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ABSTRACT

We present TOI-1259Ab, a 1.0𝑅Jup gas giant planet transiting a 0.71𝑅 K-dwarf on a 3.48 day
orbit. The system also contains a bound white dwarf companion TOI-1259B with a projected
distance of ∼ 1600 AU from the planet host. Transits are observed in nine TESS sectors and
are 2.7% deep – among the deepest known – making TOI-1259Ab a promising target for
atmospheric characterization. Our follow-up radial velocity measurements indicate a variability
of semiamplitude 𝐾 = 71 m s−1 , implying a planet mass of 0.44𝑀Jup . By fitting the spectral
energy distribution of the white dwarf we derive a total age of 4.08+1.21
Gyr for the system.
−0.53
The K dwarf’s light curve reveals rotational variability with a period of 28 days, which implies
a gyrochronology age broadly consistent with the white dwarf’s total age.
Key words: binaries: eclipsing – stars: low-mass – stars: individual (TOI-1259) – planets and
satellites: formation – stars: rotation
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INTRODUCTION

We know that roughly half of the stars in the galaxy exist in multiples
(Duquennoy & Mayor 1991; Tokovinin 2014), but the vast majority
of exoplanet discoveries have been in single star systems. The
presence of a stellar companion will affect exoplanet populations.
It may restrict the regions where planets may orbit stably (Dvorak
1984; Holman & Wiegert 1999; Mardling & Aarseth 2001), reduce
the lifetime of protoplanetary discs (Kraus et al. 2012; Daemgen
et al. 2015; Cheetham et al. 2015), inhibit planetesimal formation
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(Thébault et al. 2008; Xie et al. 2009) and induce high-eccentricity
dynamics (Mazeh & Shaham 1979; Eggleton & Kisseleva-Eggleton
2006; Fabrycky & Tremaine 2007). Early exoplanet searches avoided
close stellar multiples, whereas more distant binary companions were
often undetected. Now, the vast Gaia astrometry survey is revealing
thousands of wide binaries (El-Badry & Rix 2018; Hartman &
Lépine 2020; Mugrauer & Michel 2020), many of which contain
confirmed or candidate planets.
An even less studied aspect of exoplanet populations is the
effect of stellar evolution, with most planets being discovered around
main sequence stars. As stars evolve they will expand, lose mass and,
in most cases, leave behind a degenerate white dwarf. A surprising
discovery is that up to roughly 50% of white dwarfs have atmospheres
polluted with heavy elements (Debes et al. 2012; Farihi 2016; Wilson
et al. 2019), despite the fact that the high gravity should cause such
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elements to settle out of the atmosphere in a short time. This is
seen as evidence that circumstellar planetary material occasionally
accretes onto white dwarfs, replenishing the heavy elements.
However, it is tricky to actually find planets around white
dwarfs. A lack of sharp spectral features prevents precise radial
velocity (RV) monitoring (Maxted et al. 2000). A small radius,
similar to that of Earth, significantly reduces transit probabilities
and durations (Farmer & Agol 2003; Faedi et al. 2010). A typically
faint apparent magnitude leads to noisy light curves. Astrometric
planet detection with Gaia is promising, but will still be challenging
because of the faintness of the objects (Silvotti et al. 2014). Evidence
for circumbinary planets has been presented for some binaries
containing at least one white dwarf (e.g. Qian et al. 2009), but the
validity of the evidence has been repeatedly questioned (Zorotovic
& Schreiber 2013; Wittenmyer et al. 2013; Bear & Soker 2014).
Only recently did Vanderburg et al. (2020) discover the first bona
fide planet transiting a white dwarf: WD 1856+534 (see also Alonso
et al. 2021). There have also been discoveries of transiting planetary
debris (Vanderburg et al. 2015a; Manser et al. 2019; Vanderbosch
et al. 2020; Guidry et al. 2020) and accretion onto a white dwarf
attributed to the evaporating atmosphere of a giant planet (Gänsicke
et al. 2019).
In this paper we present TOI-1259Ab, a planet that is relevant to
questions at the intersection of stellar evolution and stellar multiplicity. It is a transiting Jupiter-sized planet on a 3.48-day orbit around a
K-dwarf, with a white dwarf companion at a projected separation of
≈ 1600 AU. The white dwarf was already known to be bound based
on its Gaia parallax and common proper motion (El-Badry & Rix
2018). The transits were discovered by the TESS Science Processing
Operations Center (Jenkins et al. 2016) and the community was
alerted by the TESS Science Office on 17 October 2019 (Guerrero
2020), but the unusually deep transits of 2.7% raised concerns that
the signal is actually due to an eclipsing binary. Through our RV
follow-up we confirm that the signal is due to a planet, with a mass
of 0.44𝑀Jup . We summarise the key aspects of the TOI-1259 system
in Table 3.
Only a few bona fide planets have been discovered with degenerate outer companions (Table 2), the first being Gliese-86b
(Queloz et al. 2000; Els et al. 2001; Lagrange et al. 2006). Mugrauer
(2019) found 204 binary companions in a sample of roughly 1300
exoplanet hosts, of which eight of the companions were white dwarfs.
Mugrauer & Michel (2020) found five white dwarf companions to
TESS Objects of Interest, including TOI-1259, but without RV data
to confirm the TOIs as planets. Some of these planets were also in
the El-Badry & Rix (2018) catalogue.
Even when a planet host star is still on the main sequence, the
evolution of an outer companion still has implications for the planet’s
dynamics and survival (Kratter & Perets 2012; Stephan et al. 2020b).
Heavy element pollution in any of these white dwarfs may be caused
by its stellar binary companion (Veras et al. 2011; Veras et al. 2013;
Bonsor & Veras 2015; Hamers et al. 2016; Stephan et al. 2017), and
would also suggest both stars in the binary host (or once hosted)
planets, of which only two systems are presently known (WASP-94,
Neveu-VanMalle et al. 2014 and XO-2, Desidera et al. 2014). The
presence of a white dwarf companion also makes it possible to
calculate the system’s age independently of other methods such as
gyrochronology and isochrone fitting (Barnes 2003; Jørgensen, B.
R. & Lindegren, L. 2005; Angus et al. 2019).
White dwarf aside, the planet TOI-1259Ab has some beneficial properties for future atmospheric follow-up with JWST. The
planet has 2.7% deep transits on its 0.71𝑅 K-dwarf host, which
are amongst the deepest known (Fig. 1). The 0.71𝑅 K-dwarf host

