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A B S T R A C T 

The white dwarf binary pathways surv e y is dedicated to studying the origin and evolution of binaries containing a white dwarf 
and an intermediate-mass secondary star of the spectral type A, F, G, or K (WD + AFGK). Here, we present CPD-65 264, a 
new post-common envelope binary with an orbital period of 1.37 d that contains a massive white dwarf (0 . 86 ± 0 . 06 M �) and 

an intermediate-mass (1 . 00 ± 0 . 05 M �) main-sequence secondary star. We characterized the secondary star and measured the 
orbital period using high-resolution optical spectroscopy. The white dwarf parameters are determined from HST spectroscopy. 
In addition, TESS observations revealed that up to 19 per cent of the surface of the secondary is co v ered with starspots. Small 
period changes found in the light curve indicate that the secondary is the second example of a G-type secondary star in a 
post-common envelope binary with latitudinal differential rotation. Given the relatively large mass of the white dwarf and the 
short orbital period, future mass transfer will be dynamically and thermally stable and the system will evolve into a cataclysmic 
variable. The formation of the system can be understood assuming common envelope evolution without contributions from 

energy sources besides orbital energy. CPD-65 264 is the seventh post-common envelope binaries with intermediate-mass 
secondaries that can be understood assuming a small efficiency in the common envelope energy equation, in agreement with 

findings for post-common envelope binaries with M-dwarf or substellar companions. 

K ey words: stars: acti vity – binaries: close – stars: solar-type – white dwarfs. 
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 I N T RO D U C T I O N  

lose binary stars containing at least one white dwarf are im-
ortant for a wide variety of astrophysical contexts ranging from 

nderstanding the occurrence rates and delay time distributions of 
N Ia explosions (e.g. Mennekens et al. 2010 ) to characterizing 

he low frequency gravitational wave background (e.g. Korol et al. 
017 ). Despite this importance, we still do not fully understand the
ormation and evolution of these fascinating objects. 

The formation of most white dwarf binaries with periods shorter 
han a few weeks is thought to be caused by common envelope
volution (Paczynski 1976 ; Webbink 1984 ). Indeed, the distributions 
f these close white dwarf binaries with M-dwarf (Zorotovic et al. 
010 ; Camacho et al. 2014 ) or substellar companions (Lagos et al.
021 ; Zorotovic & Schreiber 2022 ) can be well reproduced by simple
rescriptions of common envelope evolution. 
 E-mail: mercedes.hernandez@postgrado.uv.cl (MSH); 
atthias.schreiber@usm.cl (MRS) 
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The situation is more complex when the initial main-sequence 
inary consists of two stars with masses � 1M �. Such binaries
re the progenitors of close white dwarf binaries with secondary 
tars � 1M � as well as of close double white dwarfs. It seems
hat for these populations, models based on common envelope 
volution alone are unable to reproduce the characteristics of 
bserved samples (e.g. Nelemans et al. 2000 ). Instead at least two
volutionary channels, i.e. common envelope evolution and stable 
ut non-conserv ati ve mass transfer seem to be required to explain
he observed populations in both cases (Webbink 2008 ; Woods et al.
012 ; Lagos et al. 2022 ). In addition, at least one system (IK Peg)
an only be understood as a post-common envelope binary if energy
ources in addition to orbital energy contribute during the common 
nv elope phase. Interestingly, IK Pe g contains a massiv e white
warf (1.19 M �) and it has therefore been suggested that if mass
ransfer starts when a relatively massive donor star is close to the tip
f the asymptotic giant branch (AGB), recombination energy might 
lay an important role (Rebassa-Mansergas et al. 2012b ). 
Ho we ver, the currently av ailable observed samples of both close

ouble white dwarfs (e.g. Napiwotzki et al. 2020 ; Schreiber et al.
022 ) and close white dwarf with F or G type companions (Lagos
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t al. 2022 ) are rather small and/or heavily affected by selection
ffects. In particular, IK Peg remains the only systems containing a
elati vely massi ve white dwarf (exceeding 0 . 8 M �) and it therefore
emains unclear whether other energy sources during common
nvelope evolution need to be considered for all post-common
nvelope binaries that contain massive white dwarfs or if IK Peg
s perhaps just an outlier and the o v erall population of post-common
nvelope binaries can be understood considering only orbital energy
uring common envelope evolution. To progress with this situation,
e are currently performing a large-scale surv e y of white dwarfs
ith close intermediate-mass companions � 1 M � The White Dwarf
inary Pathways Survey . 
Finding white dwarfs in close binary systems is relatively simple

f the companion is of a substellar class or a low-mass main-
equence (spectral type M) star (Rebassa-Mansergas et al. 2010 ,
016 ). Ho we ver, when the companion to the white dwarf is of
pectral type A, F, G, or early-K, the latter completely outshines
he white dwarf at optical wavelengths which makes finding these
bjects in spectroscopic surv e ys difficult. To o v ercome this prob-
em, we combined optical (e.g. The Radial Velocity Experiment-
AVE; Kordopatis et al. 2013 ) and ultraviolet observations (Galaxy
v olution Explorer - GALEX ; Bianchi 2014 ), to select main-sequence
tars with an excess at ultraviolet wavelengths which is indicative for
he presence of a white dwarf companion star (Parsons et al. 2016 ;
ebassa-Mansergas et al. 2017 ). 
Here, we present a detailed characterization of CPD-65 264, a

