the rotation of M-dwarfs.
When located in a close binary, they may be expected
to be tidally-locked (e.g. Muirhead et al. 2013), leading
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Figure 11. Raw and phase-folded light curves for 3 high-probability WD+MS binary candidates. Left panels: Alessi12-c1;
r-band light curve obtained from the Zwicky Transient Facility. The period of 0.29 days is computed using a a Lomb-Scargle
periodogram where the phase folded light curve corresponds to the period of maximum power in the periodogram. Middle panels:

Pleiades-c2; light curve obtained from Kepler/K2 archival data. The period of 0.29 days is computed from a periodogram with
default LightKurve settings. Right panels: Pleiades-c3; light curve obtained from TESS archival data. The period of 6.41 days
is also computed from a periodogram with default LightKurve settings.

to shorter periods (although rotation periods of ↫ 1 day
are also observed in young, single M-dwarfs e.g. New-
ton et al. 2017). In practice, it is highly di”cult to dis-
entangle variability from binary ellipsoidal modulations
and rapidly rotating M-dwarfs without radial velocity
monitoring. However, since light curves with short-
timescale variability can identify targets which may be
short-period binaries (as expected for post-CE systems),
we search for variability of high-probability candidates
in our catalog.
To identify possible variability, we perform an archival

search for light curve data of each high-probability
WD+MS candidate in the Kepler/K2 Mission (How-
ell et al. 2014), Transiting Exoplanet Survey Satellite
(TESS, Ricker et al. 2015) and Zwicky Transient Facil-
ity (ZTF, Masci et al. 2019) databases. We query Ke-

pler/K2 and TESS light curves using the Python pack-
age Lightkurve4 (Lightkurve Collaboration et al. 2018)
and ZTF directly through the NASA/IPAC Infrared Sci-
ence Archive API5. In Figure 11, we present both raw
and phase folded light curves for three high-probability

4
https://github.com/lightkurve/

5
https://irsa.ipac.caltech.edu/docs/program interface/

ztf lightcurve api.html

WD+MS binary candidates (Alessi12-c1, Pleiades-c2
and Pleiades-c3). Alessi12-c1 and Pleiades-c2 were also
shown in the spectroscopy section above. Pleiades-c3
is another candidate with slightly bluer colors, which is
labeled with the number “4” in Figure 8.
Other objects in our catalog also have light curve

matches within the Kepler/K2, TESS, and ZTF—
although we note that K2/TESS matches are less com-
mon due to the combination of limited spatial coverage
by Kepler/K2 and the relatively shallow depth of TESS
(over 90% of our high-probability candidates have mag-
nitudes fainter than 18th mag). Of the candidates with
matches, the light curve properties are diverse, ranging
from (i) clear short period (→ days) variability, (ii) clear
longer period (→weeks to months) variability, (iii) irreg-
ular or no obvious variability, and (iv) limited coverage
or poor quality photometry. Here, we present three rep-
resentative examples of objects with high-quality pho-
tometry that show short-period variability, as this is ex-
pected for post-CE systems – which are the ultimate
goal of our study.
When data from multiple instruments or epochs are

available, we analyze and present the light curve that
visually appears to have the lowest systematic issues.
Periods are estimated from a periodogram with de-

https://github.com/lightkurve/
https://irsa.ipac.caltech.edu/docs/program_interface/ztf_lightcurve_api.html
https://irsa.ipac.caltech.edu/docs/program_interface/ztf_lightcurve_api.html
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fault LightKurve settings (TESS/K2 data) or from the
maximum power of a Lomb-Scargle periodogram calcu-
lated with astropy’s (Astropy Collaboration et al. 2022)
LombScargle package (ZTF). Information for each of
the three example light curves is presented below.

1. Alessi12-c1 : This light curve was obtained from
the ZTF catalog. When queried, Alessi12-c1 had
919 high-quality (catflags < 32768) r-band obser-
vations spanning →4.7 years. The median time
between sequential observations is →30 minutes,
with →64% of observations taken within <1 day
of another. This is driven primarily by a few high
cadence observing campaigns between years 2 and
3 (see Figure 11; left panel). Outside these times,
the median cadence between observations is two
days. The estimated period is 0.29 days.

2. Pleiades-c2 : This light curve was obtained from
Kepler/K2 Campaign 4 (2015). Observations are
taken at a cadence of 30 minutes and the estimated
period is 0.29 days.

