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ABSTRACT

Context. Hot subdwarfs in close binaries with either M dwarf, brown dwarf or white dwarf companions show unique light variations.
In hot subdwarf binaries with M dwarf or brown dwarf companions we can observe the so-called reflection effect and in hot subdwarfs
with close white dwarf companions ellipsoidal modulation and/or Doppler beaming.
Aims. The analysis of these light variations can be used to derive the mass and radius of the companion and hence determine its
nature. Thereby we assume the most probable sdB mass and the radius of the sdB derived by the fit of the spectral energy distribution
and the Gaia parallax.
Methods. In the high signal-to-noise space-based light curves from the Transiting Exoplanet Survey Satellite and the K2 space
mission, several reflection effect binaries and ellipsoidal modulation binaries have been observed with much better quality than
possible for ground-based observations. The high quality of the light curves allowed us to analyse a large sample of sdB binaries with
M dwarf or white dwarf companions using lcurve.
Results. For the first time we can constrain the absolute parameters of 19 companions of reflection effect systems covering periods
from 2.5 to 19 hours and companion masses from the hydrogen burning limit to early M dwarfs. Moreover, we could determine the
mass of eight white dwarf companion to hot subdwarf binaries showing ellipsoidal modulations, covering a so far unexplored period
range from 7 to 19 hours. The derived masses of the white dwarf companions show that all but one of the white dwarf companions
are most likely helium-core white dwarfs.
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1. Introduction

Hot subdwarfs of spectral type O and B (sdO/B) are stars with
temperatures from ∼ 25000 − 60000 K and luminosities placing
them between main sequence stars and white dwarfs. Most of the
sdBs are found on the extreme horizontal branch (EHB). Their
formation is still unclear, but most of the sdBs are believed to be
core-He burning objects that lost most of their envelope on the
tip of the red giant branch (RGB). The H-rich sdOs are believed
to be the progeny of the sdBs after the helium in the core is
exhausted showing He-shell burning. Their evolution is much
faster and hence they are rarer than the sdB (Heber 2009, 2016).

Pelisoli et al. (2020) suggested that the formation of typical
sdBs requires binary interaction. Indeed one third of the sdBs is
found in sdB+F/G/K type main-sequence companions with pe-
riods of several hundred days (Vos et al. 2013, 2018). Another
third of the sdBs is found in close binaries with low-mass main
sequence stars of spectral type M close to the hydrogen burning
limit or even brown dwarf companions (dM/BD) or white dwarf
(WD) (Maxted et al. 2002; Kupfer et al. 2015; Schaffenroth et al.
2019) with periods from under one hour to 27 days. Such short
periods can only be explained by a previous common envelope
phase Han et al. (2002, 2003). The remaining sdBs are appar-
ently single.

The nature of the companions in many of these close sdB bi-
naries can easily be identified by their characteristic light varia-
tions using high signal-to-noise light curves. Close binaries with
dM/BD companion show a significant quasi-sinusoidal varia-
tion over each orbit with an amplitude from a few percent up
to ∼ 20% (see Fig. A.1). The strength of this variation — called
the reflection or irradiation effect— increases from blue to red
wavelengths. It results from a large temperature difference be-
tween the sdB primary and the cooler companion, but a similar
or even larger size of the secondary compared to the sdB. Due to
the large irradiating flux from the sdB, one side of the companion
is heated up from temperatures originally around 3000 K to tem-
peratures from 10 000−20 000 K. Consequently, the contribution
of the companion to the total system flux significantly increases
when the hot side is visible. As those systems have small sepa-
rations from ∼ 0.5 to a few solar radii (e.g. Schaffenroth et al.
2014b, 2015, 2021), a significant percentage of them also show
eclipses. They are referred to as HW Vir binaries, named after
the prototype system. Both the shape and strength of the reflec-
tion effect depend strongly on the orbital inclination (Schaffen-
roth et al. 2014a) and so light curves with sufficient signal–to–
noise (S/N) can be used to constrain system parameters, even
without eclipses.
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Since white dwarfs are much smaller than M dwarfs or
brown dwarfs, the reflection effect cannot be observed in
sdB+WD systems. However, a close WD companion can cause
an ellipsoidal deformation of the hot subdwarf, which leads to a
quasi–sinusoidal variation with half the orbital period. The am-
plitude of this ellipsoidal modulation can be up to almost 10%
in the most extreme cases. Due to gravity darkening, the depths
of the two minima are usually different, and lower flux is ob-
served when the side of the hot subdwarf facing the companion
is visible. As the orbital velocities are quite high, Doppler beam-
ing from the hot subdwarf is also observed, resulting in more
flux when it approaching Earth than when it moves away (e.g.
Geier et al. 2013; Pelisoli et al. 2021). The amplitude strongly
scales with the separation and the companion mass, and longer
period systems (> a few hours) have ellipsoidal modulation am-
plitudes below 0.5% and can only be found in space-based light
curves. This fact can also be used distinguish between WD and
dM/BD companions, when high signal-to-noise light curves are
available, as the amplitude of the reflection effect is much higher
and would be visible up to several days in the TESS light curves.
Hence a dM/BD companion can be excluded, if no variations can
be detected.

In Schaffenroth et al. (2022) (hereafter paper I) we used this
method to determine the nature of the companion for 75% of the
known hot subdwarf binaries. Moreover, we performed a search
for more sdB binaries showing a reflection effect, ellipsoidal
modulation or Doppler beaming using light curves provided by
the TESS (Transiting Exoplanet Survey Satellite) (Ricker et al.
2015) and K2 (Howell et al. 2014) missions. In total we found
85 new reflection effect systems, 8 new ellipsoidal systems and
16 systems showing Doppler beaming in the light curve, in addi-
tion to the 17 reflection effect and 11 ellipsoidal systems already
known.

In this paper we present the analysis of 19 sdB+dM/BD sys-
tems showing a reflection effect and 25 sdB+WD systems show-
ing ellipsoidal modulation or Doppler beaming. All light curves
were downloaded, phase-folded to the orbital period determined
by a periodogram around the orbital period known from radial
velocity (RV) variations, and binned using the Python package
lightkurve (Lightkurve Collaboration et al. 2018)1. In Sect. 2
we discuss the analysis of the sdB binaries with cool, low mass
companions. In Sect. 3 we discuss the analysis of the sdB with
white dwarf companions, and in Sect. 4 we give a short summary
and a discussion of the results.

2. The cool, low mass companions to the sdB stars

2.1. Method

The presence of a reflection effect indicates a cool, low-mass
companion of similar size in close orbit with the hot subdwarf.
Without eclipses it is difficult to determine the inclination of the
system, as the amplitude is degenerate in inclination and size of
the companion (Schaffenroth et al. 2014a). In this paper the au-
thors also showed that the shape of the reflection effect changes
with inclination, suggesting that it might be possible for high-
quality light curves to provide tight constraints on the inclination
angle even without eclipses. With the space-based light curves
available from TESS and K2, this is now possible for the first
time. We analysed all reflection effect systems with solved RV
curve atmospheric parameters derived from spectroscopy and
space-based light curve (19 systems in total).

1 https://docs.lightkurve.org

For the analysis of the light curves we used lcurve (see Cop-
perwheat et al. 2010, for more details) as described in Schaffen-
roth et al. (2021). As we do not see any eclipses, the mass ratio
and the radii are not well constrained from the light curve alone.
To get a good solution we therefore had to make some assump-
tions.

All studied reflection effect systems are single-lined bina-
ries. Therefore, the mass ratio cannot be determined with time-
resolved spectroscopy. The sdB mass was derived by the fitting
of the spectral energy distribution (SED) and combining this
with the Gaia parallax in paper I. However, in this paper we have
seen that the masses for the reflection effect systems have to be
taken with caution, as the mass distribution of the HW Vir sys-
tems shows discrepancies with the distribution of the reflection
effect systems. Therefore, we use the assumption of the canoni-
cal He-flash mass of 0.47 M⊙ for the sdB for this analysis and is
the most likely mass of a sdB in a sdB+dM binary (paper I, Han
et al. 2002, 2003; Fontaine et al. 2012).

With this assumption and the inclination determined from the
light curve analysis (which is not dependent on the mass ratio but
sensitive to the light curve shape, see also Barlow et al. in prep,
hereafter paper III), it is possible to get the mass ratio together
with the separation of the system from the mass function deter-
mined by the radial velocity curve (see Table 1 for the parameters
of the analysed reflection effect systems). The effective temper-
ature is fixed to the value derived from spectral fitting (see paper
I for a summary of all atmospheric parameters). As the contribu-
tion of the dark side of the companion to the flux is negligible,
the temperature of the companion cannot be constrained and is
hence fixed to a typical value for an M dwarf of 3000 K. Changes
in the temperature of the companion therefore have a negligible
effect on the other derived parameters. The SED fitting in combi-
nation with the Gaia parallax (see paper I) provides the radius of
the sdB R1, and with the derived separation a, we can fix the rel-
ative radius of the sdB (r1 = R1/a), which is used as parameter
in the light curve fitting.