hite dwarf with a G-type secondary star in a close orbit (1.37 d).
he system can be understood as a post-common envelope binary

hat did not require any additional energy (apart from orbital energy)
o expel the envelope of the giant and that simply will evolve into a
ataclysmic variable in the future. This system increases the number
f known post-common envelope binaries with intermediate-mass
econdaries to seven (Parsons et al. 2015 ; Hernandez et al. 2021 ,
022 ). Among the systems disco v ered by our surv e y, CPD-65 264
ontains the most massive white dwarf (0.86 M �). The large mass
f the white dwarf in CPD-65 264 implies that the progenitor of the
hite dwarf had evolved to late stages on the AGB when the mass

ransfer started that led to common envelope evolution. As shown
y Rebassa-Mansergas et al. ( 2012b , their fig. 6), post-common
nvelope binaries containing white dwarf masses exceeding ∼0.8 M �
re the most suitable targets to test common envelope theories
ecause already at relatively short periods ( � 3 − 4 d depending
omewhat on the secondary star mass) these systems would provide
vidence for extra energy sources contributing to common envelope
volution. The fact that the period of CPD-65 264 is well below
his threshold further indicates that in the vast majority of cases
rbital energy is sufficient to explain the observed properties of post-
ommon envelope binaries. Perhaps, only for post-common envelope
inaries with very large white dwarf masses, exceeding 1 M � such as
he white dwarf in IK Peg, recombination energy becomes important.

Using the available Transiting Exoplanet Survey Satellite ( TESS ;
icker et al. 2015 ) data, we also find the secondary star to be
ifferentially rotating and v ery activ e (spots co v er 8–19 per cent of its
urface). As we have observed similar patterns in two post-common
nvelope binaries previously characterized by our survey, differential
otation seems to rather frequently occur in rapidly rotating G-
ype stars. TESS light curves of post-common envelope binaries can
herefore be used to study activity in the fast rotation regime. 

 OBSERVATION S  

e used optical high-resolution spectroscopy to determine the orbital
eriod of the system and to characterize the secondary star. HST
NRAS 517, 2867–2875 (2022) 
ar -ultra violet spectroscopy was used to measure the white dwarf
arameters. In what follows, we briefly describe the observational
etups and data reduction tools that we utilized to study CPD-65 264.

.1 High-resolution optical spectroscopy 

e carried out time-resolved high-resolution optical spectroscopic
ollo w-up observ ations to confirm the close binarity of CPD-65 264
y measuring the radial velocity variations. We used the Ultraviolet
nd Visual Echelle Spectrograph (UVES; Dekker et al. 2000 ) on the
SO-VLT and the Fiber-fed Extended Range Optical Spectrograph

FEROS; Kaufer et al. 1999 ) at the 2.2 m-MPG telescope. The
bservations carried out with UVES have a spectral resolution of
8 000 for a 0.7-arcsec slit. With its two-arms, UVES co v ers the
avelength range of 3000–5000 Å (blue) and 4200–11 000 Å (red),

entred at 3900 and 5640 Å, respectively. Standard data reduction
as performed using the specialized pipeline ESOREFLEX workflow

Freudling et al. 2013 ). The data obtained with FEROS have a
esolution of R ≈ 48 000 and co v ers the wavelength range from
3500 to 9200 Å. The spectra were extracted and analysed with the

ERES code (Jord ́an et al. 2014 ; Brahm, Jord ́an & Espinoza 2017 ), an
utomated pipeline developed to process spectra coming from dif-
erent instruments in an homogeneous and robust manner following
he procedures described in Marsh ( 1989 ). The instrumental drift in
avelength through the night was corrected with a secondary fiber
bserving a Th-Ar lamp. 

.2 HST spectroscopy 

ith the purpose of confirming the presence of the white dwarf
nd measuring its mass, we performed far -ultra violet spectroscopic
bservations with the Space Telescope Imaging Spectrograph (STIS;
imble et al. 1998 ) onboard of the HST . The observation was

arried out on 2021 April 21 as part of the program N 

o 16224
 v er a single spacecraft orbit resulting in a spectrum with a total
xposure time of 2526 s. We used the MAMA detector and the G140L
rating providing a spectral resolution between 960 and 1440 over
he wavelength range of 1150–1730 Å. The far -ultra violet spectrum
as extracted and wavelength calibrated following the standard
rocedures on the STIS pipeline (Sohn et al. 2019 ). 

 BI NARY  A N D  STELLAR  PA R A M E T E R S  

n this section, we describe how we use the abo v e described
bservations to determine the binary and stellar parameters of the
ystem. 

.1 Orbital period 

he first step to obtain the orbital period is to calculate the radial
elocities from the high-resolution spectra. For the UVES spectra
e used the cross-correlation technique against a binary mask

epresentative of a G-type star. The uncertainties in radial velocity
ere computed using scaling relations (Jord ́an et al. 2014 ) with the

ignal-to-noise ratio and width of the cross-correlation peak, which
as calibrated with Monte Carlo simulations. Radial velocities from
EROS spectra were obtained during data processing with the CERES

ode that also calculates radial velocities using cross-correlation. A
otal of 15 spectra were analysed, the entire list of measured radial
elocities can be found in Table 1 . The statistical uncertainties of the
adial v elocities deriv ed from the UVES data are slightly larger than
hose derived from FEROS because the weather conditions were
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Table 1. CPD-65 264 radial v elocity measurements. The giv en uncertainties 
are purely statistical. 