3. Pleiades-c3 : This light curve was obtained from
TESS Sector 43 (2021) and represents a TESS

light curve from a full-frame image (TESS-SPOC).
The observations are taken at a cadence of 10 min-
utes and the estimated period is 6.41 days.

We emphasize that determining the actual origin of
variability (e.g. ellipsoidal modulations versus rotation)
requires additional follow-up observations. However, we
note that all three of these sources have short variability
periods which, if correlated with a binary orbit (either
Porb for rotational variability or 0.5↓Porb for ellipsoidal
modulations), would be consistent with known eclipsing
post-CE systems (Parsons et al. 2010). For Pleiades-c2,
which was the system that showed no clear signatures of
a WD in its optical spectrum in Section 5.1, we highlight
that a rotational period of ↫ 0.3 days, if not due to
binarity, would indicate a very young, and thus likely
active M-dwarf (e.g. Newton et al. 2017).

6. DISCUSSION

In the sections above, we developed a machine learn-
ing framework to identify candidate WD+MS binaries
in Milky Way OCs based on their broadband photom-
etry. In total, after vetting the quality of each can-
didate, we present a catalog of →50 high-probability
candidates. Here, we discuss our catalog in the con-
text of the three previously known WD+MS binaries in
OCs (Section 6.1), previous classifications for a subset
of our sample (Section 6.2), other possible origins for
objects in our catalog (Section 6.3), and implications of

the kinematics observed in our sample for natal kicks of
WD+MS binaries (Section 6.4).

6.1. Other Known WD+MS Systems in OCs

As described in Section 1, there are currently only
three other WD+MS binaries known in OCs. V471 Tau
(Nelson & Young 1970; Young & Capps 1971; Muirhead
et al. 2022) and HZ9 (Stau!er 1987) are the only two
post-CE WD+MS binaries that have been associated
with an OC. Additionally, Richer et al. (2019) present
a magnetic WD+MS binary in NGC2422. None of
these three objects are contained within our final cat-
alog. Here, we discuss why they were not identified.
Both V471 Tau and HZ9 are located in the Hyades

cluster, which we do not search in this study. The
Hyades is the closest OC to Earth located at a dis-
tance of → 50 pc (Cantat-Gaudin et al. 2020). Conse-
quently, the Hyades spans a large area on the sky, where
the radius containing half its cluster members is → 5.5↑

(Cantat-Gaudin et al. 2020). Hence, using our method
to search for WD+MS binaries in the Hyades would re-
quire a very large search radius. Moreover, the Hyades
has a proper motion of µε, µϑ = (103.018,↑27.228)
mas/yr (Cantat-Gaudin et al. 2020), which could poten-
tially lead to cross-matching issues between newer and
older surveys.
The magnetic WD+MS cluster binary identified in

NGC 2422 by Richer et al. (2019) is an excellent candi-
date to probe CE evolution. While an orbital period is
not yet measured for this system, spectroscopy indicates
an obvious WD and its kinematics show that it is con-
clusively associated with an OC. NGC 2422 is examined
in this study, however the apparent Gaia magnitude of
this binary mG = 19.8 is below our magnitude thresh-
old of mG < 19.5. Hence, this source is not detected in
this catalog, but represents a strong candidate for radial
velocity follow-up observations.

6.2. Previous Classifications of Candidates

To further understand the types of systems identified
in this catalog, we query all of our high-probability can-
didates in the SIMBAD astronomical database (Wenger
et al. 2000). Of our 52 high-probability candidates, only
six sources have SIMBAD classifications, where the ob-
ject types are described below. We note that none of
our candidates have ever been classified as WD+MS bi-
naries. We also examine how many of the candidates
selected by our method were identified as likely cluster
members in the catalog of Cantat-Gaudin et al. (2020)
(which we use as the kinematic baseline for our target
selection in Section 2.2).
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6.2.1. Binary Systems

With the goal of studying binary systems and mul-
tiples in young stellar clusters or associations, Kounkel
et al. (2019) used the Apache Point Observatory Galac-
tic Evolution Experiment (APOGEE) spectrograph to
target sources in the Orion Complex with infrared ex-
cess, optical variability and previous young stellar ob-
ject (YSO) literature designations. This study also
used cross-correlation functions to autonomously clas-
sify double-lined spectroscopic binaries (SB2s). In this
study, Pleiades-c1 was found to be a SB2, indicating it
is likely a binary system.