For simplicity the absorb factor, which is the percentage of
the flux of the sdB used to heat up the irradiated companion side
using a blackbody approximation, was fixed to 1. The gravita-
tional and limb darkening coefficients were fixed according to
the tables of Claret et al. (2020b). We adopted their values clos-
est to the atmospheric parameters for the TESS filter. Only the
inclination and the radius of the companion were varied; all other
parameters were fixed as explained above.

We performed Markov Chain Monte Carlo (MCMC) com-
putations using emcee (Foreman-Mackey et al. 2013) in order to
derive the distribution of the inclination and radius of the com-
panion and to determine the uncertainties of both parameters. We
tried to vary also the radius of the sdB using a Gaussion prior.
Due to the residuals in the light curves (see Fig. A.1), which are
discussed later, this did not work. So, we fixed the radius of the
sdB, neglecting its uncertainty. As a result, the uncertainties in
i and r2 will be underestimated. We performed several tests to
quantify this by also varying the sdB radius. The uncertainty in
r2 and i doubled in our test. As the uncertainty of the separation
is dominating the overall uncertainty, the increase in uncertainty
of the companions radius can be neglected. However, doubling
the uncertainty in the inclination results in 50% larger error bars
in the mass ratio and companion mass and radius in our test.
These results also depend on the quality of the light curve and
the inclination. In the future this uncertainty will be included,
when the mass of the sdB is constrained as well by the SED fit,
as soon as reliable atmospheric parameters are available.
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In Fig. 1 an example of the MCMC results is shown. There
is some degeneracy between the orbital inclination and the ra-
dius of the companion visible, but the χ2 distribution is symmet-
ric around the minimum representing the best solution. Some
sdBs show short-period pulsations on the order of minutes (for
sdO/B with Teff > 30000 K) and long-period pulsations of low-
amplitude (for sdO/B with Teff < 30000 K) on the order of hours
(see Lynas-Gray 2021; Kupfer et al. 2019, for a summary). In
some sdB binaries we see hence a superposition of the pulsa-
tion and the binary signal, which complicates the analysis. The
phasing and binning of the light curves smoothed out the pul-
sations present in some of the systems, however the noise is
still increased compared to the non-pulsating systems, leading to
larger errors for the parameters compared to other systems with
similar magnitudes. The pre-whitening of the pulsation frequen-
cies could improve this, especially for longer period pulsations.
However, characterising the pulsations is out of the scope of this
paper.

Due to the large pixel size, the TESS light curves must be
treated with care, especially if bright, unresolved stars fell on the
same pixel. The PDCSAP flux provided in the Science Process-
ing Operations Center (SPOC) light curves tries to correct for
this additional flux. However, this correction is not always per-
fect and can lead to the amplitude of the variation being over- or
underestimated. For some targets a different amplitude in differ-
ent sectors could be observed. The comparison with published
light curves in other filters was used to choose the light curve
with the correct amplitude. As we have discussed, the shape of
the light curve is determined by the inclination. The amplitude
on the other side is determined by the temperature of the pri-
mary and the orbital separation derived by time-resolved spec-
troscopy, as well as the radius of the companion. An overesti-
mated amplitude would therefore result in an overestimated ra-
dius for the companion. We checked the field-of-view of TESS
and the CROWDSAP parameter for all our targets. With the ex-
ception of HS2333 and TYC5977-517-1, the CROWDSAP pa-
rameter was close to 1, showing that no stars are blending.

When investigating the residuals of our highest S/N light
curve fits (see Fig. A.1), we can see a recurring pattern that grows
in strength with increasing inclination. For example, the residu-
als for GALEX J0321+4727 and EC 01578-1743 show that the
fit overestimates the flux right at the moment the reflection effect
peaks, but immediately underestimates the flux on either side of
the peak. The inability of the LCURVE models to fit the reflec-
tion effect shape precisely in this region reveals the limitations of
the reflection effect model and the way it handles irradiation. The
models improve with smaller sdB radii, suggesting that the illu-
mination of the side of the companion facing the hot subdwarf is
not homogeneous. In the subsections that follow, we introduce
and discuss individually each system that was analysed. In Table
2 a summary of all derived parameters can be found.

2.2. KBS 13

This sdB binary systems was found to show a reflection effect
with a period of 0.2923 d by For et al. (2008). They derived a
semi-amplitude of the radial velocity curve of K1 = 22.82 ±
0.23 km s−1. Using the mass function, a canonical mass for the
sdB and the period from the K2 and TESS light curves (P =
0.292365 d), we derive a minimum mass of only 0.045 M⊙ —
well below the limit for hydrogen burning.

From analysis of the TESS light curve (Fig. A.1c), we could
derive an inclination of the system of 10.1◦ ± 0.4◦, which gives
us a mass for the companion of 0.260 ± 0.008 M⊙ and a radius
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Fig. 1: Corner plot of the MCMC calculations of EC 01578-1743
showing the distribution of the orbital inclination (iangle), the
radius of the companion (r2) and the χ2 (chisq).

of 0.284 ± 0.015 R⊙. Thus the companion is an M dwarf and not
a brown dwarf.

2.3. BPS CS 22169-1

BPS CS 22169-0001 was discovered to be a sdB binary with
very small RV amplitude by Edelmann et al. (2005). Geier et al.
(2012) reported a tiny reflection effect with a period of 0.214 d.
The minimum mass of the companion is only 0.026 M⊙. Geier
et al. (2010b) also derived the rotational velocity of the sdB and
calculated a companion mass of 0.19 M⊙ assuming tidal syn-
chronization. However, in recent years this assumption became
questionable (Schaffenroth et al. 2021; Preece et al. 2018) and
this requires a low inclination, which is quite unlikely.

The analysis of the TESS light curve (Fig. A.1a) results in an
inclination of 7.6◦ ± 1.0◦ resulting in a mass and radius of the
companion of 0.23 ± 0.03 M⊙ and 0.31 ± 0.05 R⊙ demonstrating
that it is in deed a M dwarf companion rather than a brown dwarf
and that the rotation of the sdB could be tidally locked in this
case.

2.4. PHL 457

PHL 457 was also discovered to be a close sdB binary with small
RV amplitude by Edelmann et al. (2005). Light variations caused
by long-period pulsations were found by Blanchette et al. (2008).
Schaffenroth et al. (2014a) observed a small reflection effect in
PHL 457 with a period of 0.3128 d and confirmed a small RV
amplitude of only K = 12.8 ± 0.08 km s−1. This results in a min-
imum mass of 0.027 M⊙ for the companion, making it a brown
dwarf if the inclination exceeds 21◦. The likelihood of this being
the case is 94%.

PHL 457 was observed in K2 and TESS. Baran et al. (2019)
analysed the pulsations of PHL 457 and detected short- and
long-period pulsations from 4.5 min to 1.8 hours. Our analy-
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Table 1: Orbital parameters of the solved reflection effect systems with space-based light curves from time-resolved spectroscopy
and the analysis of the lightcurve

target PRV γ K1 Plc
[d] [km s−1] [km s−1] [d]

UVEX0328+5035d 0.11017 ± 0.00011 44.9 ± 0.7 64.0 ± 1.5 0.110163
GALEXJ09348-2512a 0.1429032 ± 0.0000011 50.6 ± 2.1 37 ± 4 0.142903
TYC5977-517-1a 0.14387147 ± 0.0000025 - 87 ± 2 0.143871
HS2333+3927d 0.1718023000 ± 0.0000009 -31.40 ± 2.1 89.60 ± 3.2 0.171801
BPSCS22169-0001d 0.214 - 16.2 ± 0.5 0.216895
PG1329+159d 0.249699 ± 0.0000002 -22.0 ± 1.2 40.2 ± 1.1 0.249696
SDSSJ012022+395059d 0.252013 ± 0.000013 -47.3 ± 1.3 37.3 ± 2.8 0.251975
EC01578-1743a 0.2581015 ± 0.0000025 -23.19 ± 0.4 86.5 ± 0.5 0.258104
GALEXJ0321+4727c 0.265856 ± 0.000003 69.6 ± 2.2 60.8 ± 4.5 0.265857
CPD-64481d 0.277263 ± 0.000005 94.1 ± 0.3 23.9 ± 0.05 0.277264
KBS13d 0.2923 ± 0.0004 7.53 ± 0.08 22.82 ± 0.23 0.292365
PHL457d 0.3128 ± 0.0007 - 12.8 ± 0.08 0.313012
GALEXJ2205-3141c 0.341543 ± 0.000008 -19.4 ± 1.7 47.8 ± 2.2 0.341552
Feige48e 0.376 ± 0.003 -47.9 ± 0.1 28.0 ± 0.2 0.343608
V1405Orid 0.398 –33.6 ± 5.5 85.1 ± 8.6 0.398005
HE0230-4323d 0.45152 ± 0.00002 16.6 ± 1.0 62.4 ± 1.6 0.450029
HE1318-2111d 0.487502 ± 0.0000001 48.9 ± 0.7 48.5 ± 1.2 0.487424
JL82d 0.73710 ± 0.00005 -1.6 ± 0.8 34.6 ± 1.0 0.733799
EQ Pscb 0.800880 ± 0.000097 25.9 ± 1.3 34.9 ± 1.6 0.800970

a this paper b Baran et al. (2019) c Németh et al. (2012); Kawka et al. (2015) d Kupfer et al. (2015, and references
therein) e Latour et al. (2014)

