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A B S T R A C T 

The identification and characterization of massive ( � 0.8 M �) white dwarfs is challenging in part due to their low luminosity. Here, 
we present two candidate single-lined spectroscopic binaries, Gaia DR3 4014708864481651840 and 5811237403155163520, 
with K-dwarf primaries and optically dark companions. Both have orbital periods of P ∼ 0.45 d and show rotational variability, 
ellipsoidal modulations, and high-amplitude radial velocity variations. Using light curves from the Transiting Exoplanet Survey 
Satellite ( TESS ), radial velocities from ground-based spectrographs, and spectral energy distributions, we characterize these 
binaries to describe the nature of the unseen companion. We find that both systems are consistent with a massive white dwarf 
companion. Unlike simple ellipsoidal variables, star-spots cause the light-curve morphology to change between TESS sectors. 
We attempt to constrain the orbital inclination using PHOEBE binary light-curve models, but degeneracies in the light curves of 
spotted stars prevent a precise determination. Finally, we search for similar objects using Gaia DR3 and TESS , and comment on 

these systems in the context of recently claimed compact object binaries. 

Key words: binaries: spectroscopic – white dwarfs. 
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 INTRODUCTION  

lose binary systems that go through common envelope (CE) 
volution can produce a number of unique astrophysical phenomena 
uch as Type Ia supernovae progenitors, cataclysmic variables, and 
-ray binaries (e.g. Paczynski 1976 ; Webbink 1984 ). Modelling 
E evolution is challenging due to the short time-scales and the 
ombination of physical processes involved (e.g. Iv anov a et al. 2013 ;
 ̈opke & De Marco 2023 ). Standard prescriptions such as the energy

ormalism, which parametrizes how the dissipated orbital energy is 
sed to eject the envelope (Webbink 1984 ), are used for individual
inaries (e.g. Af s ¸ar & Ibano ̆glu 2008 ), simulations (e.g. Sandquist
t al. 1998 ), and in binary population synthesis (e.g. Politano et al.
010 ). Ho we ver, these model parameters are expected to be time-
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ependent and vary with stellar properties, which makes producing a 
redictive model using this formalism challenging (De Marco et al. 
011 ; R ̈opke & De Marco 2023 ). By observing the products of CE
volution, we can impro v e our understanding of binary evolution
athways and the mass distribution of stellar remnants. 
In recent years, there has been great interest in searching for

on-interacting binaries that contain a compact object (e.g. Breivik, 
hatterjee & Larson 2017 ). While these searches typically focus 
n identifying black hole binaries (Chakrabarti et al. 2023 ; El-
adry et al. 2023 ; Tanikawa et al. 2023 ), the same astrometric (e.g.
ndre ws, Brei vik & Chatterjee 2019 ), spectroscopic (e.g. Jayasinghe

t al. 2023 ), and photometric tools (e.g. Rowan et al. 2021 ; Green
t al. 2023 ) have been applied to identify neutron star candidates (Lin
t al. 2023 ; Zheng et al. 2023 ). 

Many of the false positives in the search for non-interacting black
ole binaries are actually luminous binaries, often with deceptive 
ass transfer histories (e.g. El-Badry et al. 2022 ; Jayasinghe et al.

022 ). Massive white dwarfs (WDs) can also be detected as ‘false
ositives’ in these surveys, and measuring WD mass distributions is 
ele v ant to understanding the pulsating phases of the asymptotic giant
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Summary information for J1208 and J1721. The orbital periods 
are determined from the TESS light curves (Section 3.1 ) and the velocity 
semi-amplitudes are measured from the spectroscopic orbits (Section 3.2 ). 
Extinctions are estimated using mwdust (Bovy et al. 2016 ). N TESS and 
N RV report the number of TESS sectors and the number of RV observations, 
respectively. We use SEDs to estimate the photometric primary mass and 
radius (Section 3.4 ). 

J1208 J1721 

RA ( ◦) 182.01141 260.46121 
Dec. ( ◦) 31.18433 −68.74177 
GDR3 source 4014708864481651840 5811237403155163520 
Distance (pc) 88 . 6 + 0 . 1 −0 . 2 250 . 5 + 0 . 6 −0 . 8 
A RV ( km s −1 ) 366 959 
Gaia G (mag) 11.42 12.68 
A V ( mag ) 0.00 0 . 1071 + 0 . 0003 

−0 . 0003 
‡ 

N TESS 2 3 
N RV 12 † 5 
Period (d) 0.46319 ± 0.00004 0.44690 ± 0.00003 
K ( km s −1 ) 161 ± 2 186 ± 3 
f ( M ) (M �) 0.201 ± 0.008 0.30 ± 0.02 
M 1 (M �) 0.76 ± 0.02 0.86 ± 0.01 
R 1 (R �) 0.73 ± 0.02 0.877 ± 0.008 
UV excess � � 

X-ray detection � � 

Notes. † We exclude the three LAMOST observations from the RV orbit fits 
since they occur � 4400 cycles before the PEPSI/APF observations. 
‡ The uncertainty on the extinction is estimated by sampling over the Gaia 
distance posteriors, but we note that this is likely an underestimate since it 
does not incorporate any intrinsic uncertainties in the mwdust dust maps. 
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ranch as well as the chemical evolution of galaxies (Catal ́an et al.
008 ; Cummings et al. 2018 ). The WD mass distribution is generally
nderstood to peak at M ∼ 0.6 M � with an additional peak near M ∼
.8 M � (Camisassa et al. 2019 ). Detecting and characterizing WDs in
he high-mass tail of this distribution is important for understanding
he properties of these dense stellar remnants and the progenitors of
ype Ia supernovae. Outside of binary systems, detecting isolated
assive WDs is challenging since more massive WDs are more

ompact and therefore are less luminous. Ho we ver, by observing
he radial velocity (RV) and photometric variability of luminous
ompanions, we should be able to find man y e xamples of non-
nteracting massive WDs. 

The majority of WD binaries in main-sequence binaries have
-dwarf companions (Rebassa-Mansergas et al. 2010 ). Since CE

volution is expected to be dependent on the mass of both stars,
here have been efforts to identify WD + FGK binaries using broad-
and photometry and ultraviolet (UV) spectroscopy (Parsons et al.
015 ; Hernandez et al. 2021 , 2022a ), but few massive WDs have been
dentified through this approach (e.g. Wonnacott, Kellett & Stickland
993 ; Hernandez et al. 2022b ). 
Here, we present two candidate post-CE WDs with K-dwarf

ompanions identified through RV observations. In Section 2 , we
escribe how these systems were identified and the follow up
V observations. In Section 3 , we combine the RVs with broad-
and photometry to characterize the binaries and their photometric
ariability. The late-type main-sequence stars are chromospherically
ctive in both binaries, producing star-spots that modify the observed
llipsoidal variability. In Section 4 , we show the limitations that star-
pots place on our ability to constrain the WD mass. Finally, in
ection 5 , we describe these systems in context with other WD and
eutron star binaries detected in RV surv e ys. 

 TARGET  IDENTIFICATION  AND  

BSERVATIONS  

e identified high-amplitude RV and photometric variability in two
-dwarfs, LAMOST J120802.64 + 311103.9 (hereafter J1208, Cui

t al. 2012 ) and Gaia DR3 5811237403155163520 (hereafter J1721,
aia Collaboration 2016 , 2023 ). Both systems show short-period
hotometric variability in Transiting Exoplanet Survey Satellite
 TESS , Ricker et al. 2015 ) consistent with ellipsoidal variability.
or both systems, we obtain follow-up RV observations to fully
haracterize the binary orbits. Table 1 reports summary parameters
f these two targets. In Sections 2.1 and 2.2 , we describe how
e identified these targets and the spectroscopic and photometric
bservations used to characterize them. 