6.2.2. Eruptive Variable Stars

Pleiades-c2 and Pleiades-c3 (designated ‘V754 Tau’
and ‘V880 Tau”, respectively) are classified as eruptive
variable stars in the General catalog of Variable Stars
(GCVS; Samus’ et al. 2017). Originally identified in
Haro et al. (1982), the GCVS abbreviation for these
stars is ‘UV’, which represent the class of ‘UV Ceti’ type
variable stars. UV Ceti stars are highly magnetic K
or M-type dwarfs who undergo flaring on the order of
seconds to minutes (e.g. Lacy et al. 1976).

6.2.3. Young Stellar Objects

YSOs represent a broad class of objects, spanning pro-
tostars to pre-MS stars which are generally ↬ 100 Myr in
age (e.g. Preibisch 2012). One of our targets, Pleiades-
c1, is listed as a YSO in SIMBAD and originally clas-
sified in Kounkel et al. (2019). As mentioned in Sec-
tion 6.2.1, this paper obtained APOGEE spectra of a
sample of over 5000 objects in the direction of nearby
star-forming regions. Pleiades-c1 was selected for tar-
geting in this paper based on the presence of an infrared
excess in its SED.
Pleiades-c1 was specifically listed as a Class III YSO,

which are systems that primarily show reddened black-
body SEDs in the NIR and weak excess emission at
longer wavelengths (Lada 1987). They are thought to
be more evolved, diskless, YSOs during the later stages
of their pre-MS evolution (e.g. Andre 2002). As men-
tioned in Section 3.5.2, for clusters with ages ↫ 100 Myr
(as is the case for the Pleiades) it is possible that some
low mass stellar systems have not yet reached the MS.
Pleiades-c1 may therefore be an example containing such
an object. As described in Section 5.1 and shown in
Figure 10, its optical spectrum is well matched to an
M3V-M4V model in the red with evidence for Balmer
absorption lines from a binary companion in the blue
and potential excess emission in the infrared.

6.2.4. Stars

Pleiades-c4, NGC6568-c1 and NGC752-c1 are all as-
signed the general classifier ‘Star’ in SIMBAD.

6.2.5. Open Cluster Members

Three high-probability candidates in the Pleiades
(Pleiades-c1, Pleaides-c2 and Pleiades-c3) are listed as
cluster members in the Cantat-Gaudin et al. (2020) cat-
alog. Each source is indicated to be a cluster mem-
ber with a probability of P = 1.0, which is consis-
tent with the low spatial and kinematic ϱ

2 values for
these candidates measured in Section 4.2. NGC6568-c1
is also present in the Cantat-Gaudin et al. (2020) cata-
log, with a cluster probability of P = 0.2 (likely because
NGC6568-c1 exhibits kinematics that are o! cluster cen-
tre). These are the only high-probability WD+MS can-
didates in our catalog that are identified as cluster mem-
bers in Cantat-Gaudin et al. (2020), however this is
likely due to the fact that (i) all cluster members used
in the Cantat-Gaudin et al. (2020) catalog have an ap-
parent Gaia DR2 magnitude of mG < 18 (whereas 48
of 52 high-probability candidates are fainter than this)
and (ii) the large spatial cluster o!sets for many of our
systems could reduce membership probabilities.

6.3. Other Possible Candidate Origins

From our spectra in Figure 10, it is clear that
WD+MS binaries are present in our catalog. Since spec-
troscopy would be required to determine the nature of
all systems, we investigate a variety of other possible as-
tronomical sources that could be present in our sample.
Each possible object is summarized below, where the re-
spective photometric properties of each population are
presented in a Gaia CMD and four color-color spaces in
Figure 12.