Table 1. Summary of the TOI-1259 system. Host star parameters derived
from SED fits (Sect. 3.1). White dwarf parameters are detailed in Table 4,
and we only show parameters from the first model in that table here. Full
planet parameters are shown in Table 5. Coordinates and distances are from
the TESS Input Catalog v8.1.
Parameter

Description

Value

Host star – TOI-1259A
TIC
GAIA
𝛼

TESS Input Catalog
ID
Right ascension

𝛿

Declination

𝑉mag
𝑑
𝑀★
𝑅★
𝑇eff,★
[Fe/H]★
log 𝑔★

Apparent V magnitude
Distance (pc)
Mass (M )
Radius (R )
Effective temperature (K)
Metallicity
Surface gravity (cgs)

288735205
2294170838587572736
282.100297136879◦
(18h 48m 24.s07 )
79.2560447193138◦
(79°150 21.00 76)
12.08
118.11±0.37
0.68+0.10
−0.01
0.739 ± 0.031
4775±100
−0.5 ± 0.5
4.5 ± 0.5

Transiting planet – TOI-1259Ab
𝑀pl
𝑅pl
𝑃pl
𝑎pl
𝑒pl

Mass (MJup )
Radius (RJup )
Orbital period (d)
Semi-major axis (AU)
Eccentricity

0.441+0.049
−0.047
1.022+0.030
−0.027
3.4779780+0.0000019
−0.0000017
+0.00114
0.04070−0.00110
0