Instrument BJD RV Error 
(km s −1 ) (km s −1 ) 

FEROS 2457000.73641 6 .92 0.08 
FEROS 2457001.73740 − 78 .53 0.13 
FEROS 2457002.73840 55 .30 0.10 
FEROS 2457003.54079 36 .24 0.08 
FEROS 2457003.62190 71 .67 0.09 
FEROS 2457003.67652 91 .36 0.08 
FEROS 2457003.73820 107 .96 0.09 
FEROS 2457003.79036 116 .33 0.09 
FEROS 2457004.53880 − 81 .35 0.19 
FEROS 2457004.69224 − 55 .47 0.09 
FEROS 2457004.75222 − 34 .29 0.10 
FEROS 2457004.80855 − 10 .69 0.12 
FEROS 2457383.58068 103 .14 0.08 
UVES 2458231.49972 63 .35 0.29 
UVES 2458352.87197 − 56 .65 0.71 

Figure 1. Periodogram of the radial velocity measurements of CPD-65 264. 
The highest peak corresponds to the orbital period of the system. The fit 
provides a χ2 of 104.8 and a reduced χ2 of 8.7. This relatively large 
value indicates that systematic errors slightly dominate the purely statistical 
uncertainties of our radial velocity measurements. 
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Figure 2. Radial velocity curve of CPD-65 264 phase folded over the orbital 
period of 1.37 d. Radial velocities measurements derived from spectra taken 
with FEROS are represented with the green dots, while the red diamonds 
represent radial velocities measured from UVES spectra. The residuals exceed 
what is expected from the very small statistical uncertainties and indicate that 
a systematic error of the order of ∼1.93 km s −1 dominates. 
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lightly worse which translated to a slightly lower signal-to-noise 
atio. 

We used the radial velocities to calculate the orbital period follow- 
ng a least-squares spectral analysis, i.e. we fitted the measurements 
ith a sinusoid of a range of periods and determined χ2 . The
ighest peak (smallest χ2 ) in Fig. 1 provides the orbital period of
.3704 d. The phase-folded radial velocity curve is shown in Fig. 2
nd clearly illustrates the o v erall agreement of the fit with the data.
nspecting the residuals, ho we ver, we note that the scatter of the
easurements around the model solution is larger than expected 

rom the statistical uncertainties of our radial velocity measurements. 
his is in agreement with the relatively large reduced χ2 of 8.7 we
btained from the sinosoidal fit and indicates that the statistical errors
f our radial velocity measurements significantly underestimate the 
rue uncertainties, i.e. systematic errors dominate the radial velocity 
easurements. We used the scatter around the sinosoidal fit to 

stimate the systematic error and obtained 1.93 km s −1 (standard de- 
iation). As discussed in Parsons et al. ( 2015 ), this systematic radial
elocity uncertainty is likely due to the main-sequence star’s large 
otational broadening causing small systematic errors during the 
ross-correlation process. For completeness, we note that performing 
he period determination with the larger systematic uncertainties 
eads to exactly the same results (except of an unimportant increase
f the uncertainty of the measured orbital period). 

.2 The secondary star 

e adopted the method described in Hernandez et al. ( 2022 ) to
easure the stellar parameters of the main-sequence star. The pro- 

edure is divided in two steps. First, we determined the initial values
or ef fecti ve temperature ( T eff ), surface gravity (log g ), metallicity
 Z ), and rotational broadening ( vsin i ), by normalizing one of the
EROS spectra and fit it with MARCS.GES 

1 models (Gustafsson 
t al. 2008 ) using iSpec (Blanco-Cuaresma et al. 2014 ). We started
ff this spectral fit at the values delivered by the CERES pipeline,
.e. T eff = 5800 K, log g = 4.5 dex, vsin i = 50 km s −1 , and solar

etallicity, but also performed fits with the initial values perturbed 
y T eff ±100 K, log g ±0.5 dex, vsin i ±10 km s −1 , and Z ±0.5 dex.
he procedure al w ays converged to the same best fit. 
Second, we created a spectral energy distribution (SED) using the 

aia EDR3 (Gaia Collaboration 2020 ) G BP , G RP , and G magnitudes,
long with J , H , and Ks band data from the Two Micron All-Sky
urv e y (2MASS; Cutri et al. 2003 ), and W 1 and W 2 band data from
ide-field Infrared Surv e y Explorer ( WISE ; Cutri et al. 2012 ) and

omplemented this information with the parallax (4.85 ± 0.01 mas) 
nd reddening ( E ( B − V ) = 0.060 ± 0.005 mag) which are provided
y Gaia EDR3 and the STILISM reddening map 2 (Capitanio et al.
017 ; Lallement et al. 2019 ), respectively. We then fitted the SED
aking into account reddening and parallax using the Markov chain 

onte Carlo (MCMC) method (Press et al. 2007 ) to determine the
nal values of mass, radius, effective temperature, and surface gravity 
ith their corresponding uncertainties. As initial parameters, we used 

he ef fecti ve temperature and surface gravity previously obtained in
tep one while the radius was initialized at a value for a main-
equence star with the corresponding log g and T eff . The resulting
alues with their uncertainties are listed in Table 2 . The obtained
ED is presented in Fig. 3 . 
MNRAS 517, 2867–2875 (2022) 
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M

Table 2. Summary of the binary and individual stellar parameters of the CPD- 
65 264. All uncertainties are purely statistical except of those of the white 
dwarf parameters which are rough estimates of the dominating systematic 
errors. 