6.3.1. Cataclysmic Variables

Cataclysmic variables (CVs) are interacting binary
star systems where a WD actively accretes matter from
a low-mass MS companion star (Warner 1995). CVs rep-
resent a broad class of binaries (e.g. novae, polars, AM
Canum Venaticorum stars, etc.) where the sub-classes
predominantly arise from di!erences in the WD accre-
tion disk and magnetic fields (e.g. Downes et al. 2001).
While CVs are indeed WD+MS binaries (and have even
likely undergone CE events to achieve their small or-
bital separations), active accretion makes them slightly
di!erent objects than the main targets of our overar-
ching program. Nonetheless, CV photometry is likely
similar to that of a detached WD+MS binary system.
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Figure 12. color-color and color-magnitude spaces of a variety of astrophysical sources with similar photometry to SDSS
WD+MS binaries in Rebassa-Mansergas et al. (2010). Here, we show rapidly rotating M-dwarfs (red triangles) from Kado-Fong
et al. (2016), cataclysmic variables (gold hexagons) from Inight et al. (2023) and single WDs (blue diamonds) from Gentile
Fusillo et al. (2021) relative to our high-probability candidate WD+MS binaries (orange stars) and our training samples (SDSS
WD+MS binaries from Rebassa-Mansergas et al. (2010) and a set of MS cluster members from Cantat-Gaudin et al. (2020)
as purple and gray circles, respectively). We conclude that our catalog is unlikely to have any significant contamination from
single WDs, but our sample may contain CVs (in addition to detached WD+MS binaries). Some contamination from young,
active M-dwarfs is possible for systems in our catalog that lie close the the ZAMS.

To investigate how CVs are classified with our SVM,
we utilize the Inight et al. (2023) sample of CVs ob-
served in SDSS I to IV. Inight et al. (2023) identify
507 CVs, representing the largest sample of spectro-
scopically confirmed CVs in the optical regime. After
cross-matching this catalog with 2MASS, Gaia DR3 and
Pan-STARRS1 and ensuring robust photometry (Sec-
tion 2.2.2 and 2.2.3), 92 CVs remain in our final sample.
From Figure 12, we see that despite being gener-

ally bluer and brighter, there is significant overlap with
the Rebassa-Mansergas et al. (2010) WD+MS binaries
in a Gaia CMD. As expected, the colors of CVs and
WD+MS binaries are highly similar, where the CVs
are mostly indistinguishable from the WD+MS bina-
ries. These photometric similarities lead to 56% of the
CV sample being classified as high-probability WD+MS
candidates. While the majority of our WD+MS candi-
dates are redder than the CVs in a Gaia CMD, follow-up
spectroscopy would be beneficial to distinguish between
detached and accreting WD+MS binaries.

6.3.2. Main-Sequence+Main-Sequence Binaries

In Figure 5, we see that four binaries lie to the right
of the ZAMS, which is a parameter space that could
include binary systems composed of two MS stars. To
investigate how MS+MS binaries are classified in our
model, we compose a set of model binaries using the
Pickles (1998) stellar atmosphere models described pre-
viously. From Figure 5, we see that because we impose
a brightness threshold of MG > 6 mag, our search is
only sensitive to single stars from late F to M type de-
pending on the Galactic extinction. For both zero ex-
tinction (AV = 0.0) and high extinction (AV = 3.0), we
randomly sample 1000 MS+MS binary configurations
composed of F5V to M6V model stars.
We find that the MS+MS binaries almost exactly

match the Pickles curves shown in Figure 5 for both
extinction values. For binaries with hotter MS stars
(e.g. F-type) and cooler companions (e.g. M-type),
the relative flux ratios are such that the hotter star
dominates the photometry, appearing as a single MS
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star. On the other hand, while similar mass combi-
nations appear brighter in the Gaia CMD, their col-
ors are only minimally impacted. When run through
our SVM model, zero MS+MS model binaries are clas-
sified as high-probability WD+MS systems for both the
AV = 0.0 and AV = 3.0 cases, with the highest prob-
ability system being classified at P = 0.02 (since these
Pickles models were included in our training sample, it
is unsurprising that they almost perfectly align with the
MS photometry). Hence, we expect very little to no
contamination from MS+MS binaries in our catalog.

6.3.3. Rapidly Rotating M-dwarfs

A significant fraction of low-mass stars are highly (or
even fully) convective. Strong convection can generate
large magnetic fields in stellar chromospheres, causing
immense stellar activity in the form of eruptions or flares
(Vallée 2003). The General catalog of Variable Stars
(Samus’ et al. 2017) lists more than twenty sub-classes of
eruptive variables, broadly categorized by their spectral
type, flare frequency/regularity and astrophysical origin.
Of particular interest are flaring (active) M-dwarf stars,
which predominantly erupt in the near-ultraviolet por-
tion of the electromagnetic spectrum and can thus man-
ifest as blue color excesses in M-dwarf photometry if a
flare was active when observations were obtained (Welsh
et al. 2007; Li et al. 2024). While the exact mechanisms
that drive stellar flaring are still an open question, obser-
vational studies of chromospheric activity in M-dwarfs
are extensive (e.g. Davenport 2016; Kado-Fong et al.
2016; Newton et al. 2017; Yang et al. 2017; Medina et al.
2020; Feinstein et al. 2020; Rodŕıguez Mart́ınez et al.
2020; Rekhi et al. 2023).
Since flares in M-dwarfs can contribute excess blue