.1 J1208 

1208 ( Gaia DR3 4014708864481651840) was originally identified
s a non-interacting compact object binary candidate by Mu et al.
 2022 ) using multi-epoch spectra from the Large Sky Area Multi-
bject Fiber Spectroscopy Telescope (LAMOST, Cui et al. 2012 ).
here are three low-resolution LAMOST spectra of J1208, taken
n 2013 May 10, 2015 March 12, and 2016 December 16. Mu et al.
 2022 ) report an RV amplitude � V R = 262 km s −1 and a spectral type
f K-dwarf plus dwarf carbon star (K3 + dCK, Roulston, Green &
esseli 2020 ). They identify photometric variability with a period
f P = 0.4630 d and find a binary mass function f ( M ) = 0.11 M �.
aia also reports a large RV amplitude A RV = 366 km s −1 for this

arget. This value is computed as the difference between the largest
nd smallest RVs measured after outlier removal. 
NRAS 529, 587–603 (2024) 
We obtained three additional high-resolution ( R ≈ 43 000) spectra
n 2023 February 9 using the Potsdam Echelle Polarimetric and
pectroscopic Instrument (PEPSI, Strassmeier et al. 2015 ) on the
arge Binocular Telescope . Each observation had a 10 min integra-

ion time with the 300 μm fibre and two cross-dispersers co v ering
758–5416 and 6244–7427 Å. We also obtained six observations
ith the Automated Planet Finder (APF) Levy spectrograph at the
ick Observatory ( R ≈ 80 000, Vogt et al. 2014 ) on 2023 February
, 13, and 17, 2023 May 20 and 21, and 2023 June 16. The first
bservation had an integration time of 10 min and the others had
n integration time of 15 min. The observations used the 2 arcsec ×
 arcsec Decker-T slit. The APF spectra have a wavelength range
f 3730–10206 Å and the raw 2D echelle spectra are reduced to 1D
pectra through the California Planet Surv e y (Howard et al. 2010 )
ipeline. Next, the 1D echelle spectra are continuum normalized
nd the orders are combined. APF and PEPSI RVs were derived by
ross-correlating the continuum normalized spectrum with synthetic
pectra using iSpec (Blanco-Cuaresma et al. 2014 ; Blanco-Cuaresma
019 ) with the templates broadened to match the resolution of the
ata. Table 2 reports the RV observations of J1208. 
J1208 was observed by the TESS in sectors 22 (2020 March) and

9 (2022 March). We downloaded light curves from the Quick-
ook Pipeline (QLP, Huang et al. 2020a , b ). We use the raw,
ndetrended light curves rather than the detrended light curves
ince the detrending procedure can often remo v e variability on time-
cales > 0.3 d (Green et al. 2023 ). Each sector shows clear periodic
 ariability, as sho wn in the top panel of Fig. 1 . We also retrieve
rchi v al photometry from the All-Sky Automated Survey (ASAS,
ojmanski 1997 ), the All-Sky Automated Survey for Supernovae
ASAS-SN, Shappee et al. 2014 ; Kochanek et al. 2017 ; Hart et al.
023 ) and the Wide-field Infrared Survey Explorer ( WISE , Wright
t al. 2010 ). 
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Table 2. RV observations for J1208. We do not use the LAMOST observa- 
tions for fitting the RV orbit (Section 3.2 ) because of the large gap between 
the LAMOST and PEPSI/APF observations. 

JD RV σRV Instrument 
(km s −1 ) (km s −1 ) 

2456423.04236 43 .46 5.36 LAMOST-LRS 
2457094.18750 − 166 .40 4.49 LAMOST-LRS 
2457739.42917 − 128 .55 6.33 LAMOST-LRS 
2459984.86601 − 127 .30 4.40 PEPSI 
2459984.94437 − 171 .60 4.40 PEPSI 
2459985.03646 − 25 .40 4.50 PEPSI 
2459989.01660 − 100 .67 3.78 APF 
2459984.96948 − 140 .56 3.65 APF 
2459992.94531 60 .92 3.89 APF 
2460084.75719 153 .85 3.78 APF 
2460085.83655 − 97 .89 3.84 APF 
2460111.81262 − 152 .04 4.00 APF 
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Figure 2. Gaia DR3 CMD of a sample of random Gaia targets (gray 
background) and A RV > 500 km s −1 targets (coloured). The solid black 
lines show MIST isochrones (Choi et al. 2016 ; Dotter 2016 ) corresponding 
to an equal mass binary and the dashed line shows a single-star isochrone. 
Extinctions are determined using mwdust with distances from Bailer-Jones 
et al. ( 2021 ). J1208 and J1721 are shown as the red and orange points. 
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.2 J1721 

e identified J1721 as a Gaia photometric variable with a high 
V amplitude. Gaia characterized this source a short time-scale 
hotometric variable with P = 0.22347 d (Eyer et al. 2023 ). Gaia
lso reports an rv amplitude robust of A RV = 959.2 km s −1 .
or comparison, J1208 has A RV = 366.3 km s −1 , and only 1278 stars

n Gaia DR3 have A RV > 500.0 km s −1 . Fig. 2 shows these 1278 stars
n a Gaia colour–magnitude diagram (CMD) and highlights J1208 
nd J1721. The majority of high A RV targets sit on the upper main
equence. The narrow wavelength range of the Gaia Radial Velocity 
pectrometer (846–870 nm, Cropper et al. 2018 ) was designed to 
easure RVs of cool stars, and RVs for hot stars (6900 < T eff <

4500 K) only became available with Gaia DR3 (Blomme et al. 
023 ). It seems likely that many of the high A RV stars on the upper
ain sequence suffer from systematic effects. Below M G � 3.5 mag, 

lmost all of the high A RV targets appear consistent with the binary
tar main sequence. We selected J1721 for additional follow-up 
igure 1. TESS light curves of J1208 (top) and J1721 (bottom). Both targets show
ectors. 
ecause of its CMD position near a single star isochrone, its periodic
hotometric variability, and its high RV amplitude. 
We obtained multi-epoch spectra with CHIRON (Tokovinin et al. 

013 ) on the Small and Moderate Aperture Research Telescope 
ystem (SMARTS) 1.5-m telescope (Schwab et al. 2012 ) to validate
MNRAS 529, 587–603 (2024) 

 clear periodic variability as well as long-term modulations between TESS 

io State U
niversity user on 25 July 2024
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M

Table 3. CHIRON RV observations for J1721. 

JD RV σRV Instrument 
(km s −1 ) (km s −1 ) 

2460004.85545 − 92 .871 2.433 CHIRON 

2460006.89372 − 60 .458 1.013 CHIRON 

2460007.88454 − 221 .646 8.559 CHIRON 

2460008.85706 − 142 .257 3.132 CHIRON 

2460010.88317 23 .665 1.379 CHIRON 
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he orbit and determine the nature of the companion. We obtained
ve spectra, each with the fibre mode, which uses 4 × 4 pixel binning
 R ≈ 28 000), and a Th-Ar comparison lamp. Four observations had
0 min integration times, and one had a 30 min integration time.
Vs were derived using a least-squares deconvolution against a non-

otating synthetic spectral template, as in Zhou et al. ( 2020 ). Table 3
eports the RV observations of J1721. 

J1721 was observed by TESS in sectors 12 (2019 June), 13 (2019
uly) and 39 (2021 June). The bottom panel of Fig. 1 shows the
ariability, which is clearly periodic but changes between TESS
ectors. As with J1208, we also retrie ve archi v al photometry from
SAS-SN, WISE , and Gaia . 