Parameter CPD-65 264 

m V (mag) 11.17 ± 0.09 
Orbital period (d) 1.3704 ± 0.0001 
Phase zero (BJD) 2457004.874 ± 0.007 
a (R �) 6.44 ± 0.01 
Distance (pc) 206.01 ± 0.47 
Inclination (deg) 64 ± 1 
Sec. amplitude (km s −1 ) 100.83 ± 0.09 
Sec. vsin i (km s −1 ) 38.0 ± 2.0 
V γ (km s −1 ) 19.19 ± 0.10 
E[ B − V ] (mag) 0.060 ± 0.005 
Sec. log g (dex) 4.39 ± 0.02 
Sec. Z (dex) -0.14 ± 0.05 
Sec. T eff (K) 5950 ± 30 
Sec. radii (R �) 1.06 ± 0.01 
Sec. mass (M �) 1.0 ± 0.05 
WD mass (M �) 0.87 ± 0.06 
WD T eff (K) 24605 ± 800 
WD log g (dex) 8.4 ± 0.1 
WD radii (R �) 0.01004 ± 0.0008 
WD cooling age (Myr) 7.86 ± 0.14 

Figure 3. SEDs created from G BP , G RP , and G Gaia bands, J , H , and K s 

band data from 2MASS, and W 1 and W 2 band data from WISE (red dots) 
were fitted with MARCS.GES theoretical spectra (black line). 
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Figure 4. SED of CPD-65 264 co v ering the ultraviolet and optical wave- 
length range. We show the observed spectra in black including the ultraviolet 
HST spectrum of the white dwarf and the optical UVES spectrum of the main- 
sequence star. In yellow, we plot the best MARCS.GES synthetic model of 
the main-sequence star. The blue line represents the pure-hydrogen synthetic 
model of the white dwarf. Additionally, we include the GALEX near- and far- 
ultraviolet fluxes as pink dots. The combined flux from the WD models and 
the main-sequence star model underestimate the Gale x near -ultra violet flux. 
We assume that the model of the G-type secondary star is underpredicting the 
near -ultra violet emission as steady chromospheric emission is not taken into 
account but likely occurring in active G-type stars. We observed the same 
effect in previously studied systems (Hernandez et al. 2022 ). 
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.3 The white dwarf 

o obtain the white dwarf mass, radius, ef fecti ve temperature, and
urface gravity, we fitted the HST /STIS spectrum of CPD-65 264 to
 synthetic spectrum of a pure hydrogen atmosphere white dwarf
Koester 2010 ). To that end, we created a grid of synthetic spec-
ra where the ef fecti ve temperatures spread from 12 000–30 000 K
paced by steps of 200 K and the surface gravity spans o v er the range
f 6.0–9.0 divided into steps of 0.1, and establishing the mixing
ength parameter to 0.8. We used the MCMC code provided by the
MCEE python package (F oreman-Macke y et al. 2013 ), assuming for
he reddening and parallax the same priors as for the secondary star
we show the best fit of the spectra in Fig. 4 ). This procedure provides
he surface gravity and the ef fecti ve temperature of the white dwarf.

To obtain the white dwarf mass and radius, we interpolated cooling
odels from B ́edard et al. ( 2020 ). The cut-off in the last 100 steps

f the chain allowed us to get the best values of the mass and radius
hich is nearly independent of the assumed thickness of the atmo-

phere. We used the marginalized distribution to find the white dwarf
NRAS 517, 2867–2875 (2022) 
arameters and their statistical errors (log g = 8.381 ± 0.005 dex,
 eff = 24 605 ± 48 K, M WD = 0 . 865 ± 0 . 003 M �, R = 0 . 01004 ±
 . 00004 R �, and cooling age of 7.859 ± 0.005 Myr). Furthermore,
sing the binary mass-function, and the data obtained so far, we
educe the inclination of the system, which is indicated in Table 2 . 
We note that the abo v e uncertainties of the white dwarf parameters

re purely statistical, i.e. systematic errors are not included. The true
ncertainties are certainly larger. Barstow et al. ( 2003 ) compared
og g and T eff derived from analysing the Balmer lines with those
educed from observations of the Ly α line and obtained a relatively
arge scatter. We very roughly estimate the true uncertainty of the
hite dwarf mass by assuming an increased uncertainty of 0.1 dex in

og g and 800 K in T eff which is broadly consistent with the scatter
n Barstow et al. ( 2003 , their figs 9 and 10). With this estimate, we
hould be on the safe side given that Gianninas, Bergeron & Ruiz
 2011 ) estimate smaller systematic uncertainties typically around
.5 per cent in T eff and 0.04 dex in log ( g ) (albeit from fitting optical
ata). The assumed systematic uncertainties given above translate
nto more realistic uncertainties of the white dwarf parameters which
re listed in Table 2 . 