flux to otherwise red optical photometry, we consider
how active M-dwarfs are classified with our SVM. New-
ton et al. (2017) provide a catalog of M-dwarfs with
detailed activity indicators, however these stars are all
located within the Solar Neighbourhood and are thus
too bright to have reliable (unsaturated) photometric
measurements in Pan-STARRS1. Thus, we consider the
Kado-Fong et al. (2016) catalog of M-dwarfs observed
in the Pan-STARRS1 Medium-Deep Survey, since these
M-dwarfs are located at further distances. Kado-Fong
et al. (2016) identify 270 rotating M-dwarfs, measuring
periods of 0.7 days < P < 130 days. While no ac-
tivity indicators are explicitly included in this catalog,
Newton et al. (2017) observe that almost all M-dwarfs
with rotational periods of P < 10 days are active. Af-
ter cross-matching this catalog with 2MASS, Gaia DR3
and Pan-STARRS1, we find 126 M-dwarfs in the Kado-
Fong et al. (2016) sample with P < 10 days. 110 of

these stars adhere to the same photometric and kine-
matic constraints described in Section 2.2.2 and 2.2.3.
We adopt this sample of rapidly rotating M-dwarfs as a
proxy for the expected properties of active M-dwarfs.
From Figure 12, we see that active M-dwarfs (red tri-

angles) lie directly along the MS of our training data
in both a CMD and all color-color spaces. Thus, we
find that only three systems (3%) are classified as high-
probabilty WD+MS candidates with our SVM. How-
ever, despite these low numbers, the WD+MS candi-
dates that lie close the ZAMS (approximately 25-30%
of our final sample) do share some photometric prop-
erties with active M-dwarf stars. For these systems, we
conclude that some contamination is possible (especially
since single M-dwarfs are expected to be more prevalent
than WD+MS binaries) and spectroscopy is required to
distinguish binarity from potential flaring. In particular,
we note (i) Pleiades-c1 is located in this region of param-
eter space, but is a spectroscopically confirmed binary
system and (ii) both Pleiades-c2 and Pleiades-c3 were
previously classified as flaring M-dwarfs (Section 6.2.2).
However, also note that the presence of M-dwarf flares
is not mutually exclusive with a potential WD+MS bi-
nary, as post-CE systems with active M-dwarf secondary
stars have been identified (e.g. Muirhead et al. 2013).

6.3.4. Single WDs

Depending on system age, single WDs can have e!ec-
tive temperatures between 10, 000K < Teff < 40, 000K
(Eisenstein et al. 2006; Gentile Fusillo et al. 2021).
Hence, it is possible that older, cooler and redder WDs
could share similar photometry to aWD+MS binary. To
investigate this potential overlap, we consider the Gen-
tile Fusillo et al. (2021) catalog of WDs identified inGaia

Early Data Release 3. While the full sample contains
→ 359, 000 WDs, we find that upon cross-matching, only
88 of these systems have 2MASS data.
In Figure 12, we observe that these 88 single WDs fall

bluewards of the previously investigated populations in
both a Gaia CMD and all color-color spaces. While sin-
gle WDs appear to occupy extensions of the WD+MS
binary population in each color-color space, overlap with
WD+MS binaries is present especially when 2MASS
photometry is included. Due to this overlap, 38% of
the WDs in this catalog are classified by our SVM as
probable WD+MS binaries. However, none of our iden-
tified WD+MS candidates visually overlap with the sin-
gle WDs in any parameter space, making it unlikely that
any of our candidates are actually single WDs.
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Figure 13. The proposed e!ect of a CE natal velocity kick on the spatial position and kinematics of candidate NGC1342-c1.
Left: Spatial location of NGC1342-c1 (star) relative to high-probability cluster stars from Cantat-Gaudin et al. (2020) (gray).
Each circle represents the distance NGC1342-c1 would be located if it received a natal kick for various kick magnitudes and travel
times. Right: Similar to the left panel, however with proper motion. Each circle here represents the change in NGC1342-c1’s
proper motion (”µ) upon receiving a velocity kick completely imparted into the tangential direction (for simplicity).