 BINARY  CHARACTERIZATION  

.1 Photometric variability 

he TESS light curves shown in Fig. 1 reveal periodic variability in
oth targets. Since the light-curve shape varies between TESS sectors,
NRAS 529, 587–603 (2024) 

igure 3. Phase-folded TESS light curves of J1208 (left) and J1721 (right). Both s
he light-curve shape varies dramatically between TESS sectors, suggesting the pre

hat RV maxima occurs at phase φ = 0.75. 
e ran a Lomb–Scargle periodogram (Lomb 1976 ; Scargle 1982 ) on
ach sector independently. To estimate the uncertainty in the period,
e performed 10 4 bootstrap iterations for each TESS sector. Fig. 3

hows the phase-folded light curves for each TESS sector. 
The TESS light curves show ellipsoidal modulations caused by

he tidal distortion of the K-dwarf by a close stellar companion.
llipsoidal variable (ELLs) light curves are typically double-peaked
ith uneven minima. Both J1208 and J1721 also have uneven
axima in their light curves. While some asymmetry in the maxima is

xpected in short-period binaries due to relativistic beaming (Loeb &
audi 2003 ; Masuda & Hotokezaka 2019 ), the large difference
etween the light-curve maxima and the variations between TESS
ectors instead suggests that the K-dwarfs are heavily spotted. Since
pots evolv e o v er time-scales of tens to hundreds of days (e.g. Giles,
ollier Cameron & Haywood 2017 ), the light-curve shape changes
ramatically between TESS sectors. 
We compute the orbital period independently for each TESS sector.

he period varies by ∼15–20 min, but this is not a statistically
ignificant difference. Small variations between the periods of each
ector could be evidence of latitudinal differential rotation or slightly
synchronous rotational and orbital periods. Taking the median
eriod from the different sectors, we find P = 0.46319 ± 0.00004 and
.44690 ± 0.00003 for J1208 and J1721, respectively. The period for
1721 is approximately twice the value reported in Gaia DR3 (Eyer
t al. 2023 ) as expected for ellipsoidal variability. 

The archi v al ASAS and ASAS-SN light curves of J1208 shown
n Fig. 4 suggest long-term variations that could be evidence of
pot modulations or star cycles. Both light curves show periodic
ariability at ∼0.46 d corresponding to the orbital period identified
n the TESS light curve. In the combined ASAS + ASAS-SN V -
ystems show short-period ellipsoidal modulations with asymmetric maxima. 
sence of spots that evolve on short time-scales. Orbital phase is defined such 

9/1/587/7610916 by O
hio State U

niversity user on 25 July 2024
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Figure 4. ASAS and ASAS-SN light curves of J1208 (top) and (J1721) bottom. We find some evidence of long-term variability at ∼5520 d in the J1208 light 
curve, indicated by the red curve. The vertical dashed lines indicate the median times of the TESS sectors shown in Fig. 3 . 
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and light curve, we also find evidence for periodic variability at 
5520 d ( ∼15.1 years), which could be representative of a stellar

ctivity cycle. The ASAS-SN g -band data do not appear to follow
his trend, and a Lomb–Scargle periodogram of the combined V - and
 -band light curve, with an offset applied to the g -band data to align
t with the V -band data, did not yield significant periods other than
he ∼0.46 d signal. There do appear to be long-term variations in
he g -band data, which is slightly bluer than the V band and includes
he calcium H and K lines with rest wavelengths 3969 and 3934
, respectively. The V - and g -band light curves may therefore trace
ifferent time-scales of stellar activity (e.g. Mignon et al. 2023 ). 
The ASAS-SN light curve of J1721 does not show similar long- 

erm variations despite the clear sector-to-sector variations in the 
ESS light curve. This could suggest relatively less chromospheric 
ctivity, which is consistent with the lack of H α emission discussed
elow (Section 3.3 ). 
We also inspected the phase-folded light curves from ASAS, 

SAS-SN, ATLAS, Gaia , and WISE for both systems when avail- 
ble. Unsurprisingly, the multiyear light curves folded at the periods 
rom the TESS observations have substantial scatter due to spot 
volution. 

.2 Spectroscopic orbits 

ince both targets are consistent with short-period binaries, we fit a 
ircular Keplarian orbit model of the form 

V ( t) = γ + K cos 

(
2 π

P 

( t − t 0 ) 

)
, (1) 

here K is the velocity semi-amplitude, P is the orbital period fixed
t the values from the TESS light curves, t 0 is the time of pericentre
assage, and γ is the centre-of-mass velocity. Since the archi v al 
AMOST observations of J1208 were taken � 4400 cycles before 
he PEPSI/APF observations, we chose not to include them in the
V fits since small uncertainties in the orbital period result in large
ncertainties in their orbital phase. For J1208, we also fit for an
V offset between the APF and PEPSI measurements. We use the
onte Carlo sampler EMCEE (F oreman-Macke y et al. 2013 ) to derive

he posteriors on K reported in Table 1 . For both systems, we find
hat K < 0.5 A RV , indicating that the Gaia A RV is o v erestimated. F or
1208, K = 161 ± 2 km s −1 is consistent with the � V R = 262 km s −1 

eported by (Mu et al. 2022 ) for the three LAMOST observations
Mu et al. 2022 ). Fig. 5 shows the RV curves where orbital phase is
efined such that RV maxima occurs at phase φ = 0.75. 
Even though we expect both short-period binaries to be tidally 

ircularized, we also tested models with non-zero eccentricity. The 
osteriors on the eccentricity for both targets are peaked at zero
ccentricity, with an 84th percentile of e ≤ 0.04 and ≤ 0.03 for
1208 and J1721, respectively. 

The binary mass function relates the velocity semi-amplitude, K , 
nd the orbital period, P , to the masses of the binary components.
hroughout this paper, we refer to the photometric primary as M 1 

nd the unseen companion as M 2 . The binary mass function for a
ircular orbit is 

 ( M ) = 

P K 
3 

2 πG 

= 

M 
3 
2 sin 3 i 

( M 1 + M 2 ) 2 
. (2) 

he mass function is the absolute lower limit on the companion
ass ( M 2 ) obtained in the limit of an edge-on inclination and a

ero mass ( M 1 = 0 M �) photometric primary. Additional constraints
n the primary mass, M 1 , and the orbital inclination are needed to
etermine the actual companion mass. 
MNRAS 529, 587–603 (2024) 
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M

Figure 5. Spectroscopic orbits of J1208 (top) and J1721 (bottom) with 
residuals. We fit a circular orbit (equation 1) fixed to the photometric period 
to derive the RV semi-amplitude, K . For J1208, the RVs are shown with the 
centre-of-mass velocity and the PEPSI RV offset subtracted. 
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.3 H α emission 

he APF and PEPSI observations of J1028 show variable H α

mission (Fig. 6 ). Orbital phase is defined such that the maximum
V occurs at φ = 0.75 and the K star is behind the WD (inferior
onjunction) at φ = 0. Three observations with orbital phase 0 <
< 0.2 show strong H α emission centred on the velocity of the

tar. One of the two observations between 0.3 < φ < 0.4 shows H α

bsorption. At φ ∼ 0.5, the PEPSI spectra shows double-peaked H α

mission. H α emission occurs again at φ ∼ 0.8. 
H α emission could originate from a combination of chromospheric

ctivity and/or mass transfer. For example, double-peaked emission
s commonly seen in accreting compact object binaries (e.g. Swihart
t al. 2022 ). The spectrum with double-peaked emission occurs near
hase 0.5 in J1208, when the K-dwarf is in front of the WD. The H α

mission appears to track the motion of the K-dwarf primary, which is
NRAS 529, 587–603 (2024) 
lso consistent with chromospheric emission seen in similar binaries
ith compact companions (e.g. Lin et al. 2023 ; Zheng et al. 2023 ). 
All the CHIRON spectra of J1721 show H α in absorption (Fig.

 ). The lack of H α emission in J1721 could imply a lower degree of
hromospheric activity than in J1208. 