Table 2: Inclination, separation, mass ratio of the analysed reflection effect systems together with the calculated mass and radius of
the companion.

target i q a M2 R2
[◦] R⊙ M⊙ R⊙

BPSCS22169-1 7.7 ± 1.1 0.492 ± 0.132 1.35 ± 0.30 0.231 ± 0.062 0.309 ± 0.072
PHL457 9.3 ± 1.6 0.416 ± 0.085 1.69 ± 0.37 0.196 ± 0.040 0.157 ± 0.035
KBS13 10.1 ± 0.4 0.552 ± 0.038 1.040 ± 0.063 0.260 ± 0.018 0.284 ± 0.020
Feige48 16.3 ± 1.4 0.495 ± 0.089 1.83 ± 0.30 0.232 ± 0.042 0.266 ± 0.044
GALEXJ2205-3141 17.3 ± 2.6 1.12 ± 0.21 2.05 ± 0.36 0.527 ± 0.100 0.419 ± 0.075
GALEXJ09348-2512 24.0 ± 3.0 0.351 ± 0.099 0.99 ± 0.26 0.165 ± 0.046 0.175 ± 0.048
EQPsc 25.4 ± 0.5 0.724 ± 0.073 3.07 ± 0.24 0.222 ± 0.019 0.181 ± 0.014
PG1329+159 31.8 ± 2.1 0.356 ± 0.037 1.44 ± 0.15 0.167 ± 0.018 0.199 ± 0.021
CPD-64481 34.3 ± 2.2 0.187 ± 0.012 1.473 ± 0.12 0.088 ± 0.006 0.118 ± 0.010
JL82 34.6 ± 1.1 0.511 ± 0.043 3.06 ± 0.22 0.240 ± 0.020 0.249 ± 0.018
TYC5977-517-1 35.0 ± 0.25 0.678 ± 0.026 1.07 ± 0.034 0.319 ± 0.012 0.380 ± 0.013
GALEXJ0321+4727 38.6 ± 0.9 0.495 ± 0.060 1.55 ± 0.17 0.233 ± 0.028 0.298 ± 0.033
SDSSJ012022+395059 39.9 ± 7.0 0.343 ± 0.070 1.44 ± 0.36 0.16 ± 0.033 0.242 ± 0.063
UVEX0328+5035 41.4 ± 0.5 0.341 ± 0.012 0.83 ± 0.03 0.160 ± 0.006 0.250 ± 0.010
HS2333+3927 42.8 ± 0.5 0.609 ± 0.017 1.18 ± 0.05 0.388 ± 0.017 0.401 ± 0.017
V1405Ori 43.0 ± 0.9 0.829 ± 0.141 2.17 ± 0.30 0.390 ± 0.066 0.341 ± 0.047
HE1318-2111 48.5 ± 1.7 0.335 ± 0.018 2.23 ± 0.11 0.158 ± 0.008 0.277 ± 0.014
EC01578-1743 49.5 ± 0.25 0.591 ± 0.009 1.548 ± 0.013 0.278 ± 0.004 0.294 ± 0.003
HE0230-4323 52.6 ± 1.5 0.470 ± 0.027 2.18 ± 0.11 0.221 ± 0.013 0.309 ± 0.016

sis of the K2 light curve (Fig. A.1b) results in an inclination of
9.3◦ ± 1.6◦, which translates to a companion mass and radius of
0.19 ± 0.04 M⊙ and 0.16 ± 0.04 R⊙. Hence, the companion is a
low-mass M dwarf instead of a brown dwarf.

2.5. CPD-64 481

CPD-64 481 is another close sdB binary with small RV ampli-
tude discovered by Edelmann et al. (2005). Schaffenroth et al.
(2014a) found a small reflection effect in its light curve with a

period of 0.277263 d. In this case the minimum companion mass
was found to be 0.048 M⊙ making it another brown dwarf candi-
date.

CPD-64 481 was observed by TESS in 26 different sectors.
From the analysis of the light curve (see Fig. A.1i) we could de-
rive an inclination of i = 34.3◦ ± 2.2◦ resulting in a mass and ra-
dius for the companion of 0.088±0.006 M⊙ and 0.118±0.035 R⊙,
showing that the companion is probably a low-mass M dwarf
very close to the hydrogen-burning limit.
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2.6. GALEX J09348-2512

GALEX J09348-2512 (GALEX J093448.2-251248) was found
to be an sdB star by Németh et al. (2012). When searching for
short-period variables in the ATLAS survey, Koen (2019) dis-
covered light variations with a period of 0.143 d and an ampli-
tude of 0.05 mag, indicating the presence of reflected light from
the companion. The analysis suggested a companion mass close
to 0.1 M⊙ but was lacking spectroscopic confirmation.

Möller (2021) analysed archival spectra of this system and
confirmed it to be a sdB binary (Teff = 40800 ± 1000 K, log g =
5.55±0.10) with RV semi-amplitude of K1 = 37±4 km s−1. The
minimum companion mass can be calculated to 0.06 M⊙, which
is below the hydrogen burning limit.

This system was also observed by TESS, which confirmed it
to be a reflection effect system with a period of 0.142903 d. The
analysis of the TESS light curve (Fig. A.1f) resulted in an incli-
nation i = 24.0◦ ± 3.0◦ and a mass and radius of the companion
of 0.165 ± 0.022 M⊙ and 0.175 ± 0.035 R⊙, showing that it is a
low-mass M dwarf companion. The mass of the sdB derived by
the SED method and Gaia parallax (paper I) is 0.737+0.176

−0.143M⊙,
higher than the canonical sdB mass. However, the radius from
the SED agrees with the radius derived by the light curve as-
suming a canonical mass for the sdB, while no consistent solu-
tion could be found using the mass derived by SED and paral-
lax. This suggests that the determination of the mass with this
method relying mainly on the log g determination from the co-
added spectrum is not reliable because of contamination by light
from the companion. This further demonstrates why we prefer
the assumption of the canonical mass for the sdB for now.

2.7. EC01578-1743

EC01578-1743 was found to be a sdB by the Edinburgh-Cape
Blue Object (EC) Survey (Kilkenny et al. 2016). This system
was identified as a reflection effect system in the Evryscope sur-
vey (Ratzloff et al. 2020). Inspecting the TESS light curves, we
also found this system to have a strong reflection effect with an
amplitude of 20% and period of 0.258104 d. Its shape indicated
a higher inclination angle, but no eclipses are visible in the data.

In order to derive the radial velocity curve, we obtained 42
high–resolution spectra using the CHIRON echelle spectrome-
ter on the CTIO 1.5–m telescope (Tokovinin et al. 2013). Ob-
servations were taken at sporadic intervals from December 2017
to September 2018 and cover the full range of orbital phases.
A 2.7′′ fiber was used to cover the wavelength range 4400–
8800 Å with a spectral resolution of R≈28000. Extracted and
wavelength-calibrated spectra were delivered by a pipeline run-
ning at Georgia State University (Brewer et al. 2014). In order
to measure the radial velocities we used cross-correlation with
the iraf task fxcor. To fit the radial velocity curve we used
the Python package radvel (Fulton et al. 2018)2 getting a semi-
amplitude of the radial velocity curve of K1 = 86.5 ± 0.5 km s−1

(see Fig. 2). To derive the atmospheric parameters we addition-
ally took one spectrum with SOAR/Goodman (Teff = 32000 ±
500 K, log g = 5.75 ± 0.06, log y = −2.0 ± 0.1, Fig. 3).

The best fit of the light curve (see Fig. A.1r) was found for an
inclination of 49.5◦±0.25◦. From this we can constrain the mass
and radius of the companion to 0.278 ± 0.004 M⊙ and 0.294 ±
0.0025 R⊙.

2 https://radvel.readthedocs.io/
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residuals and panel c) the phased RV curve.
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Fig. 3: Spectral line fit of hydrogen and He lines of the SOAR
spectrum of EC01578-1743. The best fit is shown in the dashed
red line, the black line shows the data.