 T H E  AC TI VE  S E C O N D  A R  Y  A N D  T H E  TESS  

I G H T  C U RV E  

ain-sequence stars in close binaries tend to rotate faster than single
tars (Rebassa-Mansergas, Schreiber & G ̈ansicke 2013 ; Avallone
t al. 2022 ). In post-common envelope binaries, the orbit is circular
e.g. Nebot G ́omez-Mor ́an et al. 2011 ) and tidal forces should quickly
ynchronize the rotational and orbital period of the secondary star.
or periods below 5 d, synchronization should take less than ∼15 Myr
Fleming et al. 2019 , their fig. 4). As we shall see, the short orbital
eriod of CPD-65 264 resulted in synchronized rotation despite the

art/stac2837_f3.eps
art/stac2837_f4.eps


A PCEB with a massive WD and active companion 2871 

Table 3. Period, amplitude, and starspot co v erage deriv ed from the data of the fiv e TESS sectors. 

Sector Time range Period Normalized Spot area Spot surface 
(BJD-2457000) (d) amplitude (m 

2 ) (per cent) 

Original 
S02 1354-1381 1.4188 ± 0.0001 0.0139 ± 0.0005 5.988 × 10 16 11 
S03 1385-1406 1.4188 ± 0.0004 0.0131 ± 0.0001 5.639 × 10 16 10 
S04 1410-1436 1.3492 ± 0.0002 0.0106 ± 0.0006 4.577 × 10 16 09 
S07 1491-1516 1.4188 ± 0.0002 0.0114 ± 0.0003 4.922 × 10 16 19 
S11 1601-1623 1.3492 ± 0.0001 0.0240 ± 0.0001 1.057 × 10 17 08 

Residuals 
S02 1354-1381 0.6857 ± 0.0007 0.0013 ± 0.0003 
S03 1385-1406 0.6857 ± 0.0004 0.0063 ± 0.0004 
S04 1410-1436 0.6857 ± 0.0003 0.0051 ± 0.0004 
S07 1491-1516 0.6857 ± 0.0005 0.0020 ± 0.0002 
S11 1601-1623 0.6857 ± 0.0008 0.0016 ± 0.0003 
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Figure 5. Resulting periodograms of the TESS light curves for each sector. 
Sectors are specified on the upper right corner of each panel, the red line 
shows the main period identified in each sector (see the periods and errors in 
Table 3 ). 
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oung age of the white dwarf (7.9 Myr) that further confirms that the
ynchronization time-scale decreases for shorter orbital periods (as 
xpected e.g. from fig. 4 of Fleming et al. 2019 ). 

To investigate the rotation of the secondary star in CPD-65 264, we
nspected the high-cadence TESS light curves, which we downloaded 
rom the Mikulski Archive for Space Telescopes (MAST) 3 web 
ervice. The star was observed in five sectors (hereafter S02, S03, 
04, S07, and S11), whose rele v ant time spans are listed in Table 3 . 
We extracted the Pre-search Data Conditioned Simple Aperture 

hotometry (PDCSAP) that remo v es trends caused by the spacecraft, 
emo v ed all data points with a non-zero quality flag and all NaN
alues in each sector. We then analysed each sector with the 
east-squares spectral method based on the classical Lomb–Scargle 
eriodogram (Lomb 1976 ; Scargle 1982 ) to obtain the main period
f the photometrical TESS data in each sector (see Fig. 5 ). We found
wo main periods in the five sectors, 1.4188 d for sectors S02, S03,
nd S07 while the light curve of sectors S04 and S11 fit better with a
eriod of 1.3493 d. The light curve of each sector phase folded over
heir corresponding period is shown in Fig. 6 . While the photometric
eriods are similar to the orbital period of the system (1.3701 d), they
iffer by ∼84.5 and ∼30 min, respectively. 
We interpret the photometric periods as being caused by starspots 

nd the small but significant differences to the orbital period as being
aused by latitudinal differential rotation, i.e. the photometric period 
e measure depends on the latitude of the starspots. 
Following the method described in Notsu et al. ( 2019 ), we

stimated the temperature of the starspots and the surface area 
o v ered by them. This goes as follows. First, to obtain the temperature
f the starspots ( T s ), we used equation 4 of Notsu et al. ( 2019 ),
hich is based on the temperature of the main-sequence star ( T MS =
950 K): 
T s = −3 . 58 e −5 T 2 MS − 0 . 249 T MS + 808 . 0 + T MS . 
We then used the resulting starspot temperature ( T s ≈ 4009 K) 

o calculate the area ( A s ) that the starspots co v er on the sur-
ace of the main-sequence star based on the variation of the 
ight curve using equation 3 from Notsu et al. ( 2019 ): A s =
 πR 

2 
MS 

δF 
F 

(
1 −

(
T s 

T MS 

)4 
)−1 

. 