The equi v alent width of the line changes with orbital phase, with
hallower features during phases where the K-dwarf passes in front
f the WD. This could suggest that emission from chromospheric
ctivity is filling in the absorption line at these phases. The ab-
orption line is symmetric with respect to the velocity of the K-
w arf, unlik e some stripped mass-transfer binaries (e.g. 2MASS
04123153 + 6738486, El-Badry et al. 2022 ; Jayasinghe et al. 2022 ).
igh-resolution infrared spectra of the calcium II triplet (8498, 8542,

nd 8662 Å) could be used to compare the activity indices of these
wo targets (Martin et al. 2017 ). The Gaia RVS spectrometer does
o v er this wavelength range, but neither target has an RVS spectrum
ncluded in Gaia DR3. 

.4 Spectral energy distributions 

o determine the properties of the K-dwarfs, we start by using
road-band photometry and single-star evolutionary models. We
etrieve Two Micron All Sky Survey (2MASS, Cutri et al. 2003 ),

ide-Field Infrared Surv e y Explorer ( WISE , Cutri & et al. 2012 ),
nd Galaxy Evolution Explorer ( GALEX , Bianchi, Shiao & Thilker
017 ) photometry for both targets. We also download the low-
esolution Gaia XP spectra (De Angeli et al. 2023 ), which were
nly available for J1721. For J1208, we use the Gaia G , G BP , and
 RP magnitudes. We fit the spectral energy distributions (SEDs)
sing the Castelli & Kurucz ( 2003 ) atmosphere models included in
ystellibs . 1 We use pyphot 

2 to calculate synthetic photometry
nd sample o v er stellar parameters with EMCEE (F oreman-Macke y
t al. 2013 ). We keep the distance fixed at the values from Bailer-
ones et al. ( 2021 ) and use V -band extinctions from the mwdust
Bovy et al. 2016 ) ‘Combined19’ dust map (Drimmel, Cabrera-
avers & L ́opez-Corredoira 2003 ; Marshall et al. 2006 ; Green et al.
019 ). J1208 is within 100 pc and has a high Galactic latitude ( b =
9.7 ◦) and the 3D dust maps predict zero extinction for this source
T able 1 ). W e do not include the GALEX photometry in our SED fits
ince the spotted primaries are expected to have additional UV flux
rom chromospheric activity that is not represented in the atmosphere
odels. WD companions could also contribute to the UV flux. 
Fig. 7 shows the SEDs and the fits. We find that J1208 is consistent

ith a K-dwarf of radius R 1 = 0.73 ± 0.02 R � and temperature T eff =
700 ± 100 K and J1721 has radius R 1 = 0.877 ± 0.008 R � and
emperature T eff = 5100 ± 20 K. We also attempt two-star SED
ts and find no acceptable solutions with near equal-mass binaries.
hile the SED does permit having a low-mass companion ( M 2 �

.5 M �), these masses are too small to reproduce the observed RV
emi-amplitude even at edge-on inclinations. 

The SEDs of both targets have GALEX near-ultraviolet (NUV)
agnitudes largely consistent with the K-dwarf model. There is

n excess far -ultra violet (FUV) flux of > 5 σ for both J1208 and
1721. The UV excess could be due to chromospheric activity, but,
epending on the age of the system, a cool or massive WD could
lso concei v ably produce the observ ed FUV flux with ne gligible
ontributions in the NUV. 

https://github.com/mfouesneau/pystellibs
https://mfouesneau.github.io/pyphot/
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Figure 6. Left: the phase-dependent H α emission from J1208 in the APF and PEPSI spectra. The spectra have been shifted to the rest frame of the K-dwarf. 
For comparison, in black we show the absorption line from a synthetic spectrum computed using the stellar ef fecti ve temperature, surface gravity , metallicity , 
and rotational broadening. Right: the phase-dependent H α absorption feature of J1721 from the CHIRON spectra. Unlike J1208, this binary does not show 

strong emission features. For comparison, the black lines in both panels show the absorption line from a synthetic spectrum computed using the stellar ef fecti ve 
temperature, surface gravity, metallicity, and rotational broadening for each target. 
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J1208 was detected as an X-ray source in ROSAT (Voges et al.
999 ) with a separation of < 15 arcsec. Kiraga & St ępie ́n ( 2013 )
eport an X-ray to bolometric flux ratio log ( F x / F b ) = −3.25 ± 0.25
or J1208. Pizzolato et al. ( 2003 ) measured the relationship between
OSAT X-ray flux and rotation period for different mass bins using
epler rotational variables. For stars 0.63 < M /M � < 0.78, they find

hat the X-ray to bolometric luminosity ratio saturates at log ( L x / L b ) =
3.1 ± 0.2 below rotation periods of 3.3 ± 1.5 d. Since this is

onsistent with the X-ray luminosity of J1208, the system’s X-ray 
mission could come entirely from chromospheric activity. SWIFT 
V photometry or Hubble Space Telescope ( HST ) UV spectroscopy 

ould provide meaningful constraints on the nature of this high- 
nergy emission. J1721 has no reported X-ray detection. 

We combine the SED radius and temperature measurements 
ith evolutionary tracks from MESA Isochrones and Stellar Tracks 

MIST, Choi et al. 2016 ; Dotter 2016 ) to estimate the mass of the
hotometric primary. We use Solar metallicity MIST evolutionary 
racks co v ering the mass range 0.5–1.0 M �. We construct linear
nterpolations of the stellar radius and ef fecti ve temperature with age
or a grid of masses. We use EMCEE (F oreman-Macke y et al. 2013 ) to
ample o v er stellar mass and age. We run Marko v chain Monte Carlo
MCMC) for 1000 iterations and use a burn-in of 5000 iterations 
nd find M 1 = 0.76 ± 0.02 M � for J1208 and M 1 = 0.86 ± 0.01 M �
or J1721. This mass estimate assumes a Solar metallicity and the 
nderlying SED constraints use a fixed distance and extinction. 
e also fit for the mass using a lower metallicity [ Fe / H ] = −0 . 5
v olutionary tracks, b ut find worse agreement with the ef fecti ve
emperature and radius. Both of these binaries almost certainly went 
hrough at least one episode of CE evolution, introducing additional 
ncertainty in the primary mass. 
Fig. 8 shows the constraints on the companion mass from the

V observations assuming these K-dwarf mass values. Both targets 
re consistent with massive WDs for a broad range of inclinations.
o we ver, for inclinations less than ≈44 ◦ and ≈55 ◦, for J1208

nd J1721, respectively, the companion masses would exceed the 
handrasekhar limit and they would have to be neutron stars. If we

ake the limiting case and assume that the orbital inclinations are
istributed uniformly in cos i , this corresponds to a probability of
1 per cent and 57 per cent that J1208 and J1721 have M 2 < 1.4 M �,
espectively. 

We can also determine the range of Roche-lobe filling factors f =
 1 / R RL for different values of the companion mass M 2 . We estimate

he Roche lobe radius R RL as (Eggleton 1983 ) 

R RL 

a 
= 

0 . 49 q −2 / 3 

0 . 6 q −2 / 3 + ln (1 + q 1 / 3 ) 
, (3) 

here a is the semimajor axis and q = M 2 / M 1 , where M 1 is the
-dwarf mass. The bottom panel of Fig. 8 shows the filling factors

or the two targets. Neither are close to filling their Roche lobes ( f <
), suggesting there is no ongoing mass transfer. 
MNRAS 529, 587–603 (2024) 
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M

Figure 7. SEDs of J1208 (top) and J1721 (bottom) and model residuals. 
Both are consistent with K-dwarfs and show evidence for an FUV excess 
in the GALEX photometry. The black diamonds show the integrated fluxes 
predicted from the model spectrum for each filter. 
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 SPOTTED  ELLIPSOIDAL  LIGHT-CURVE  FITS  

e use the TESS light curves to determine the orbital periods of
he binary and fit spectroscopic orbits in Section 3 . Ellipsoidal

odulations can also be used to constrain the mass ratio and
nclination of the binary when fit simultaneously with the RVs
Morris & Naftilan 1993 ). 