2.8. TYC5977-517-1

TYC5977-517-1 was identified as a hot subdwarf candidate in
the Gaia catalogue of hot subluminous star candidates (Geier
et al. 2019). It was also reported to be an eclipsing contact bi-
nary candidate in the ATLAS survey (Heinze et al. 2018). By
inspecting the TESS light curve (see Fig. A.1k) we discovered it
not to be an eclipsing binary but instead a reflection effect binary
with a period of 0.14387147 d. Time–series spectroscopy with
the Goodman spectrograph on the SOAR telescope allowed us to
derive the RV curve (K1 = 87 ± 2 km s−1, see Fig. 4) and the at-
mospheric parameters (Teff = 35200±500 K, log g = 5.69±0.05,
log y = −2.02 ± 0.05, see Fig. 5).

The system was observed in sector 7, 33 and 34 (CROWD-
SAP=0.49/0.37/0.34). A significantly higher reflection effect
amplitude was observed in the first sector compared to the other
two sectors, which were similar, so we excluded the light curve
observed in the first sector, as it is probably overcorrected. The
best fit results in a companion mass of 0.319 ± 0.012 M⊙ and a
radius of 0.380 ± 0.010 R⊙.
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Fig. 4: Radial velocity curve of TYC5977-517-1 phased to the
orbital period. The black line is the best fit model, the blue dots
are the data including uncertainties.
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Fig. 5: Spectral line fit of hydrogen and He lines of the SOAR
spectrum of TYC5977-517-1. The best fit is shown in the dashed
red line, the black line shows the data.

2.9. JL 82

JL 82 was identified as a sdB star by the EC survey (Kilkenny
et al. 1995). RV measurements from Edelmann et al. (2005) con-
firmed it to be a close sdB binary with a period of 0.737 d and a
minimum companion mass of 0.1 M⊙. Koen (2009) showed that
this star shows a reflection effect as well as long-period pulsa-
tions with periods between 1 and 4 hours.

The TESS light curve (Fig. A.1j) also shows this reflection
effect. The best fit results in an inclination of the system to
29.1◦ ± 1.1◦, which constrains the companion mass and radius
to 0.240 ± 0.009 M⊙ and 0.249 ± 0.013 R⊙.

2.10. HE 0230-4323

HE 0230-4323 was found to be a sdB star by Lisker et al. (2005)
and confirmed to be in a close binary system by Edelmann et al.
(2005) with a period of 0.4515 d. Koen (2007) found it to show a
reflection effect as well as low-amplitude pulsations with periods
between 24 to 45 min in the light curve.

The TESS light curve (Fig. A.1s) confirms this reflection
effect. The best fit constrains the inclination of the system to

52.6◦±1.5◦, which constrains the companion mass and radius to
0.209 ± 0.006 M⊙ and 0.307 ± 0.012 R⊙.

2.11. V1405 Ori

KUV 0442+1416, also called V1405 Ori, was identified as an
sdO or sdB by Wegner & McMahan (1985). Koen et al. (1999)
demonstrated an absence of He II lines, making it a sdB star. Ad-
ditionally, they detected short-period pulsations and reddening
in this target, which could either come from interstellar redden-
ing or from a cool companion. Reed et al. (2010) later discov-
ered a reflection effect with an amplitude of about 20%. They
also found RV variations with a period of 0.398 d and a semi-
amplitude of K1 = 85.1 ± 8.6 km s−1, which results in a mini-
mum companion mass of 0.25 M⊙, making it an early M type
companion.

The TESS light curve confirms the observation of the reflec-
tion effect (Fig. A.1p). From the analysis we find an inclina-
tion of 43◦ ± 0.9◦ and a mass and radius of the companion of
0.390 ± 0.031 M⊙ and 0.341 ± 0.038 R⊙, making it an early type
M dwarf, as expected.

2.12. Feige 48

Feige 48 was identified to be a sdB star by Green et al. (1986).
Koen et al. (1998) observed this target and found that it is one of
the coolest sdBs showing short-period pulsations. O’Toole et al.
(2004) analyzed UV spectra of Feige 48 proving that it is a close
binary with a period of 0.376 d and a RV semi-amplitude of
K1 = 28 ± 0.2 km s−1. Assuming that the sdB rotation is tidally
locked to the orbit, they derived a mass of 0.46 M⊙ for the com-
panion and claimed it is most likely a white dwarf as they did
not detect a reflection effect. Van Grootel et al. (2008) corrobo-
rated this by performing an asteroseismic analysis with the best
model being for an object having a solid-body rotation with the
orbital period. A re-analysis of this system with time-resolved
spectroscopy and photometry by Latour et al. (2014) found a
shorter orbital period of only 8.2507 h and also an reflection ef-
fect with the same period and therefore they claimed that the
companion is an M dwarf instead of a white dwarf.

The TESS light curve confirms the reflection effect (see Fig.
A.1d). We were able to fit it and could so derive the inclination
(i = 16.3◦ ± 1.4◦) and the mass and radius of the companion
(Mcomp = 0.232±0.020 M⊙, Rcomp = 0.266±0.033 R⊙) confirm-
ing the M dwarf nature of the companion.

2.13. GALEX J2205-3141

Németh et al. (2012) identified GALEX J2205-3141 (GALEX
J220551.8-314105) to be a sdB star from spectroscopic follow-
up from the hot subdwarf candidates identified in the Galaxy
Evolution Explorer (GALEX)/Guide star catalogue (GSC) sur-
vey by an UV excess. Photometric and spectroscopic follow-
up done by Kawka et al. (2015) showed that the sdB is in a
close binary system with a M dwarf companion with a period of
0.341543 d, as it shows a RV variation of K1 = 47.8 ± 2.2 km/s
and a 4% amplitude reflection effect.

The TESS light curve also shows this reflection effect (see
Fig. A.1e). From the best fit we could derive an inclination of
17.3◦ ± 2.6◦, giving a companion mass and radius of 0.53 ±
0.10 M⊙ and 0.42 ± 0.08 R⊙, which means the companion is an
early M dwarf. This would be the highest mass companion found
so far. At a mass this high it should be possible to detect spectral
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line contamination from the companion in the sdB spectrum. The
radius of the companion is a bit smaller than expected for such
an object, so the mass might be overestimated. The SED fitting
(paper I) indicates that the mass of the sdB is not canonical but
higher. More spectroscopic follow-up is necessary to determine
the log g around phase 0, when the contribution of the compan-
ion is smallest, to constrain the companion better.

2.14. GALEX J0321+4727

Kawka et al. (2010) found GALEX J0321+4727 (GALEX
J032139.8+472716) to be a close sdB binary with a period of
0.26584 d and K1 = 59.8±4.5 km s−1 showing a reflection effect
of about 6%.

The TESS light curve shows this reflection effect with a
larger amplitude, as expected at longer wavelengths (Fig. A.1l).
From the analysis of the light curve we derived an inclination
of 38.6◦ ± 0.9◦, which gives a companion mass and radius of
0.233 ± 0.013 M⊙ and 0.298 ± 0.026 R⊙.

2.15. SDSS J012022+395059

SDSS J012022+395059 (FBS 0117+396) was found to be a sdB
star by Geier et al. (2011b). As this target showed quite a large
radial velocity shift in a short time, it was flagged as a high-
priority target for follow-up. Østensen et al. (2013) showed that
this star exhibits a reflection effect and short-period pulsations.
Additionally they also obtained spectroscopy showing it is in-
deed a close binary system with a period of 0.252013 d.

The analysis of the TESS light curve (Fig. A.1m) resulted in
an inclination of i = 40◦ ± 7◦, giving a companion mass and
radius of 0.161 ± 0.033 M⊙ and 0.241 ± 0.062 R⊙.

2.16. PG 1329+159

PG 1329+159 was discovered to be a sdB star by the Palomar
Green (PG) survey (Green et al. 1986). In a survey to search
for close sdB binaries, Morales-Rueda et al. (2003) found it to
be RV variable with a period of 0.249699 d. Using follow-up
photometry Maxted et al. (2004) found this system to also show
a reflection effect indicating it to be a sdB+dM system.

The analysis of the TESS light curve (Fig. A.1h) gave an in-
clination of i = 37.8◦±2.1◦, resulting in a mass and radius of the
companion of 0.167 ± 0.008 M⊙ and 0.199 ± 0.016 R⊙.

2.17. HS 2333+3927

This target was selected as a hot subdwarf candidate from the
Hamburg-Schmidt (HS) Survey and confirmed as an sdB by
Edelmann et al. (2003), who also identified it to be RV variable
from two spectra. Heber et al. (2004) carried out photometric and
spectroscopic follow-up observations of this target, confirming it
to be a close reflection effect binary with a period of 0.1718023 d
and RV semi-amplitude of K1 = 89.6 km s−1. For the companion
they derived a mass of 0.24 − 0.32 M⊙.

TESS observed this system in two different sectors (sector
16/17; CROWDSAP=0.78/0.75). The amplitude in the first sec-
tor is about 10% larger. We choose the light curve from the sec-
ond sector, as the amplitude of the reflection effect of the first
sector (50%) is much larger than the amplitude expected for the
TESS filter compared to the observations by Heber et al. (2004)
in B (20%),V (25%) and R (30%). This indicates that the light
curve of the first sector seems to be over-corrected.