Here, δF 
F 

is the normalized amplitude measured from the phase 
olded light curve of each sector (see ‘original’ section of Table 
 , e.g. amplitude/flux zero), and R MS is the radius of the star. The
otal surface co v ered with starspots varies from 4.577 × 10 16 to
 ht tps://mast .stsci.edu 

 

s  

i  
 . 057 × 10 17 m 

2 , equi v alent to 8–19 per cent of the total surface.
hese values correspond to a relatively small spot coverage for solar-

ype stars with rotational periods between 0.24 and 11.16 d which
pans from 1 × 10 15 to 1 × 10 18 m 

2 (Do yle, Ramsay & Do yle 2020 ).
The left-hand panel of Fig. 7 shows the unfolded TESS light curve

hich illustrates that short-term variations in shape and amplitude 
re present in each sector. This confirms that the area and/or number
f starspots on the surface of the main-sequence star significantly 
ary with time. The average area covered by starspots for each sector
s given in Table 3 . 

Looking carefully at the periodograms in Fig. 5 , we identify one
ignal at half orbital period (0.6857 d) in all five sectors. To further
nvestigate the origin of this periodic signal, we remo v ed the main
MNRAS 517, 2867–2875 (2022) 
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M

Figure 6. TESS light curves of CPD-65 264, two different periods were 
detected in the five sectors. The upper panel shows the light curves of sectors 
S02 (dark grey), S03 (blue), and S07 (light grey) phase folded o v er 1.4188 d. 
The bottom panel shows sectors S04 (blue) and S11 (light grey) phase folded 
o v er the period of 1.3494 d. All light curves used the same phase zero shown in 
Table 2 to align with the radial v elocity curv e. The disagreement between the 
two photometric periods and the orbital period suggests that the G-type star 
is rotating differentially, i.e. the period we measure depends on the latitude 
of the starspots dominating the flux variations. 
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ominant photometric periods with their alias from each sector and
hen phase folded the residuals o v er half the orbital period (0.6857 d).

An obvious interpretation for the signal at half the orbital period
s ellipsoidal variations. According to Morris & Naftilan ( 1993 )
nd Zucker, Mazeh & Alexander ( 2007 ), the expected amplitude of
llipsoidal variations can be estimated using the following equation: 

δF 

F 

= 0 . 15 
(15 + u MS )(1 + βMS ) 

(3 − u MS ) 

(
R MS 

a 

)3 

q sin 2 i, (1) 

here δF 
F 

is the fractional semi-amplitude of the ellipsoidal variation,
 MS is the main sequence star radius, a the semimajor axis, q =
 WD / M MS the mass ratio, and i the inclination. For CPD-65 264, these
 alues are gi ven in Table 2 . The linear limb darkening coefficient
 u MS ) and the gravity darkening exponent ( βMS ) were obtained from
ables 24 and 29 4 reported by Claret ( 2017 ). 

The amplitudes predicted by equation ( 1 ) range from 0.00240 to
.00372 while the measured normalized amplitude form the residual
ight curves fluctuate between 0.00132 and 0.00641 in the five sectors
specific values for each sector can be found in ‘residuals’ section of
able 3 ). While sectors S02, S07, and S11 are in a good agreement
ith the theoretical prediction, in sectors S03 and S04 the amplitude

xceeds what is expected from ellipsoidal variations. 
This difference is likely produced by a combination of starspot

ignals and ellipsoidal variations in sectors S03 and S04. The left-
and panel of Fig. 7 shows the (not phase folded) TESS light curve
or the five sectors. The second part of the TESS light curve of sectors
03 and S04 is quite irregular and shows a double peak which we
NRAS 517, 2867–2875 (2022) 

 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/J/A + A/600/A30#/browse 

p  

t  

l  
nterpret as being caused by a starspots arising at nearly opposite
ides of the star which boosts the signal at half the orbital period
right-hand panel of Fig. 7 ) by up to 56 per cent. 

 PA ST  A N D  F U T U R E  O F  C P D - 6 5  2 6 4  

ith the stellar masses and the orbital period at hand, it is possible
o reconstruct the past evolution of the system, thereby providing
onstraints on theories of close compact binary formation. 

Using our own tool that combines the stellar evolution code
SSE; Hurley, Pols & Tout 2000 ) with the common envelope energy
quations as described in Zorotovic et al. ( 2010 ) and Roche geometry,
e can obtain the range of possible values for the common envelope

fficiency ( αCE ). The algorithm is described in detail in Hernandez
t al. ( 2021 , see their section 4.1). We allowed αCE to take any value
n the range of 0–1 and assumed that the change in orbital energy is
he only source of energy available to expel the envelope. 