Unfortunately, the light curves of J1208 and J1721 include
dditional variability due to spots. These vary between TESS sectors
nd introduce asymmetric maxima in the light curves, as well as
epartures from symmetry around conjunction. Light-curve mod-
lling tools such as ELC (Orosz & Hauschildt 2000 ) and PHOEBE

Pr ̌sa & Zwitter 2005 ; Conroy et al. 2020 ) can include star-spots
n their light-curve models, but this has only been done for a
andful of targets (e.g. Strader et al. 2019 ; Lin et al. 2023 ). These
odels typically do not include prescriptions for time-dependent spot

volution. 
Here, we attempt to model the TESS light curves of J1208 and

1721 as spotted ELLs with PHOEBE to determine the mass ratio and
inary inclination. Ho we v er, there are de generacies in the solutions
f rotational variable light curves (Luger et al. 2021a ), especially
NRAS 529, 587–603 (2024) 
hen using a single-band light curve. We fit each TESS sector
ndependently, testing one- and two-spot models. We simultaneously
t the light-curve data and the RVs. 
For all PHOEBE models, we treat the secondary as a dark companion

y fixing it to be small, R 2 = 3 × 10 −6 R �, and cold, T eff, 2 =
00 K. We do not include the effects of irradiation or reflection, as in
ayasinghe et al. ( 2022 ). We also fix the eccentricity e = 0 based on
he RV fit. Each spot on the K-dwarf has an independent latitude, θ s ,
ongitude, φs , angular size, R s , and temperature, T s , parametrized as
 relative temperature, T s / T eff . The latitude is defined such that θ s =
 
◦ occurs at the pole corresponding to the spin axis, and φs = 0 ◦

orresponds to the direction facing the companion. 
We start by using the differential evolution optimizer in PHOEBE

o identify an initial state for the MCMC sampling. We set Gaussian
riors on the ef fecti ve temperature ( σ = 100 K), and primary
adius ( σ = 0.1 R �) based on the SED fits, and a uniform prior
n the primary mass ([0.5 M �, 0.95 M �]). We run each PHOEBE

odel for 10 000 iterations with 16 w alk ers for the one-spot models
nd 20 w alk ers for the tw o-spot models. We inspected the w alk er
istributions to select suitable burn-in periods, typically 2000–5000
terations. 

Table 4 reports the MCMC posteriors for the two sectors of
1208 and Table 5 reports the results for J1721. Fig. 9 shows an
xample corner plot and light-curve fit for J1721 with a one-spot
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Table 4. PHOEBE posteriors for J1208. We fit each sector independently and use models with one and two spots. 

S22, 1 spot S22, 2 spot S49, 1 spot S49, 2 spot 

Period (d) 0 . 4632676 + 0 . 0000005 
−0 . 0000005 0 . 4632672 + 0 . 0000008 

−0 . 0000006 0 . 463250 + 0 . 000002 
−0 . 000002 0 . 463322 + 0 . 000003 

−0 . 000003 

T 0 2459984 . 8070 + 0 . 001 
−0 . 0009 2459984 . 807 + 0 . 001 

−0 . 001 2459984 . 8073 + 0 . 001 
−0 . 0010 2459984 . 802 + 0 . 001 

−0 . 001 

q 1 . 5 + 0 . 1 −0 . 1 1 . 26 + 0 . 07 
−0 . 06 1 . 27 + 0 . 06 

−0 . 1 1 . 44 + 0 . 06 
−0 . 06 

i ( ◦) 62 + 7 −4 73 + 3 −3 90 + 5 −5 56 + 1 −1 

R 1 (R �) 0 . 77 + 0 . 07 
−0 . 05 0 . 74 + 0 . 03 

−0 . 03 0 . 66 + 0 . 05 
−0 . 02 0 . 73 + 0 . 02 

−0 . 02 

T eff , 1 (K) 4710 + 80 
−90 4700 + 200 

−100 4670 + 70 
−70 4740 + 50 

−50 

γ ( km s −1 ) −7 + 1 −3 −6 . 1 + 0 . 7 −0 . 6 −7 + 1 −1 −5 . 0 + 0 . 1 −0 . 1 

M 1 (M �) 0 . 60 + 0 . 1 −0 . 08 0 . 68 + 0 . 08 
−0 . 07 0 . 55 + 0 . 1 −0 . 04 0 . 78 + 0 . 04 

−0 . 05 

M 2 (M �) 0 . 9 + 0 . 1 −0 . 1 0 . 86 + 0 . 07 
−0 . 07 0 . 71 + 0 . 05 

−0 . 03 1 . 13 + 0 . 03 
−0 . 05 

a ( au ) 0 . 0135 + 0 . 0008 
−0 . 0005 0 . 0135 + 0 . 0004 

−0 . 0004 0 . 0127 + 0 . 0005 
−0 . 0002 0 . 0146 + 0 . 0001 

−0 . 0003 

θ s , 1 ( ◦) 40 + 6 −4 133 + 2 −2 120 + 5 −5 75 . 8 + 0 . 8 −0 . 7 

φs , 1 ( ◦) 93 + 2 −1 63 + 1 −2 36 + 2 −1 315 . 9 + 0 . 3 −0 . 3 

R s , 1 ( ◦) 18 + 2 −1 −2 + 7 −10 33 + 4 −2 27 . 9 + 0 . 4 −0 . 3 

T s , 1 / T eff 0 . 81 + 0 . 04 
−0 . 04 0 . 80 + 0 . 09 

−0 . 3 0 . 93 + 0 . 01 
−0 . 01 0 . 83 + 0 . 01 

−0 . 01 

θ s , 2 ( ◦) 9 . 5 + 2 −0 . 8 21 . 2 + 0 . 3 −0 . 2 

φs , 2 ( ◦) 98 + 2 −2 107 . 9 + 0 . 3 −0 . 4 

R s , 2 ( ◦) 42 + 2 −1 54 . 9 + 0 . 6 −0 . 3 

T s , 2 / T eff 0 . 85 + 0 . 06 
−0 . 05 0 . 942 + 0 . 002 

−0 . 002 

Table 5. Same as Table 4 , but for J1721. 

S12, 1 spot S12, 2 spot S13, 1 spot S13, 2 spot S39, 1 spot S39, 2 spot 

Period (d) 0 . 4468 + 0 . 0004 
−0 . 0003 0 . 4472 + 0 . 0001 

−0 . 0003 0 . 4472498 + 0 . 0000005 
−0 . 0003 0 . 4471 + 0 . 0003 

−0 . 0004 0 . 446951 + 0 . 0003 
−0 . 000001 0 . 446637 + 0 . 0003 

−0 . 000001 

T 0 2459379 . 536 + 0 . 002 
−0 . 1 2459379 . 20 + 0 . 2 −0 . 03 2459379 . 3922 + 0 . 0006 

−0 . 03 2459379 . 18 + 0 . 2 −0 . 03 2459379 . 3711 + 0 . 003 
−0 . 0006 2459379 . 364 + 0 . 003 

−0 . 001 

q 1 . 62 + 0 . 5 −0 . 05 1 . 95 + 0 . 2 −0 . 06 1 . 9 + 0 . 1 −0 . 1 2 . 24 + 0 . 06 
−0 . 08 1 . 92 + 0 . 09 

−0 . 07 1 . 36 + 0 . 05 
−0 . 04 

i ( ◦) 56 + 3 −4 44 + 2 −3 55 + 5 −5 45 + 3 −2 49 + 1 −1 67 + 1 −1 

R 1 (R �) 0 . 85 + 0 . 02 
−0 . 05 0 . 91 + 0 . 02 

−0 . 03 0 . 80 + 0 . 07 
−0 . 03 0 . 88 + 0 . 01 

−0 . 01 0 . 90 + 0 . 02 
−0 . 02 0 . 888 + 0 . 009 

−0 . 008 

T eff , 1 (K) 5080 + 90 
−50 5110 + 90 

−30 5200 + 100 
−100 5080 + 200 

−60 5130 + 50 
−70 5040 + 50 

−50 

γ ( km s −1 ) −38 . 7 + 2 −0 . 7 −39 . 6 + 0 . 2 −0 . 2 −34 . 1 + 0 . 7 −0 . 8 −34 . 0 + 0 . 4 −1 −47 . 4 + 1 −0 . 9 −40 . 3 + 0 . 2 −0 . 2 