The analysis of the TESS light curve from sector 17 (see Fig.
A.1o) can confirm the results of Heber et al. (2004), showing
that the correction can be trusted in this case. In their analy-
sis they find that the radius of the sdB is too small compared
to the spectroscopic one. Even using a higher or lower mass
for the sdB cannot solve this issue. It also does not agree with
the radius determined by the SED, which agrees well with the
spectroscopic log g, when assuming a canonical mass. No model
could be found for the correct radius of the sdB, as the size of
the companion would have to be larger than its Roche lobe to
match the amplitude of the reflection effect. By increasing the
absorb factor to absorb=2 we can solve this issue. This has also
been found for other systems (e.g. Schaffenroth et al. 2014b).
One possible explanation for this is that we are using a black-
body instead of a synthetic spectrum for modelling the reflection
effect. This underestimates the flux of the sdB in the UV, and HS
2333+3927 is relatively hot. We get an inclination of 42.8◦±0.5◦
and a mass and radius of the companion of 0.286±0.008 M⊙ and
0.40± 0.02 R⊙ with this assumption. The companion is hence an
early M dwarf. The radius of the companion would be still larger
than expected. To solve this issue the spectral analysis should
be re-done with the newest generation of model spectra to see
whether the problem can be solved, as a higher temperature of
the sdB would also result in a higher reflection effect amplitude.

To check the influence of an amplitude too large, we also fit-
ted the light curve from sector 16. We get the same inclination
but a radius of 0.47 ± 0.02 R⊙, 17% larger than the companion
radius determined by the light curve of the other sector. As ex-
pected, the higher amplitude does not affect the determination of
the inclination but will lead to a higher companion radius.

2.18. UVEX 0328+5035

Verbeek et al. (2012) identified UVEX 0328+5035 (UVEX
J032855.25+503529.8) as a single-lined sdB in the UV-Excess
Survey of the Northern Galactic Plane (UVEX) survey. Kupfer
et al. (2014) obtained spectroscopic and photometric follow-up
observations and found it to be in a close binary with a period of
0.11017 d and a reflection effect amplitude of about 25%.

The TESS light curve (Fig. A.1n) gives an inclination of
41.4◦ ± 0.6◦ and a mass and radius of the companion of 0.160 ±
0.003 M⊙ and 0.160 ± 0.012 R⊙.

2.19. EQ Psc

EQ Psc (PB 5450) was identified as a sdB star by Berger &
Fringant (1980). Green et al. (2003) discovered long-period pul-
sations. From the K2 light curve Jeffery & Ramsay (2014) found
that it not only shows several pulsation periods, but also a re-
flection effect with a period of 0.801 d. Baran et al. (2019) re-
analyzed the photometry after combining it with additional time-
resolved data. They found RV variations (34.9±1.6 km s−1) with
the same period and confirmed the primary to be a sdB star.

The best fit of TESS the light curve (see Fig. A.1g) was found
for an orbital inclination i = 25.4◦±1.5◦, giving us a mass and ra-
dius of the companion of 0.222±0.019 M⊙ and 0.181±0.014 R⊙.
The radius of the companion is significantly smaller as expected
by theoretical calculations (see Fig. 15). The SED and together
with the parallax preferred a sdB mass of 0.35 M⊙, which results
in a mass and radius of the companion of 0.253 ± 0.012 M⊙ and
0.179±0.014 R⊙, which agrees better. Its mass is below the min-
imum mass for core helium burning, which could indicate that
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Fig. 6: TESS light curve of KPD2215+5037 phase-folded to the
dominant peak in the periodogram determined by the light curve.

the hot subdwarf originates from a intermediate-mass progenitor
or is a pre-He WD.

2.20. HE 1318-2111

HE 1318-2111 was discovered to be a sdB star in the EC survey
(Kilkenny et al. 1997). Christlieb et al. (2001) rediscovered it
in the Hamburg/ESO objective-prism (HE) survey. In the ESO
Supernovae type Ia Progenitor survey (SPY) Napiwotzki et al.
(2004) took spectroscopic follow-up of several sdO/B stars and
discovered that HE 1318-2111 was in a close binary system with
a period of 0.487 d. In the TESS light curves we discovered that
it also shows a reflection effect. At the same time Sahoo et al.
(2020) also found the reflection effect in the light curves of sdB
candidates from Geier et al. (2019) derived by the TESS full-
frame images.

From the light curve we derived an orbital inclination of i =
56.5◦ ± 1.7◦, giving us a mass and radius of the companion of
0.158 ± 0.006 M⊙ and 0.277 ± 0.015 R⊙

2.21. KPD2215+5037

KPD2215+5037 was identified as a subdwarf by Downes (1986)
in the Kitt Peak-Downes Survey for Galactic Plane Ultraviolet-
Excess Objects. A survey for RV variable hot subdwarfs by Cop-
perwheat et al. (2011) found it to be varying with a period of
0.809146 d. The TESS light curve shows a variation at 0.3078784
d with the typical shape of an reflection effect. An additional si-
nusoidal variation at 6.5 d is visible. However, this signal proba-
bly originates from a known red, long-period variable 25 arcsec
away. To confirm that the 0.3 d signal is coming from our target,
we also extracted the light curve from the TESS fullframe images
(FFI) from the single pixel, which should not be influenced by
the brighter target. We confirm the 0.3 d signal most likely comes
from our target, and that the longer-period variation does not.
This is also confirmed using the Python package tess-localize3
(Higgins & Bell 2022). To confirm the light curve period, ad-
ditional time-resolved spectroscopy and photometry should be
taken in the future.

2.22. GALEX J1753-5007 – A triple system?

GALEX J1753-5007 (GALEX J175340.5-500741) was discov-
ered in the GALEX survey and classified as a sdB with a F7V
companion due to an infrared SED excess by Németh et al.

3 https://github.com/Higgins00/TESS-Localize
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showing a sdB with a F7V companion.
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Fig. 8: TESS light curve of GALEX J1753-5007 phase-folded to
the dominant peak in the periodogram determined by the light
curve.

(2012). Kawka et al. (2015) took spectroscopic follow-up of this
target confirming it to be RV variable and hence in a close bi-
nary system. As they could not find any variation with an up-
per limit of 20 mmag in the ASAS light curve, they suggested
that the companion is a WD. We can confirm from fitting the
SED (see Fig. 7) that it is a sdB with a F type companion
(Teff,2 = 6000+400

−250 K).

The TESS light curve (Fig. 8) shows clearly a reflection ef-
fect with an amplitude of about 6% with a period of 0.0907405
d. As the TESS filter is much redder than the ASAS filter, the
amplitude in TESS is expected to be significantly higher. That
could explain why the ASAS light curve did not show any vari-
ation. For an sdB + FV star, such a short period is not possible
as the F star would be larger than the orbital separation. So it
is most likely that an inner binary with a cool, low-mass com-
panion is being orbited by a F star in a wide orbit and this is
actually a triple system. Only very few confirmed sdBs in triple
systems are known (see e.g. Pelisoli et al. 2020). The astrometric
orbits, which will be released by Gaia eventually, could confirm
this. So far only astrometric orbits for targets where only one
component is visible were released. The large RUWE of 31.846
already indicates that a single-star solution is not a good fit, sug-
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Fig. 9: Spectral energy distribution of PB5333 showing a sdB
with a K8V companion.

gesting non-negligible astrometric wobble that could be caused
by a longer period companion.

2.23. PB 5333 – A sdB+K system showing spots

PB 5333 (PG 2317+046) was identified as a hot subdwarf by the
Palomar-Green survey (Green et al. 1986). In a search for radial
velocity variation of known sdBs, Edelmann et al. (2004) found
it to be variable with a most probable period of 0.92560(12) d
and a semi-ampliude K = 22.4 ± 0.08 km/s. They stated that
there are eight other probable aliases with periods between 8.0
and 27.4 h. This system was studied further by Copperwheat
et al. (2011), and their data suggested that the period is signif-
icantly longer with a period between 50-70 d. Moreover, they
classified it as composite sdB binary candidate due to the J − K
colors.

Our fit of the SED (see Fig. 9) confirms that suspicion and
we identify it as a sdB with a K8V type companion. The pe-
riodogram of the TESS light curve shows a significant peak at
a period of 0.828417 d with several close neighboring peaks
as well as the first harmonic (Fig. 10). This is typical for stars
showing spots. The shape of the phase-folded light curve also
indicates that. We cannot see any sign of an reflection effect,
which shows that the orbital period of the sdB+K system has
to be longer than 10 d or more depending on the inclination of
the system. The RUWE is only 0.929, much smaller than for
the other composite sdB systems, which could indicate a shorter
period. As such, this system is a strong candidate for a system
between the sdB+dM post-common envelope systems and the
sdB+F/G/K composite post Roche-lobe overflow systems with
hundreds of days period. No such system is known so far. If the
light curve is indeed showing spots, this would allow the deter-
mination of the rotation period of the K companion. The rotation
period seems to be significantly shorter than the orbital period,
suggesting that it was sped up by the previous binary interaction,
as found in Pelisoli et al. (2020) for a majority of the composite
binaries.
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Fig. 10: Periodogram of PB5333
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Fig. 11: Phase-folded TESS light curve of PB5333 showing three
spot periods.