6.4. Implications for Natal Kicks

The observed number of WDs in OCs is far lower than
expected (e.g. Weidemann 1977; Weidemann et al. 1992;
Kalirai et al. 2005; Richer et al. 2021). For decades,
studies have postulated that cluster WD deficits could
be caused by natal kicks (vk) of a few km s↓1 received
during the formation of the WD (Fellhauer et al. 2003;
Heyl 2007a,b; Fregeau et al. 2009). Specifically, asym-
metric winds of late-type asymptotic giant branch stars
could result in asymmetric mass-loss, ultimately impart-
ing a kick into a newly formed WD (Vassiliadis & Wood
1993). Recent discoveries by Heyl et al. (2022) and
Miller et al. (2022, 2023) have also identified WDs that
likely escaped their host clusters.
Similar to the case of single star evolution to a

WD, 3-D hydrodynamical simulations of CE ejection
(Sandquist et al. 1998) have also found that mass can be
asymmetrically ejected from the envelope, imparting na-
tal kicks of → 3↑8 km s↓1 into post-CE binaries. These
simulations are consistent with Izzard et al. (2010) who
find that natal kicks of → a few km s↓1 allow for a bet-
ter match between observed properties and models of
barium stars (which could also be formed through CE
evolution). Hence, it is possible that WDs in post-CE
binary systems could experience multiple types of natal
kicks during their evolution.

Upon examining the kinematics of the candidate
WD+MS systems in our catalog, we find that while
their overall proper motions are consistent with their
host clusters, the spatial locations for more than half of
the candidates are largely o!set (see Section 4.2). Thus,
we explore whether these spatial o!sets could be ex-
plained by invoking a natal kick. As a fiducial example,
we consider the WD+MS binary candidate NGC1342-
c1. NGC1342-c1 has a proper motion consistent with
being a member of NGC 1342 (ϱ2 = 1.03) but a spatial
location inconsistent with the cluster (ϱ2 = 112.41) as
computed in Section 4.2.
To investigate its spatial o!set, we estimate the dis-

tance NGC1342-c1 could travel if it was (i) indeed a
WD+MS post-CE binary and (ii) originally located at
the cluster centre. We assume two di!erent kick veloc-
ities (vk = 3 km s↓1 and vk = 8 km s↓1, using the
previously discussed post-CE natal kick range) and two
travel times (1 Myr and 10 Myr). Coupling these kicks
and travel times with the Cantat-Gaudin et al. (2020)
distance to NGC 1342 (686 pc), we find that NGC1342-
c1 could have traveled between 0.25↑ ↑ 6.8↑ from the
cluster centre after ejection of its CE. The left panel
of Figure 13 shows that the current spatial position of
NGC1342-c1 could be explained by these low velocity
kicks and relatively short travel times.
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We also consider how much the system’s proper mo-
tion could change after experiencing a natal kick ($µ).
In particular, we examine whether it would be reason-
able for an object with a large spatial o!set due to a
natal kick to still have proper motions that overlap with
the bulk of cluster members (as observed for most of
the candidates in our sample). Again taking NGC1342-
c1 as a fiducial case, we determine $µ, by first using
the distance and total proper motion of NGC1342 from
Cantat-Gaudin et al. (2020) to compute the system’s
pre-kick tangential velocity, vt. Next, we compute the
tangential velocity a system would have if it were kicked
at vk,t = 1 km s↓1, 2 km s↓1, 3 km s↓1, 4 km s↓1 and
8 km s↓1. From here, we use vt and vk,t to compute $µ:

$µ[mas/yr] =
1000

4.74↓ d[pc]
↓ (vk,t ↑ vt)[km s↓1] (1)

The right panel of Figure 13 highlights $µ for a range
of kick velocities. We see that the proper motion ob-
served for NGC1342-c1 is consistent with expectations
for a relatively low natal kick (→ 2 ↑ 3 km s↓1). How-
ever, we note that—for simplicity—we assumed 100%
of the natal kick is received in the tangential direction
of the velocity. Hence, these estimates of $µ are likely
overestimated. This emphasizes that even larger kick
velocities could yield a system with proper motions con-
sistent with the host cluster.
While specific cluster proper motions, distances and