M 1 (M �) 0 . 84 + 0 . 01 
−0 . 1 0 . 88 + 0 . 06 

−0 . 04 0 . 73 + 0 . 1 −0 . 06 0 . 86 + 0 . 02 
−0 . 03 0 . 70 + 0 . 03 

−0 . 04 0 . 838 + 0 . 007 
−0 . 01 

M 2 (M �) 1 . 43 + 0 . 1 −0 . 10 1 . 76 + 0 . 09 
−0 . 06 1 . 3 + 0 . 3 −0 . 1 1 . 89 + 0 . 08 

−0 . 06 1 . 36 + 0 . 06 
−0 . 07 1 . 15 + 0 . 04 

−0 . 05 

a ( au ) 0 . 01491 + 0 . 0003 
−0 . 00009 0 . 0159 + 0 . 0002 

−0 . 0002 0 . 0146 + 0 . 0008 
−0 . 0005 0 . 0160 + 0 . 0002 

−0 . 0001 0 . 0146 + 0 . 0002 
−0 . 0002 0 . 0144 + 0 . 0001 

−0 . 0002 

θ s , 1 ( ◦) 52 . 2 + 2 −0 . 4 45 . 7 + 0 . 6 −0 . 8 16 . 3 + 2 −0 . 9 120 + 1 −1 71 . 8 + 0 . 8 −0 . 8 228 + 2 −3 

φs , 1 ( ◦) 89 . 0 + 2 −0 . 9 89 + 1 −2 89 . 9 + 0 . 7 −2 55 . 2 + 0 . 7 −0 . 8 210 . 5 + 0 . 8 −0 . 6 100 + 5 −9 

R s , 1 ( ◦) 22 . 9 + 0 . 8 −1 28 . 9 + 0 . 3 −1 29 + 2 −1 10 . 9 + 0 . 8 −0 . 8 16 . 1 + 0 . 6 −1 . 0 19 + 2 −2 

T s , 1 / T eff 0 . 87 + 0 . 01 
−0 . 01 0 . 906 + 0 . 005 

−0 . 01 0 . 86 + 0 . 03 
−0 . 01 0 . 81 + 0 . 05 

−0 . 06 0 . 780 + 0 . 007 
−0 . 008 0 . 95 + 0 . 02 

−0 . 01 

θ s , 2 ( ◦) 119 . 3 + 0 . 9 −2 9 . 8 + 0 . 7 −0 . 4 38 + 3 −3 

φs , 2 ( ◦) 214 . 0 + 0 . 6 −2 91 . 7 + 0 . 9 −0 . 8 198 + 2 −2 

R s , 2 ( ◦) 15 . 4 + 0 . 6 −2 38 . 0 + 0 . 3 −0 . 4 19 . 1 + 0 . 6 −0 . 9 

T s , 2 / T eff 0 . 76 + 0 . 1 −0 . 04 0 . 876 + 0 . 006 
−0 . 01 0 . 81 + 0 . 03 

−0 . 02 
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odel for sector 12. Fig. 10 compares the inclination, primary mass,
nd secondary mass posteriors for the different model fits. For both 
argets, we find that the models do not produce a consistent prediction
or the companion mass between the TESS sectors and for different 
pot models. 

.1 PHOEBE models of J1208 

he PHOEBE models of J1208 all predict unimodal posterior distri- 
utions for the orbital period, P . Three of the four PHOEBE models of
1208 predict K-dwarf masses below what is expected based on the
ED with M 1 < 0.7 M �. While this could suggest a history of mass

ransfer, it seems unlikely that ∼0.2 M � of material was transferred
o the WD companion. The sector 22 two-spot model also finds a spot
ize consistent with zero for one of the spots ( R s = −2 + 7 ◦

−10 ◦ ), which
ay suggest a one-spot model is preferable for that sector. Ho we ver,
e note that the position and size of the spot differs between the two
odels (Table 4 ). 
We can also compare the predicted spot temperatures to expecta- 

ions based on analytic models from Berdyugina ( 2005 ), where the
MNRAS 529, 587–603 (2024) 
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M

Figure 9. MCMC posteriors for the sector 39 two-spot model of J1721. The light-curve fit and residuals are shown in the upper right. This model predicts a 
companion mass consistent with a massive WD. 

s

T

B  

s  

a  

f  

l  

c
 

i  

p  

T  

s  

s
 

(  

s  

i  

m  

t  

 

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/1/587/7610916 by O
hio State U

niversity user on 25 July 2024
pot temperature T s is related to the ef fecti ve temperature by 

 s = −895 

(
T eff 

5000 K 

)2 

+ 3755 

(
T eff 

5000 K 

)
+ 808 K. (4) 

ased on the ef fecti ve temperature from the SED (4700 K), the
pot temperature is predicted to be 3545 K, which corresponds to
 ratio T s / T eff = 0.75. This value is lower than the MCMC results
or all models. This could indicate that this target has an atypically
ow contrast between the spot and the photosphere, or that a more
omplex spot model is necessary for J1208. 

The two models for sector 49 predict significantly different
nclinations (90 + 5 ◦

−5 ◦ and 56 + 1 ◦
−1 ◦ ), so it is not surprising the spot
NRAS 529, 587–603 (2024) 
arameters are not consistent between the one- and two-spot models.
he spot in the sector 49 one-spot model is much hotter than in the
ector 22 models, T s , 1 /T eff = 0 . 93 + 0 . 01 

−0 . 01 , and the second spot in the
ector 49 two-spot model is similarly hot. 

The sector 49 two-spot model predicts a higher primary mass
 M 1 = 0 . 78 + 0 . 04 

−0 . 05 M �) and a higher mass ratio, q = 1 . 44 + 0 . 06 
−0 . 06 . The re-

ult is a much larger WD mass, M 2 = 1 . 13 + 0 . 03 
−0 . 05 M �. While it is tempt-

ng to prefer this model because of the better agreement with the SED
ass and radius, it is clear that there are numerous degeneracies in

he light-curve solutions that limit our ability to characterize the WD.
The sector 49 one-spot model also predicts an edge-on inclination,

 = 90 ± 5 ◦. We might expect to be able to rule this model out based
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Figure 10. MCMC posteriors for J1208 (left) and J1721 (right). We find that 
the different sectors and number of spots produces variable predictions of the 
orbital inclination and secondary mass. 
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n the lack of an eclipse. Using the non-relativistic WD scaling 
elation R ∝ M 

−1/3 , a WD mass of M 2 = 0.71 M � should have a
adius R 2 ≈ 0.95 R ⊕. Fig. 11 shows the best-fitting PHOEBE model
fter changing R 2 to be consistent with a WD of a few Earth radii.
he scatter around the model primarily comes from the evolution of

he spot across the TESS sector. Although we can plausibly rule out
 companion of radius R 2 = 5 R ⊕, we would not expect to detect
clipses of companions R 2 ∼ 1 R ⊕ and therefore cannot place an 
pper limit on the inclination. 

.2 PHOEBE models of J1721 

nlike J1208, the PHOEBE models of J1721 all have multimodal 
osterior distributions for the orbital period, P . The difference 
etween the periods is small, typically 15–45 min. This could come 
rom slightly asynchronous rotation, where the orbital period does 
ot equal the rotation period, or latitudinal differential rotation in 
he K-dwarf. Similar differences were found between the orbital 
eriod and photometric period of the G + WD binary CPD-65 264
Hernandez et al. 2022b ). 