3. Hot subdwarfs with white dwarf companions
showing ellipsoidal deformation and/or beaming
in their light curves

3.1. Method

While searching for light variations of the hot subdwarf binaries
with known orbital periods, we detected several targets showing
small variations with half of the orbital period and uneven min-
ima/maxima. The most probable explanation for these variations
is ellipsoidal deformation of the hot subdwarf due to a nearby
white dwarf companion. We also found several systems showing
tiny variations (∼ 0.01% − 0.1%) with the orbital period that are
most likely due to Doppler beaming of the hot subdwarf, also
indicative of a nearby white dwarf companion. No ellipsoidal
deformation is observed in these cases because the separation of
the components is too large (more details in the next subsection).
Most of these variations would not have been found without pre-
vious knowledge of the orbital period since their periodogram
peaks are barely visible above the noise.

To confirm the ellipsoidal deformation and/or beaming in the
light curves, we fitted them using lcurve as we did for the reflec-
tion effect systems. We assumed the mass and radius of the sdB
as determined by the SED fitting and Gaia parallax (see paper
I), and used the RV semi-amplitude to derive the orbital sepa-
ration from the mass function, and the atmospheric parameters
from the spectral analysis to constrain as many parameters as
possible. For the limb-darkening, gravity darkening and beam-
ing coefficients, we used the values closest to the atmospheric
parameters of the hot subdwarf from the tables of Claret et al.
(2020a,b) for the TESS and Kepler filters.

Similar to the analysis of the reflection effect systems as
shown in Sect. 2, we performed an MCMC varying the incli-
nation as well as the mass ratio and the radius of the sdB us-
ing a prior to include the uncertainties of both parameters. The
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Fig. 12: Phased TESS light curve and RV curve of PG 1232-136.
The upper panel shows the TESS light curve phased with the
period determined from the TESS light curve. The lower panel
shows the RV curve measured by Edelmann et al. (2005) phased
with the same period.

systems showing only Doppler boosting are not sensitive to the
mass or inclination, as shown in Sect. 3.2, and we overplotted
a model using the RV semi-amplitude and an inclination of 80◦
to show that the variation can indeed be explained by Doppler
beaming. In the subsections that follow, we provide more details
on some of the discovered sdB+WD systems. All light curves
can be found in Fig. A.2. The results are summarized in Table 3.

3.2. PG 1232-136

PG 1232-136 was found to be a sdB star in the Palomar-Green
survey (Green et al. 1986). Spectroscopic follow-up by Edel-
mann et al. (2005) revealed that it is in a close binary system
with 0.3630 d period and a quite large RV amplitude (129.60 ±
0.4 km s−1). Geier et al. (2010b) constrained the rotational veloc-
ity of the sdB to vrot sin i < 5 km s−1. Assuming synchronization
they derived the minimum mass of the companion to be 6 M⊙.
As the companion is not visible in the spectrum, they claimed it
to be a black hole candidate.

The TESS light curve showed a tiny variation with an am-
plitude of only about 0.2% amplitude with the orbital period de-
rived be the RV curve suggesting a reflection effect. The light
curve analysis showed that the variation could be explained by a
reflection effect with the size and mass of a He-WD companion.
Phasing the RV curve and the light curve to the same ephemeris
however showed that the variation is not a reflection effect but
most likely Doppler beaming resulting from the high velocity of
the sdB, as the light variation is aligned with the RV variation
and we observe the highest flux when the sdB is moving towards
us (see Fig. 12). To check if this can help us constrain the nature
of the companion, we calculated several light curve models with
different inclinations. Unfortunately, even at lower inclinations
(i.e., higher companion masses), one would not expect to detect
the ellipsoidal deformation of the sdB (see Fig. 13). Hence, we
observe only the beaming of the sdB, which varies with the radial
velocity curve, and thus the light curve does not give us any ad-
ditional information. If we detect the same signal in an unknown
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Fig. 13: Phased TESS light curve PG 1232-136. The upper panel
shows the TESS light curve phased with the period determined
from the TESS light curve together with a model with only el-
lipsoidal deformation of the sdB in blue and also with Doppler
beaming in red. The lower panel shows the residual between the
model with beaming effect and the data.

sdB binary, we could predict the amplitude of the RV curve how-
ever. This also means that it is not possible to constrain the mass
of the companion, as we cannot constrain the inclination. For
the rest of the sdB+WD systems showing only beaming in the
light curve, we overplotted the synthetic light curve calculated
using the sdB radius and mass, as well as the mass ratio and or-
bital separation derived by the RV semi-amplitude and orbital
period from the light curve to show that the variation can indeed
be explained by beaming (Fig. A.2 i-x). In total we could detect
Doppler beaming in 16 sdB binaries with periods from 9 hours
to 5.9 days.

3.3. GD 687

GD 687 was classified first as a WD by Guseinov et al. (1983).
Lisker et al. (2005) revised that classification and determined the
star to be a sdB instead. Geier et al. (2010a) discovered that it is
RV variable with a period of 0.37765 d. Using the assumption of
a tidally locked rotation they derive a mass of 0.7 ± 0.2 M⊙ for
the companion, which would mean it is very likely a CO WD.

The system was also observed by TESS, and the phased light
curve (Fig. A.2a) shows a sinusoidal variation with a period of
half of the orbital period, which is most likely due to ellipsoidal
deformation. From the fit of the light curve we get an inclination
of 58◦ ± 8◦ with a mass ratio of 1.23+0.24

−0.14, which constrains the
white dwarf companion to a He WD with a mass of 0.35+0.09

−0.06 M⊙,
as the mass of the sdB is only 0.283+0.042

−0.037 M⊙. This means that
the sdB is more likely a pre-He WD instead of a helium-core
burning object.

3.4. GALEX J0751+0925

GALEX J0751+0925 (GALEX J075147.0+092526) was found
to be a sdB by Németh et al. (2012). Kawka et al. (2015) carried
out spectroscopic follow-up of this star and discovered that it is
in a close binary with a period of 0.178319 d. They also checked
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Table 3: Period, RV curve parameters, inclination, mass ratio, separation, and companion mass of the analysed ellipsoidal systems
together with the minimum companion mass.

target PRV γ K1 i q a M2 M2,min(MsdB = 0.4)
[d] [km/s] [km/s] [◦] [R⊙] [M⊙] [M⊙]

PG1043+76 0.1201506 24.80 63.60 15 ± 0.6 1.65 ± 0.11 0.94 ± 0.04 0.48 ± 0.08 0.09
GALEXJ075147.0+092526 0.178319 15.50 147.70 74 ± 10 0.85+0.09

−0.04 1.19 ± 0.08 0.31+0.07
−0.03 0.31

HS1741+213 0.2 - 157 47 ± 11 1.450.65
0.3 1.4 ± 0.3 0.58+0.3

−0.15 0.36
PG1136-003 0.207536 23.30 162.00 75 ± 11 0.90+0.10

−0.04 1.4 ± 0.1 0.45+0.08
−0.04 0.38

GD687 0.37765 32.30 118.30 58 ± 8 1.23+0.24
−0.14 1.9 ± 0.2 0.35+0.09

−0.06 0.32
GALEXJ234947.7+384440 0.462516 2.00 87.90 70 ± 10 0.64+0.08

−0.04 2.2 ± 0.2 0.26+0.04
−0.04 0.24

PG0101+039 0.569899 7.30 104.70 89.4 ± 0.6 0.8174+0.0001
−0.0001 2.53 ± 0.01 0.34+0.04

−0.04 0.33
EC13332-1424 0.82794 -53.20 104.10 82 ± 2 1.0+0.1

−0.1 3.4 ± 0.2 0.40+0.06
−0.06 0.39

PG1232-136 0.363 4.10 129.60 - - - - 0.36
PG1743+477 0.515561 -65.80 121.40 - - - - 0.39
PG1519+640 0.54029143 0.10 42.70 - - - - 0.10
GALEXJ025023.8-040611 0.6641 0.00 93.90 - - - - 0.30
PG1648+536 0.6109107 -69.90 109.00 - - - - 0.36
EC22202-1834 0.70471 -5.50 118.60 - - - - 0.44
EC02200-2338 0.8022 20.70 96.4 - - - - 0.35
TONS183 0.8277 50.50 84.80 - - - - 0.29
EC21556-5552 0.834 31.40 65.00 - - - - 0.21
PG1000+408 1.049343 56.60 63.50 - - - - 0.22
GALEXJ225444.1-551505 1.2270200000 4.20 79.70 - - - - 0.32
PG0133+114 1.23787 -0.30 82.00 - - - - 0.34
PG1512+244 1.26978 -2.90 92.70 - - - - 0.41
UVO1735+22 1.278 20.60 103.00 - - - - 0.48
PG0934+186 4.051 7.70 60.30 - - - - 0.38
CD-24731 5.85 20.00 63.00 - - - - 0.50

the light curve of the system taken by the All Sky Automated
survey (ASAS, Pojmanski 1997) but could not see any varia-
tion with a upper limit of 44 mmag. So they concluded that the
unseen companion is most likely a WD.