Fig. 8 shows, from top to bottom, the allowed solutions for the
otal age of the system (i.e. time since the binary was born until the
ommon envelope phase + cooling age of the white dwarf), the initial
ass of the white dwarf’s progenitor, and the period at the onset of

ommon envelope evolution, as a function of the common envelope
fficiency. We distinguish those solutions that are consistent with
he small error estimated for the white dwarf mass (0 . 003 M �, dark
rey) and solutions allowing the error to be slightly larger (0 . 06 M �,
ight grey). In both cases, we found reasonable solutions with a
arge range of αCE and without the need of any extra source of
nergy, which is consistent with the results we found for all similar
ystems previously characterized by our surv e y (P arsons et al. 2015 ;
ernandez et al. 2021 , 2022 ). The breaks observed in the solutions

orrespond to possible progenitors on dif ferent e volutionary stages.
maller values of αCE � 0.2–0.4, consistent with the results obtained
or post-common envelope binaries with M-dwarf and brown dwarf
ompanions (Zorotovic et al. 2010 ; Zorotovic & Schreiber 2022 ),
mply a more massive progenitor ( ∼ 4 . 1 M �) that evolved faster and
lled its Roche lobe on the thermally pulsating asymptotic giant
ranch, where the envelope is more extended and therefore less
ound. The initial orbital period in this case should have been larger
han ∼1000 d. On the other hand, for larger efficiencies ( αCE � 0.4–
.0) the progenitor should have been slightly less massive ( ∼ 3 . 8 M �)
nd filled its Roche lobe on the early asymptotic giant branch, in a
inary with initial orbital period in the range of ∼210–1000 d. 
In any case, the formation of CPD-65 264 can be fully under-

tood by considering only orbital energy during common envelope
volution and by assuming low common envelope efficiencies of 0.2–
.4 in agreement with previous findings for post-common envelope
inaries with lower mass secondary stars (Zorotovic et al. 2010 ;
orotovic & Schreiber 2022 ). This is particularly interesting given

he relatively large white dwarf mass of CPD-65 264 (0.86 M �). To
llustrate this, we calculated the maximum orbital period predicted
or post-common envelope binaries assuming that the envelope is
xpelled only through orbital energy. The procedure is based on
he reconstruction algorithm from Zorotovic, Schreiber & G ̈ansicke
 2011 ) and described in detail in Rebassa-Mansergas et al. ( 2012a ).
n short, we assumed that the white dwarf mass is equal to the
ore mass of the giant progenitor at the onset of mass transfer
nd that the secondary star mass remains constant during common
nvelope evolution. A grid of stellar evolution tracks calculated with
he SSE code from Hurley et al. ( 2000 ), then provides all possible
rogenitor masses and their radii. The latter must have been equal
o the Roche radius at the onset of common envelope evolution that
eaves as the remaining free parameters the final orbital period and

art/stac2837_f6.eps
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Figure 7. Left : The TESS light curve of CPD-65 264 detailing the magnetic variability of the main-sequence star throughout changing spot structures. Right : 
Variation detected in the TESS light curves after removing their main photometrical signal according to each sector. All five sectors are phase folded o v er the 
same period (0.6857 d) corresponding to the half spectroscopic period and with the same phase zero (Table 2 ). The variation is consistent with arising from 

ellipsoidal variations in sectors S02, S07, and S011 while in the other two sectors contributions from star spots at roughly opposite sides of the secondary need 
to be assumed. Each panel corresponds to the sector marked in the upper right corner. 
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he common envelope efficiency. Assuming the maximum common 
nv elope efficienc y then pro vides the longest possible final orbital
eriod as a function of white dwarf and secondary mass. 
As shown in Fig. 9 , the identification of post-common envelope 

inaries with orbital periods exceeding 4 d and white dwarf masses
xceeding ∼0.8 M � would provide evidence for additional energy 
ources to play a role during common envelope evolution. The fact 
hat the periods we found so far are well below this period limit,
n particular in the case of CPD-65 264, indicates that common 
nvelope evolution can usually be understood without assuming 
dditional energy sources. IK Peg remains the only system where 
ssuming only orbital energy fails to reproduce the system parameters 
e observe today. A second system could be KOI-3278 (Zorotovic 

t al. 2014 ) but its lower white dwarf mass and much longer period
lso mo v e it closer to the period–white dwarf mass relation for
table mass transfer (Rappaport et al. 1995 ) and it is therefore less
lear that this system is indeed a post-common envelope binary. 
ssuming KOI-3278 is not a PCEB, Fig. 9 could mean that only in

he formation of systems with extremely large white dwarf masses, 
erhaps exceeding 1 M �, recombination energy becomes important. 
lternativ ely, IK Pe g might just be an outlier that formed through a
ifferent yet to be disco v ered evolutionary channel. 
It is also possible to foresee the future evolution of CPD-65 264 by

erforming simulations with the Modules for Experiments in Stellar 
strophysics ( MESA ; Paxton et al. 2011 ). To that end, we assumed

s initial parameters those reported in Table 2 and the star plus point
ass with explicit mass transfer rate module. 
We assumed non-conserv ati ve mass transfer (setting the parameter 
= 1.0) to start the simulation as nova eruptions should appear as

ong as the mass transfer stays below the critical values for stable
ydrogen burning. 
s
We found that mass transfer should start in 1.53 Gyr from now at
n orbital period of 7.7 h. Throughout its evolution, the mass transfer
ill remain dynamically and thermally stable, the mass of the white
warf remains constant, and the system evolves as a cataclysmic 
ariable. The secondary becomes fully conv ectiv e at a period of
.0 h, when angular momentum loss will switch from being driven by
agnetic breaking to being solely caused by gravitational radiation. 
he binary will reach the minimum orbital period of 1.2 h in 4.78 Gyr,
hen the secondary star has lost 90 per cent of its mass. Given the
ass of the white dwarf and its small cooling age, the system is

urrently rather young (see Fig. 8 ) and therefore the secondary will
ot e volve of f the main sequence and be indistinguishable from
ataclysmic variables that descend from binaries with less massive 
econdary stars. The predicted mass transfer rate of CPD-65 264 is
hown in Fig. 10 . 