For J1721, the secondary mass posteriors span from 1 to 1.9 M �
epending on the sector and number of spots. For the sectors 13 and
9 single-spot models, the primary mass posterior is lower than 
hat is expected from the SED. The two-spot model for sector 
2 predicts a primary mass at the upper range of our mass prior,
0.95 M �. The two-spot models for sectors 13 and 39 predict

rimary masses consistent with our expectations from the CMD, 
ut yield discrepant inclinations 45 + 3 ◦
−2 ◦ and 67 + 1 ◦

−1 ◦ , respectively. The 
ector 13 model then predicts a companion with M 2 = 1 . 89 + 0 . 08 

−0 . 06 M �,
onsistent with a neutron star companion, while sector 39 model 
redicts M 2 = 1 . 15 + 0 . 04 

−0 . 05 M �, consistent with a massive WD. 
In comparing the spot parameters for these two models, the sector

3 two-spot model predicts two spots of different angular sizes with
imilar temperatures. The sector 39 two-spot model predicts two 
pots of the same size, but with different temperatures. Since the spots 
volve, it is not surprising that the positions and sizes of the spots are
ifferent, especially since the two sectors are separated by almost two
ears. As with J1208, the posterior spot temperature ratio is higher
han what is predicted from the analytic model, T s / T eff = 0.73. 

Unlike J1208, where the two TESS sectors are separated by ∼2 yr,
1721 was observed in two consecutive sectors (12 and 13). The light
urves of these two sectors are similar, with the sector 13 observations
howing a higher second maxima. In the one-spot models of these two
ectors, the ef fecti ve temperature of the spots are similar, but the size
ncreases going from sector 12 to sector 13. Models of both sectors
refer an inclination ∼55 ◦, and the spots in the two models appear
t similar longitudes. The sector 13 spot prefers a lower latitude. 

In comparing the two-spot models of sectors 12 and 13, we see
hat spot one of the sector 12 model shares a similar longitude and
emperature with spot two of the sector 13 model, though it appears
t a different latitude and gets larger by ∼10 ◦. Alternatively, the
econd spot of the sector 12 model appears at a similar latitude to
he first spot of the sector 13 model, but with different longitude
nd a decreasing size ∼4.5 ◦. An important caveat with the two-spot
odels of sectors 12 and 13 is that one of the spots (spot two of

ector 12 and spot one of sector 13) appears at a latitude ∼120 ◦,
hich is not visible to the observer in the plane of the sk y giv en the
rbital inclination. These spots therefore contribute negligibly to the 
ight curve. This may indicate a preference for the one-spot model.

hile these models may offer insight into the magnetic fields of
MNRAS 529, 587–603 (2024) 
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Figure 12. Gaia CMD of our targets (J1208 and J1721) compared to similar 
targets identified in the literature (green). The solid black line shows a binary 
isochrone corresponding to an equal mass binary. We also identify a number 
of systems listed in Table 6 with similar light curves and high Gaia A RV 

shown in blue. 
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hromospherically active close binaries, there is no reason to prefer
 model with two spots o v er a model with more spots. 

In summary, the light curves of both targets show ellipsoidal
odulations with additional variability due to spots. Since the spots

volv e o v er time, the TESS light-curv e morphology changes between
ectors. We attempt to use PHOEBE to model the light curves using
ne and two-spot models, but degeneracies with spot parameters limit
ur ability to characterize the systems. In light of these results, we
lso perform an injection-reco v ery test for a synthetic spotted binary
n Appendix A . Although we only test one synthetic binary, we do
ot reco v er the injected spot parameters or orbital inclinations. We
herefore do not report final measurements of the companion mass
 2 from the PHOEBE models. 

 DISCUSSION  

he TESS light curves, RV observations, and SEDs suggest that
1208 and J1721 are K-dwarf binaries with massive WD companions.

hereas the majority of WD + main sequnce (MS) binaries have M-
warf stars, J1208 and J1721 have K-dwarf photometric primaries,
f which there are relatively few systems known (Wonnacott et al.
993 ; Zheng et al. 2022 ; Hernandez et al. 2022b ). Both systems have
arge RV amplitudes and have magnitudes and colours consistent
ith a single-star isochrone (Fig. 2 ). The TESS light curves show
eriodic variability at ∼0.45 d. The light-curve morphology changes
ramatically between TESS sectors (Fig. 3 ) due to the combination
f ellipsoidal variability and star-spots. 
We obtain RV observations of these targets using APF, PEPSI, and

HIRON (Tables 2 and 3 ). The spectroscopic orbits (Fig. 5 ) imply
ass functions f ( M ) = 0.20 and 0.30 M � for J1208 and J1721,

espectively. We then use SEDs to estimate the primary mass of each
arget (Fig. 7 ), which can be used to place broad constraints on the
ompanion mass (Fig. 8 ), suggesting that these are massive WDs. 

There are also some key differences between the two targets. J1208
as a more significant FUV excess and an X-ray detection. The X-
ay to bolometric luminosity ratio is consistent with what is expected
rom chromospheric activity. This target also shows evidence of H α

mission (Fig. 6 ) and long-term photometric variability (Fig. 4 ),
either of which are observed for J1721. It could be the case that
1208 is more chromospherically active, or that J1721 is in a low
ctivity state. 

Our ability to characterize the unseen companion using RVs is
imited by the unknown orbital inclination. We attempt to model
he TESS light curves using PHOEBE to estimate the inclination,
reating each sector independently and using one- and two-spot

odels. We find that the models do not predict a consistent orbital
nclination and secondary mass between sectors, presumably due to
egeneracies in modelling the light curves of spotted stars using a
ingle photometric band. 

The J1208 PHOEBE models generally prefer a low-mass photomet-
ic primary that is not consistent with the SED T eff or radius. It would
e better to simultaneously fit the SED with the light curves and RVs,
ut this is beyond the current capabilities of PHOEBE . Models of the
inary evolution history could also be used to place constraints on
he amount of mass that could be transferred from the K-dwarf.
he J1721 PHOEBE models predict a range of companion masses,

ncluding some > 1.4 M � consistent with a neutron star companion.
o we ver, like J1208, the estimates of the primary mass do not match

he expectations from the SED, making interpretation of these models
hallenging. 

Simultaneous multiband light curves could be used to break some
f the degeneracies in the light curves of rotational variability (Luger
NRAS 529, 587–603 (2024) 
t al. 2021a ). We are ultimately less interested in determining the
pot parameters than in determining the orbital inclination and mass
atio, so Gaussian processes may provide a pathway to handling
pot evolution and fitting multiple TESS sectors simultaneously
e.g. Luger, F oreman-Macke y & Hedges 2021b ). Since J1721 was
bserved in two consecutive sectors, this target may be a good
est case for time-dependent models. UV spectroscopy seems to
e the most promising approach to better constrain the nature of
he companions, particularly to discriminate between neutron stars
nd WDs. For example, Hernandez et al. ( 2022b ) characterized the
D companion ( M = 0.86 ± 0.06 M �) to a G-dwarf using HST UV

pectroscopy. Similar observations of J1208 and J1721 could provide
dditional constraints on the compact object companions. 