The TESS light curve of this system (see Fig.A.2b) varies
with half of the orbital period most likely due to ellipsoidal de-
formation confirming that the companion is indeed a WD. Our
analysis results in an inclination of i = 74 ± 10◦ and a mass ra-
tio of 0.85+0.09

−0.04, making the companion a He WD with a mass of
0.31+0.07−0.03 M⊙.

3.5. PG 1043+760

PG 1043+760 was identified to be a hot subdwarf in the PG sur-
vey (Green et al. 1986). Maxted et al. (2001) discovered it to be
in a close binary with a period of 0.12 d. They could not detect
any light variations and claimed therefore that the companion
must be a low-mass He WD.

The light curve of PG 1043+760 (see Fig. A.2c) observed
by TESS shows ellipsoidal modulation and beaming with an am-
plitude of only 0.2%. From modelling the light curve we derive
a very low inclination of only 15◦ ± 0.6◦ and a mass ratio of
1.65±0.11, which results in a companion mass of 0.48±0.08 M⊙
and hence the companion could be a CO WD or a He WD orbit-
ing a sdB with a mass of 0.368+0.05

−0.046 M⊙.

3.6. PG 1136-003

PG 1136-003 was also found to be a sdB by Green et al. (1986).
Spectroscopic follow-up by Geier et al. (2011a) showed a large
RV shift over a period of one day and made it a high priority
target. Geier et al. (2011b) showed that it is a close binary with

a period of 0.207536 d. The companion has a minimum mass of
0.42 M⊙ and is most likely a WD.

The 30 min K2 light curve of PG 1136-003 (see Fig. A.2e)
clearly shows ellipsoidal modulation as well as beaming due to
a massive compact companion confirming that it is most likely
a WD companion. As the cadence of the light curve is 10% of
the orbital period, smearing will be quite important and the am-
plitude of the ellipsoidal modulation will be underestimated. So
photometric follow-up has to be obtained for an analysis of the
system. Luckily the system was also observed in TESS with a
2 min cadence. The analysis of this light curve resulted in an
inclination of 75◦ ± 11◦, as well as a mass ratio of 0.90+0.10

−0.04 cor-
responding to a companion mass of 0.45+0.08

−0.05 M⊙. With this mass
the companion could be a He WD or a low-mass CO WD orbit-
ing a sdB star with 0.501+0.096

−0.078 M⊙.

3.7. HS1741+2133

HS 1741+2133 was identified as a sdB by Edelmann et al.
(2003). Kupfer et al. (2014) observed this system further and
found it to be a close sdB binary with a period of 0.2 d and
a semi-amplitude of K1 = 157 km/s, giving a minimum com-
panion mass of 0.39 M⊙. As no photometric variability with an
upper limit of 6 mmag was found by Dreizler et al. (2002), they
concluded that the companion must be a WD.

HS1741+2133 was only observed on the full-frame images
in sector 26 with an exposure time of 1426 sec resulting in 12
data points per orbital period. Phase-folding it to the orbital pe-
riod showed an ellipsoidal deformation (Fig. A.2d). From the
light curve we obtain an inclination of 47◦ ± 11◦ resulting in
a companion mass of 0.58+0.3

−0.15 M⊙. So the companion is most
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likely a CO WD. To exclude smearing effects the analysis should
be repeated with a higher cadence light curve.

3.8. EC 13332-1424

EC 13332-1424 was classified as a sdB in the EC survey
(Kilkenny et al. 1997). Spectroscopic follow-up by Copperwheat
et al. (2011) showed that the sdB is in a close binary system with
a period of 0.82794 d with a semi-amplitude of the RV curve of
104.1±3.0 km s−1. Using this result we can calculate a minimum
mass of the companion of 0.43 M⊙, so it is most likely a white
dwarf.

EC 13332-1424 was observed in the K2 mission and in the
light curve a clear periodic signal with the orbital period is visi-
ble (see Fig. A.2f). There is one dominating peak visible, which
is most likely resulting from Doppler beaming as in PG 1232-
136. Moreover, there is a smaller variation apparent most likely
due to a tiny ellipsoidal deformation. From the light curve we
can constrain the inclination to i = 82◦ ± 2◦ resulting in a He-
WD companion with a mass of 0.4±0.06 M⊙ assuming the most
probable mass of an sdB with a WD companion (0.4 M⊙, see
paper I).

3.9. PG0101+039

PG0101+039 (Feige 11) was classified as A0p star by Feige
(1958). Later this classification was revised in the PG survey
(Green et al. 1986) and the star identified as sdB star. Maxted
et al. (2001) showed that the sdB is in a close binary with pe-
riod of 0.567 d orbited by a white dwarf companion. Green et al.
(2003) discovered that the sdB also shows low-amplitude long-
period pulsations. Randall et al. (2005) analyzed the ∼ 400 h
long light curve of PG0101+039 observed with the MOST satel-
lite and found that, in addition to several pulsation modes, a
long-period variation is also visible with half the orbital period
and likely originates from ellipsoidal deformation of the sdB.
Geier et al. (2008) investigated this system further by trying to
model the ellipsoidal deformation by determining the inclination
by measuring the rotational velocity of the sdB and assuming
synchronization. They found that the amplitude of the variation
is of the order of what is expected from ellipsoidal deformation,
but the period was not sufficiently well determined to match the
light variations with the RV variations.

PG0101+039 was also observed by the K2 mission. The light
curve phased to the orbital period is shown in Fig. A.2g. The
main variation seems not to be half of the orbital phase, but in-
stead the light curve seems to vary with the full orbital period
and is dominated by beaming. However, there is a second, much
smaller peak at half of the orbit showing a tiny ellipsoidal defor-
mation. From the light curve we get a good solution for a very
high inclination close to 89.4◦ ± 0.06◦, resulting in a mass ra-
tio of 0.1874+0.0001

−0.0001 corresponding to a He WD companion with
0.34 ± 0.04 M⊙.

3.10. GALEX J234947.7+384440

GALEX J234947.7+384440 was identified as an RV variable
sdB by Kawka et al. (2010). From the lack of photometric vari-
ability they suggested that the companion is most likely a WD
with a minimum mass of 0.24 M⊙.

The TESS light curve (Fig. A.2h) clearly shows two peaks
over one orbital period, indicating Doppler beaming and ellip-
soidal modulation. We get a good solution for an inclination of
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Fig. 14: RV curve of KPD 0629-0016 phased to the most
probable orbital period with the best-fitting RV model curve
shown with the black sinusoidal curve. The data observed with
the EMMI spectrograph is shown with the black circles, the
EFOSC2 data with the black squares. The lower panel shows
the residuals.

70◦ ±10◦. This corresponds to a He WD companion with a mass
of only 0.26 ± 0.04 M⊙.

3.11. KPD 0629-0016

KPD 0629-0016 was first discovered to be a slowly pulsating
sdB star by Koen (2007). The observation of the sdB by the
CoRoT (COnvection, ROtation, and planetary Transits) satel-
lite (Baglin et al. 2006) opened a new era in sdB asteroseis-
mology leading to the detection of a large number of g-mode
pulsations (Charpinet et al. 2010). This rich spectrum could be
used to derive the structural and core parameters of the sdB
(Van Grootel et al. 2010). An additional binary signal could not
be found in the CoRoT data, however as a lot of binary sys-
tems have orbital periods in the same range as the g-mode pul-
sations, so it is not easy to find them in the light curve. We
took spectroscopic follow-up of this sdB to search for RV vari-
ations in three runs with the EMMI and EFOSC2 spectrograph
mounted at the ESO/NTT telescope in Chile (080.D-0685(A),
082.D-0649(A), 092.D-0040(A), PI: S. Geier). More details to
the observations and the RV determination can be found in Geier
et al. (2014). The RV curve phased to the most probable orbital
period (0.8754 ± 0.0001 d) can be found in Fig. 14 and is result-
ing in a semi-amplitude of K1 = 64.4 ± 3.4 km/s, from which
a minimum mass of 0.22 M⊙ can be derived for the companion.
As in the CoRoT light curve no period near the orbital period
could be detected, a M dwarf companion can most likely be ex-
cluded and the companion has to be a WD. The system was also
observed by TESS in sector 6 and 33. The analysis of the light
curve also shows no detectable period close to the orbital period
with an upper limit of 1.0% confirming that the companion is
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Fig. 15: Mass-radius relation of the companions in the analyzed
reflection effect systems compared to theoretical calculations by
Baraffe et al. (2015).
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Fig. 16: Inclination distribution of the analyzed reflection effect
systems. The black line shows the number of systems we expect,
when we assume that the orientation of a sdB binary is uniformly
distributed. Due to the projection effect it is much more likely to
find binary systems at high rather than low inclinations.

most likely a WD, but the quality of the light curve is not high
enough to detect light variations.