 C O N C L U S I O N S  

e present a detailed characterization of CPD-65 264, the sev- 
nth system that clearly is a post-common envelope binary with 
ntermediate-mass secondary (Parsons et al. 2015 ; Hernandez et al. 
021 , 2022 ) identified by our surv e y. We performed optical and HST
pectroscopy to measure the orbital period and the stellar masses. 
ESS photometry confirmed the orbital period and showed that 

he secondary star is active and differentially rotating. We found 
ariations in the TESS light curve revealing changes in the size
nd/or number of starspots, co v ering between 8 and 19 per cent of
he ef fecti v e area of the star that we observ e. TESS light curv es of
ost-common envelope binaries can therefore in principle be used to 
tudy activity in the fast rotation regime. 
MNRAS 517, 2867–2875 (2022) 
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Figure 8. Reconstruction of the past evolution for CPD-65 264 and the 
possible initial configurations of CPD-65 264 as a function of the common- 
env elope efficienc y αCE . Total age of the system ( top ), initial mass of the 
progenitor of the white dwarf ( middle ), and orbital period at the onset of the 
common-envelope phase ( bottom ). The dashed lines demarcate the range of 
αCE = 0.2–0.4 that works for the reconstruction of all the observed post- 
common envelope binaries with M-dwarf and brown dwarf companions, as 
well as for the systems previously disco v ered by our surv e y. 

 

C  

u  

r  

w
 

e  

e  

v  

i  

L
 

s  

f  

i  

p  

c  

fi  

t  

t  

s  

m  

p  

o  

Figure 9. Orbital period limits at which common envelope evolution requires 
including additional energy sources (solid lines). The limits have been 
calculated as in Rebassa-Mansergas et al. ( 2012a ) but assuming larger 
secondary star masses, i.e. 0.5 (lower grey), 1.0 (black), and 1.5 (upper 
grey) M �. The dashed lines indicate the maximum periods if all the available 
recombination energy contributes to expelling the env elope. IK Pe g (the cross) 
remains the only system whose formation can only be explained by assuming 
additional energy (e.g. recombination energy) to contribute during common 
envelope evolution. A second one might be KOI-3278 (square) but it is less 
clear that this system formed through common envelope evolution. CPD- 
65 264 is the system with the second largest white dwarf mass but is clearly 
separated from the critical period that requires additional energy to contribute. 
This further indicates that the outcome of common envelope evolution can 
in the vast majority of cases be well understood by considering only orbital 
energy. 

Figure 10. MESA simulation of the future evolution of CPD-65 264. The 
initial conditions are a white dwarf mass of 0.86 M � and a main-sequence star 
of 1.0 M � with an orbital period of 1.37 d. In 1.53 Gyr and at an orbital period 
of 7.7 h, the binary will become a cataclysmic variable, i.e. it will experience 
(stable) angular momentum loss driven mass transfer. As the secondary will 
not substantially evolve, the system will detach when magnetic braking is 
disrupted and evolve as a detached binary through the orbital period gap. 
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Reconstructing the past and predicting the future evolution of
PD-65 264, we found that the formation of the system can be
nderstood in the context of common envelope evolution without
equiring additional energy sources and that in the future the system
ill become an ordinary cataclysmic variable. 
CPD-65 264 further indicates that most observed post-common

nvelope binaries can be understood as the outcome of common
nvelope evolution with no extra energy sources and only a small
alue of the common envelope efficiency. This finding seems to be
ndependent of the mass of the secondary star (Zorotovic et al. 2010 ;
agos et al. 2021 ; Zorotovic & Schreiber 2022 ). 
Ho we ver, apart from short period post-common envelope binaries,

ystems with periods exceeding several months that most likely
ormed through stable and non-conserv ati ve mass transfer have been
dentified (Kawahara et al. 2018 ), and all systems we identified with
eriods in between a few days and a few months turned out to be
ontaminants (Lagos et al. 2022 ). While we cannot yet draw any
nal conclusions because the sample sizes are too small, it seems

hat at least two evolutionary channels are required to understand
he population of close white dwarf binaries with intermediate-mass
econdary stars. The recently published data release 3 of the Gaia
ission contains a large number of binary stars with measured orbital

eriods and it is possible to select candidate binaries with compact
bjects (Shahaf et al. 2019 ). Therefore, Gaia DR3 may significantly
NRAS 517, 2867–2875 (2022) 
elp to identify sufficient numbers of post-mass transfer white dwarf
inaries with measured periods to provide solid constraints. 
Carefully analysing this potential of Gaia DR3 data and eventually

omparing a larger sample with the predictions of binary population
odels will be important for our understanding of white dwarf

inaries in general and potentially help to finally understand evo-
utionary pathways to SN Ia explosions. A first step in this direction
as been taken by (Korol, Belokurov & Toonen 2022 ) who analysed
he unresolved double white dwarf population in Gaia DR3, a work
hat should be complemented by studies of their progenitor systems.
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