escape velocities determine the magnitude to which a
natal kick might e!ect a post-CE system, this analy-
sis shows that a post-CE system can be spatially o!set
from a cluster despite having a consistent proper mo-
tion. Hence, we conclude that it is possible for post-
CE systems to migrate far from their birth cluster if
a velocity kick is received. Importantly, we emphasize
that 78% of the OCs searched in this study revealed
no WD+MS candidates. It is almost certain that there
exist more WD+MS post-CE cluster binaries than pre-
sented in this catalog, however they are likely located
outside the search radii chosen in this study. While ex-
tending search radii might help identify more WD+MS
candidates, finding binaries that have travelled far be-
yond their host cluster is challenging. Although chem-
ical tagging and dynamical simulations are good tools
for associating escaped stars and binaries with individ-
ual star clusters (e.g. Grondin et al. 2023, 2024), am-
ple chemistry and radial velocities would be required for
definitive associations of these escaped systems.

7. SUMMARY AND CONCLUSIONS

In this paper, we search for WD+MS binaries in
299 OCs in the Cantat-Gaudin et al. (2020) catalog.

Using photometry from Gaia DR3, 2MASS and Pan-
STARRS1, we train a support vector machine model
to identify systems that are photometrically similar to
a sample of SDSS WD+MS binaries from Rebassa-
Mansergas et al. (2010). Throughout, we design both
our training sample and method to try to minimize con-
tamination (and thus sacrifice some amount of complete-
ness) in order to identify a set of high-probability can-
didates, which can then be followed-up for confirmation
and characterization. While the focus of this study is
identifying WD+MS binaries in clusters, we emphasize
that this methodology could be utilized for photometric
identification of a variety of other astrophysical sources.
Figure 1 highlights the main steps in our identification
method. Our main results are summarized below.

1. This catalog contains 52 candidate WD+MS bi-
naries in 38 OCs which were identified with high-
probability (P > 0.9) from our SVM classifica-
tion model and subsequently vetted for data qual-
ity (Figure 8). Generally, our catalog contains
systems that are redder than the overall sam-
ple of WD+MS binaries presented in Rebassa-
Mansergas et al. (2010). This is in line with other
WD+MS systems identified in Gaia (Inight et al.
2021; Rebassa-Mansergas et al. 2021). 78% of
the 299 OCs searched had zero high-probability
WD+MS binaries identified by our method.

2. We present follow-up spectroscopy from the Lick
and Gemini Observatories for three example can-
didates that span a range of Gaia BP ↑ RP col-
ors (Figure 10). From this spectroscopy alone,
it is clear that a variety of systems are present
in this catalog. For instance, two objects (which
represent both the bluest and reddest systems in
our sample) are well-matched to M-type MS stel-
lar models at red wavelengths, but show evidence
of broad Balmer lines and excess flux at blue
wavelengths—as would be expected for aWD com-
panion. In contrast, the third object shows no
clear signatures of a WD in its optical spectrum.
It may represent either a case with a limited flux
contribution from the WD in the optical regime, or
contamination in our sample from an active (flar-
ing) M-dwarf. SEDs for all WD+MS candidate
binaries are similar to the three examples shown.
Hence, we expect that this catalog spans a wide
range of WD and MS configurations.

3. While our high-probability candidates exhibit a
variety of light curve behavior, we show example
TESS, Kepler/K2 and ZTF light curves for three
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objects that show clear and regular variability with
periods spanning P = 0.29 ↑ 6.4 days. This ob-
served variability could either be caused by rapid
rotation of an M-dwarf or ellipsoidal modulations
from tidal distortion of a short-period binary.

4. Since we solely use photometry to identify
WD+MS candidates, we investigate the possibility
that other astrophysical sources are present in our
catalog. Specifically, we run populations of cata-
clysmic variables (Inight et al. 2023), MS+MS bi-
naries (Pickles 1998), rapidly rotating (active) M-
dwarfs (Kado-Fong et al. 2016) and single WDs
(Gentile Fusillo et al. 2021) through our SVM.
Based on this and the locations of our candidate
systems in the Gaia CMD and various color-color
spaces, we conclude that we are unlikely to have
any significant contamination from single WDs or
MS+MS binaries. In contrast, our sample may
contain CVs in addition to detached WD+MS bi-
naries, and we may have some contamination from
young, active M-dwarfs in the → 25 ↑ 30% of our
sample that lies close the the ZAMS. Ultimately,
follow-up spectroscopy will be required to fully
confirm the nature of each candidate.