4. Discussion and Conclusions

For the first time we analyze a larger sample of reflection effect
systems and derive the masses and radii of the companion under
the assumption of a canonical mass sdB, which is the most likely
mass as shown by the mass distribution of the sdBs in HW Vir
systems (see paper I), as well as the radius of the sdB derived by
the fit of the SED and the Gaia parallax (paper I).

To check the validity of our method we also compared the
mass and radius we derive for the companion to theoretical mass-
radius relations by Baraffe et al. (2015). This is shown in Fig. 15.
There is some scatter, which is also found by other investigations
(e.g. Parsons et al. 2018), but most of the companions agree well
with the theoretical predictions. This shows that our assumption
of the canonical mass is not so far off and our method works
quite well. A change in the assumed mass of the sdB will lead to
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Fig. 17: Period vs companion mass for the reflection effect sys-
tems (sdB+dM, with red squares) and the ellipsoidal modulation
systems (sdB+WD, with blue circles)

a systematic shift of the companion mass. In the future the sdB
mass should be constrained using the SED fit and Gaia parallax,
after a careful determination of the atmospheric parameters at
phase 0. This will allow the determination of reliable companion
masses and radii as well as reliable error bars.

The orientations of sdB binaries in space should be uni-
formly distributed. Thus, higher inclinations should be more
likely than low inclinations due to the projection effect. The
probability of a system to have an inclination lower than a cer-
tain value i0 can easily be calculated by Pi<i0 = 1 − cos i◦0 (Gray
2005). We can use this to estimate how many systems we expect
to find below a certain inclination and compare this to the in-
clination distribution we measure. This comparison is shown in
Fig. 16. As we are only including non-eclipsing systems, we do
not find any systems with inclinations higher than ∼ 55◦. More-
over, most of the analyzed systems are systems which have been
found before in different ways and are not homogeneously se-
lected. Nevertheless, we get quite a nice agreement, showing that
we can indeed derive inclinations from the reflection effect sys-
tems. At the highest inclinations the measured distribution starts
to deviate from expectation. This could mean that we find ei-
ther too few systems with high inclination or too many with low
inclination. The inhomogeneous target selection might explain
the discrepancy, as quite a number of systems showing small
RV variations were followed up to find very low-mass brown
dwarf companions. We have shown that most of them just have
low inclinations, and so the companions are M dwarfs instead
(KBS13, BPS CS 22169-1, PHL457, CPD-64 481). Moreover, at
the highest inclinations > 55/60◦, we are starting to see eclipses,
depending on the size of the sdB and the companion, and so they
are excluded from our sample.

Our sample of reflection effect systems includes sdBs with
companions covering the entire mass range of dM stars from the
hydrogen burning limit to early M dwarfs with masses around
0.4 M⊙, and also a large part of the period range from 0.1 to 0.8
d.

We also found 24 sdB+WD systems showing tiny variations
with amplitudes below ∼ 0.1% due to Doppler beaming or el-
lipsoidal deformation. Fitting of the light curves allowed us to
derive the masses of the WD companion for 8 systems. We de-
rive masses for the companions from 0.25 to 0.6 M⊙ with orbital
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periods of this systems from 0.132 to 0.83 d. With the exception
of two systems, the companions are most likely He WDs.

16 longer period systems show only Doppler beaming, and
so no additional information can be derived from the light curve
in this case, as the semi-amplitude of the RV curve K1 was de-
rived before. We could show that the variation could indeed be
explained by Doppler beaming by overplotting a model calcu-
lated using the sdB radius and the K1. Finding more Doppler
beaming in systems without solved orbits, will allow us to de-
rive the period and the K1 without spectroscopy.

To study the companion masses and types over the period
range we also plotted the period-companion mass diagram (see
Fig. 17). For the sdB+dM systems we can see that there is no
relation between period and companion mass, which is also pre-
dicted by population synthesis studies (Han et al. 2002, 2003).
Most dM companions have masses between 0.15 to 0.25 M⊙.
A few of the M dwarf companions have also higher and lower
masses. For the sdB+WD systems we can see that the highest
companion masses are found at the shorter periods below 0.2
d, where we have two WD companions which are more likely
to be CO WDs. The rest of the companions have masses below
0.45 M⊙ and are most likely He WDs.

In this paper we show that we can constrain the masses of
the companions in reflection effect systems without eclipses as
well as in systems showing low-amplitude variations due to el-
lipsoidal modulation for longer period sdB+WD systems using
the high signal-to-noise light curves provided by TESS and K2.
This increases the sample of studied sdBs in close post-common
envelope binaries significantly. So far we already found 85 new
reflection effect systems in the TESS light curves up through sec-
tor 36 (see paper I), which can be analyzed in the future when
time-resolved spectroscopic follow-up was taken for them and
more systems were already observed or will be observed in the
next TESS sectors. This will provide a very large sample of stud-
ied post-common envelope systems ideal to constrain the com-
mon envelope phase in the future as done e.g. in Ge et al. (2022).
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Appendix A: Light curves of the reflection effect, ellipsoidal and Doppler beaming systems
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Fig. A.1: Phased light curve (given by the red squares) together with the best-fit model given by the black line. The lower panel
shows the residuals.
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Fig. A.1: Phased light curve (given by the red squares) together with the best-fit model given by the black line. The lower panel
shows the residuals (continued).
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Fig. A.1: Continuation: Phased light curve (given by the red squares) together with the best-fit model given by the black line. The
lower panel shows the residuals (continued).
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Fig. A.1: Phased light curve (given by the red squares) together with the best-fit model given by the black line. The lower panel
shows the residuals (continued).
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Fig. A.2: Binned light curve of the newly confirmed sdB+WD systems with best model fit shown with the black line and the
residuals in the lower panel.
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Fig. A.2: Binned light curve of the newly confirmed sdB+WD systems with best model fit shown with the black line and the
residuals in the lower panel (continued).
Article number, page 22 of 23



Schaffenroth et al.: Close sdB binaries from TESS II

0.997

0.998

0.999

1.000

1.001

1.002

1.003

1.004

no
rm

al
ize

d 
flu

x

0.2 0.0 0.2 0.4 0.6 0.8
0.0025
0.0000
0.0025

re
sid

ua
ls

(q) PG1743+477

0.997

0.998

0.999

1.000

1.001

1.002

1.003

1.004

no
rm

al
ize

d 
flu

x

0.2 0.0 0.2 0.4 0.6 0.8
phase [JD]

0.0025
0.0000
0.0025

re
sid

ua
ls

(r) PG1648+536

0.998

0.999

1.000

1.001

1.002

no
rm

al
ize

d 
flu

x

0.5 0.0 0.5 1.0 1.5
phase [JD]

0.000

0.002

re
sid

ua
ls

(s) PG1000+408

0.00075

0.00050

0.00025

0.00000

0.00025

0.00050

0.00075

0.00100

no
rm

al
ize

d 
flu

x

+1

0.25 0.00 0.25 0.50 0.75 1.00 1.25
phase [JD]

0.0005
0.0000
0.0005

re
sid

ua
ls

(t) TON S183

0.9980

0.9985

0.9990

0.9995

1.0000

1.0005

1.0010

1.0015

1.0020

no
rm

al
ize

d 
flu

x

0.5 0.0 0.5 1.0 1.5
phase [JD]

0.001
0.000
0.001

re
sid

ua
ls

(u) GALEX J225444.1-551505

0.00075

0.00050

0.00025

0.00000

0.00025

0.00050

0.00075

0.00100

no
rm

al
ize

d 
flu

x

+1

0.5 0.0 0.5 1.0 1.5
phase [JD]

0.0005
0.0000
0.0005

re
sid

ua
ls

(v) PG0133+114

0.9985

0.9990

0.9995

1.0000

1.0005

1.0010

1.0015

1.0020

no
rm

al
ize

d 
flu

x

2 1 0 1 2 3 4 5 6
phase [JD]

0.001
0.000
0.001

re
sid

ua
ls

(w) PG0934+186

0.99900

0.99925

0.99950

0.99975

1.00000

1.00025

1.00050

1.00075

no
rm

al
ize

d 
flu

x

2 0 2 4 6 8
phase [JD]

0.0005
0.0000
0.0005

re
sid

ua
ls

(x) CD-24731

Fig. A.2: Binned light curve of the newly confirmed sdB+WD systems with best model fit shown with the black line and the
residuals in the lower panel (continued).
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