We might also expect the kinematics of WD and neutron star
inaries to differ. Neutron stars are e xpected to e xperience natal
icks following the supernova that can affect their subsequent
otion through the Galaxy. X-ray binaries with neutrons stars have

een found to have Galactic kinematics significantly different from
normal’ stars (e.g. Gonz ́alez Hern ́andez et al. 2005 ). Natal kicks are
xpected to be ≈ 50 per cent larger for neutron stars than black holes
Atri et al. 2019 ; O’Doherty et al. 2023 ), and we may expect J1208
nd J1721 to have atypical Galactic orbits if they host a neutron star
ompanion. We use the Gaia DR3 parallax, proper motion, and the
entre-of-mass velocity from the RVs to estimate the trajectory of
1208 and J1721 in the Galaxy. We use galpy (Bovy 2015 ) and the
WPotential2014 potential to integrate the orbits from 500 Myr
go to 500 Myr in the future. Both orbits are consistent with the thin
isc, staying � 200 pc from the Galactic mid-plane (Du et al. 2006 ).
In recent years, there have been a number of candidate non-

nteracting compact objects identified based on the photometric
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nd RV variability of late-type stars. Zheng et al. ( 2023 ) reported
AMOST J235456.76 + 335625.7 (J2354) as a nearby neutron star
andidate with mass M 2 > 1.26 ± 0.03 M �. Like J1208 and J2354,
his binary has an orbital period P = 0.47991 d and a light curve
ominated by spotted ellipsoidal variability in TESS observations.
2354 also has a significant GALEX NUV excess and an H α emission
ine that traces the motion of the K-dwarf. While Zheng et al. ( 2023 )
ropose that the companion to J2354 is a neutron star, the system
lso may be a massive WD (Tucker et al., in preparation). 

Lin et al. ( 2023 ) also reported the detection of a similar system
MASS J15274848 + 3536572 (J1527) using LAMOST RVs. The
rbital period is shorter, with P = 0.256 d, and they find that the
9-M0 primary has a mass M 1 = 0.62 ± 0.01 M �. The light curve

s again similar to J1208, J1721, and J2354, and appears to show
imilar modulations o v er time. The mass function of J1527 is f ( M ) =
.131 ± 0.002 M �. They also attempt a PHOEBE fit to the B , V , R , and
ESS light curves, and report M 2 = 0.98 ± 0.03 M �. Unlike J1208
nd J2354, the H α emission mo v es in antiphase with the photometric
rimary, which could indicate the presence of an accretion disc. If
he companion is instead a neutron star, the lack of X-ray and γ -
ay detection suggests it is part of the X-ray dim NS population.
 neutron star with M = 0.98 M � challenges our understanding of

ore-collapse supernovae, which are expected to yield remnants with
inimum masses ∼1.17 M � (Suwa et al. 2018 ). A more recent re-

nalysis of this system has suggested that the companion is actually
 WD with M = 0.69 M � (Zhang et al. 2024 ). 

Fig. 12 shows these systems on a Gaia CMD. Similar targets have
lso been identified in Li et al. ( 2022 ), Qi et al. ( 2023 ), Fu et al.
 2022 ), Zheng et al. ( 2022 ), Hernandez et al. ( 2022b ), and Yi et al.
 2022 ), though some do not have evidence of rotational variability in
heir light curves. Some of these sources appear more luminous than
xpected for a single main-sequence star. Spectra of these targets are
eeded to rule out a second luminous component. 

If many of these objects turn out to be massive WDs, rather than
uminous companions, this could have implications for the o v erall

ass distribution of WDs. J1208, J1721, J2354 (Zheng et al. 2023) ,
nd J1527 (Lin et al. 2023 ) are all within 250 pc using Gaia distances
Bailer-Jones et al. 2021 ). The local density of K-dwarfs with massive

D companions is then at least ρ� = 3 N /4 πR 
3 ∼ 6.1 × 10 −8 pc −3 .

or a simple thin disc model normalized by this density with 

= ρ� exp ( −( R − R s ) /R d − | z| /h ) , (5) 

here R d = 3500 pc is the disc scale length, R �, R s = 8500 pc is
he radius of the Sun from the Galactic centre, z is the distance from
he Galactic mid-plane, and h = 150 pc is the disc height, we can
stimate that there are � 16 000 such systems the Galaxy. This is far
ewer than the number of NS expected in the Galaxy ( ∼10 8 –10 10 ,
artore et al. 2010 ) and complicates the discrimination between NS
nd massive WD companions from a statistical perspective. 

Finally, we also performed a simple search to identify other
ystems which may contain similar companions. We start by selecting
tars with Gaia A RV > 50 km s −1 , and G < 15 mag that were flagged
s photometric variables in Gaia DR3. We also require that the Gaia
arallax error satisfies � / σ� > 5 and that the V -band extinction is
 V < 2.0 mag. We then use the extinction-corrected Gaia CMD to
elect stars that appear more consistent with a single main-sequence
tar than a stellar binary. We do this by selecting targets fainter than
 single star isochrone increased in luminosity by a factor of 1.5
0.44 mag). These selection criteria yield 826 targets in the absolute
agnitude range 4.5 < M G < 12 mag. We then visually inspected

heir TESS QLP light curves, when available, selecting systems with
imilar orbital periods and ELL/spotted ELL light curves. In total,
NRAS 529, 587–603 (2024) 
e identified 18 targets, which are shown in Fig. 12 and listed in
able 6 . 
Table 6 also includes estimates of f ( M ) using the photometric

eriod and assuming K = A RV /2. While this may be useful as a way
o prioritize targets, A RV is o v erestimated for our two targets. We find
 	 0.44 A RV and 	 0.2 A RV for J1208 and J1721, respectively. RV
bservations of the targets in Table 6 are needed to identify luminous
ompanions and constrain the binary mass function. It is likely that
ome of these objects are similar to the two targets described here or
o the previous reported WD/NS candidates. 

J1208 and J1721 join a small population of FGK stars with massive
D companions. As compared to WD + M stars, there are relatively

ew WD + FGK binaries since the main-sequence star outshines the
D at optical wavelengths. Spectroscopic orbits are promising tools

o identify and characterize WD + K binaries. Ho we ver, these
earches are likely biased towards systems with large companion
ass where the velocity semi-amplitude is large enough to rule

ut luminous companions. Upcoming spectroscopic missions such
ilky Way Mapper (Kollmeier et al. 2017 ) and future Gaia data

eleases are expected to expand the sample of WD + FGK binaries. 
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PPENDIX  A:  AN  INJECTION-RECOVERY  

EST  

he PHOEBE models of J1208 and J1721 produce different predictions
f the binary masses and inclinations depending on the TESS sector
sed and the number of spots. Here, we create a synthetic binary
nd attempt to reco v er the ‘true’ parameters using the same PHOEBE

odelling process. 
We generate a binary with a primary mass of M 1 = 0.765 M � and a

econdary mass of M 2 = 1.2 M �. We use a MIST evolutionary track
NRAS 529, 587–603 (2024) 
ith Solar abundances to select T eff = 4760 K and R 1 = 0.69 R � for
he primary. The orbital inclination is set to i = 72 ◦ and the orbital
eriod is P = 0.34567 d. We add a single spot to the primary star,
ith position θ s = 47 ◦, φ = 82 ◦, size R s = 13 ◦, and relative spot

emperature T s / T eff = 0.80. 
We created a synthetic light curve using times matching the TESS

bservations from the J1721 and selected five random times for
he R V observations. W e then add random noise to each data set
ith uncertainties on the normalized flux of 1 × 10 −4 and on the
Vs of 0.1 km s −1 . We follow the same PHOEBE modelling steps
escribed in Section 4 . Fig. A1 shows the posteriors as compared
o the injected values. Although we find a secondary mass M 2 =
 . 17 + 0 . 04 

−0 . 05 M � consistent with the true mass, the orbital inclination,
nd mass ratios are not reco v ered. 

The spot positions also differ from the injected values. The PHOEBE

odel prefers a spot with a higher temperature ratio T s / T eff = 0.95
nd a slightly larger size R s = 21 ◦. The spot position is also different
ith θ s = 83 ◦ and φs = 85 ◦. 
Although we only generated one synthetic binary, this test illus-

rates the challenges in reco v ering orbital parameters for spotted
LLs. The companion mass was reco v ered correctly in this case,
ut the inclination and spot parameters differ from the true values,
uggesting that it is still risky to trust the results. 
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Figure A1. MCMC posteriors for the synthetic system. The red lines indicate the injected values. The synthetic binary inclination is outside the plot range, so 
an arrow is shown instead. 
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