5. While the candidate proper motions are generally
consistent with their host clusters, we find that
over half of our candidates are spatially o!set from
their hosts. A possible explanation for this is a
natal kick received during either the asymptotic
giant branch phase or upon ejection of a CE. We
find that moderate velocity kicks between 3 km
s↓1

< vk < 8 km s↓1 are su”cient to cause a
large spatial o!set, but retain consistent proper
motions relative to the cluster (Figure 13). It is
plausible that other WD+MS binaries exist for the
clusters searched in this study, however they are
likely located far beyond our chosen search radii.

Ultimately, this catalog is a necessary first step in a
larger e!ort to provide observational constraints on the
CE phase and detailed characterization of a subset of
candidates (e.g. Alessi12-c1, Pleiades-c1, etc.) identi-
fied in this study is currently underway. Once a larger
sample of post-CE binaries in clusters is confirmed, pre-
CE progenitor masses can be estimated, leading to a
one-to-one mapping between the initial and final masses
of systems that have undergone a CE event (similar to
how the IFMR for isolated WDs is determined). With
these observational benchmarks, this sample will aid in
e!orts to unlock important new insights into one of the
most uncertain phases of binary evolution.
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APPENDIX

A. PHOTOMETRIC SEARCH EXAMPLES

Here, we present results from the SVM classification for two example OCs: Alessi 12 and NGC 2682. As seen in
both Figures 14 and 15, the majority of sources in the Alessi 12 and NGC 2682 stellar samples lie along/near the
ZAMS in both sample color-color spaces and a Gaia CMD. While the SVM does not identify any probable WD+MS
candidate binaries in NGC 2682, one high-probability source (P > 0.9) and two medium-probability sources (P > 0.5)
are found in Alessi 12.

Figure 14. NGC 2682: A cluster with no identified high-probability or mid-probability candidate WD+MS binaries.

Figure 15. Alessi 12: A cluster with both high-probability and mid-probability candidate WD+MS binaries.
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B. PHOTOMETRIC ERRORS OF HIGH-PROBABILITY CANDIDATES

In Figure 16, we present the photometric errors of all 52 high-probability candidate WD+MS binaries in this catalog.
Overall, the photometry (including error bars) spans the full WD+MS sample, with only small overlap with the ZAMS.
We note that the largest photmetric errors arise from 2MASS J and K bands.

Figure 16. Photometric errors of the high-probability candidate WD+MS binaries in this catalog.

C. SPECTRAL ENERGY DISTRIBUTIONS

As described in Section 3.7, we perform additional vetting of our high-probability candidates through a visual
inspection of candidate SEDs. In Figures 17 and 18, we present SEDs for all 52 high-probability candidate WD+MS
systems in our catalog. We include both Pan-STARRS g, r, i, z and y band along with 2MASS J , H and K band
photometry. To guide the eye, we have included five MS Pickles models (Pickles 1998) spanning K0V to M5V spectral
types. However, we emphasize that the observational SEDs have not been corrected for Galactic extinction.
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Figure 17. Spectral energy distributions of the high-probability candidate WD+MS binaries in this catalog.
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Figure 18. Continuation of Figure 17.


	Introduction
	Initial Sample Selection
	Open Cluster Selection
	Distance
	Declination
	Age

	Stellar Sample Selection
	Cluster Search Radius
	Kinematic Constraints
	Photometric Constraints
	Cross-matching


	WD+MS Candidate Identification
	Support Vector Machines
	Training Data
	Cluster Star Training Sample
	WD+MS Training Sample

	SVM Input Features
	Model Definition
	Model Evaluation
	Catalog Contamination
	Catalog Completeness

	Application to Cluster Data
	Additional Vetting of Candidates

	Candidate Characteristics
	Photometric Properties
	Spatial & Kinematic Properties
	Final Candidate catalog

	Candidate Follow-Up Observations
	Spectroscopic Follow-Up
	Data Acquisition and Reduction
	Description of Observed Properties

	Light Curve Data

	Discussion
	Other Known WD+MS Systems in OCs
	Previous Classifications of Candidates
	Binary Systems
	Eruptive Variable Stars
	Young Stellar Objects
	Stars
	Open Cluster Members

	Other Possible Candidate Origins
	Cataclysmic Variables
	Main-Sequence+Main-Sequence Binaries
	Rapidly Rotating M-dwarfs
	Single WDs

	Implications for Natal Kicks

	Summary and Conclusions
	Data Availability
	Photometric Search Examples
	Photometric Errors of High-Probability Candidates
	Spectral Energy Distributions