Bound white dwarf companion – TOI-1259B
TIC
GAIA
𝛼

TESS Input Catalog
ID
Right ascension

𝛿

Declination

𝑉mag
𝑑
𝑀WD
𝑅WD
sepWD
𝑇eff,WD

Apparent V magnitude
Distance (pc)
Mass (M )
Radius (R )
Projected current separation (AU)
Effective temperature (K)

1718312312
2294170834291960832
282.11052432749◦
(18h 48m 26.s53 )
79.2594025546024◦
(79°150 33.00 85)
19.23
120.6±4.6
0.561 ± 0.021
0.0131±0.0003
1648
630080
−70

star has a J magnitude of 10.226, and is located on the sky with
an ecliptic latitude of 76.878◦ , placing it near the TESS and JWST
continuous viewing zones. A measurement of the planet’s atmospheric composition or other properties would also complement
any measurement of pollution in the white dwarf atmosphere, as
we try to better understand the formation and survival of planets in
multi-stellar systems.
Our paper is structured as follows. Sect. 2 details the TESS
photometry, SOPHIE RVs and GAIA astrometry. In Sect. 3 we
present a combined analysis of these data and thereby characterise
the planet, its host star and the companion white dwarf. We conclude
by discussing some implications for this system and potential future
work in Section 4.
MNRAS 000, 1–15 (2021)
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Table 2. Known extra-solar planets around a main sequence star with a bound white dwarf companion, ordered by the current projected separation of the white
dwarf (sepWD ). Of the TOIs (TESS Objects of Interest) with white dwarf companions in the catalogues of El-Badry & Rix (2018) and Mugrauer & Michel
(2020), only TOI-1259Ab is confirmed to be a planet. CTOI-53309262 was only seen to transit once by TESS and so its period and semi-major axis are to be
determined (TBD).
Name

𝑎pl
(AU)

sepWD
(AU)

Planet Reference

0.1143

21

Queloz et al. (2000)

1.271

236

Butler et al. (2001)

0.098
2.45

524
560

CTOI-53309262

TBD

625

Kepler-779
TOI-1703

0.0558
0.0223

1105
1302

Vanderburg et al. (2015b)
Naef et al. (2010)
Unconfirmed Community TOI
(Single Transit Only)
Morton et al. (2016)
Unconfirmed TOI

White Dwarf Reference

TOI-1259

0.0416

1648

This Paper

HD 107148

0.269

1790

Butler et al. (2006)

TOI-249

0.0564

2615

Unconfirmed TOI

WASP-98

0.0453

3500

Hellier et al. (2014)

HD 118904
TOI-1624
HD 147513
(62 G. Scorpii)

1.7
0.0688

3948
4965

Jeong et al. (2018)
Unconfirmed TOI

Els et al. (2001)
Lagrange et al. (2006)
Chauvin, G. et al. (2006)
Mugrauer, M. et al. (2007)
Vanderburg et al. (2015b)
Mugrauer (2019)
El-Badry & Rix (2018)
Mugrauer & Michel (2020)
Mugrauer (2019)
Mugrauer & Michel (2020)
El-Badry & Rix (2018)
Mugrauer & Michel (2020)
Mugrauer & Dinçel (2016)
El-Badry & Rix (2018)
Mugrauer & Michel (2020)
Mugrauer (2019)
Southworth et al. (2020)
Mugrauer (2019)
Mugrauer & Michel (2020)

1.32

5360

Mayor et al. (2004)

Alexander & Lourens (1969)

HD 13445
(Gliese-86)
HD 27442
(Epsilon Reticuli)
HIP 116454
HD 8535

FITS files, and exclude the data obtained within four hours on either
side of the thruster events.

2.2

Figure 1. Transit depths of all confirmed transiting exoplanets as a function of
the planet’s equilibrium temperature (where such a value has been calculated).
The colour indicates the mass of the host star in solar masses. The triangle
demarcates TOI-1259 with 2.7% deep transits.

2

OBSERVATIONS

2.1 TESS photometry
The TESS mission observed TOI-1259 in 2-minute cadence mode
for a total of 240 days, covering nine sectors (14, 17–21, 24–26)
between 18 July 2019 and 4 July 2020. The TESS Science Processing
Operations Center (SPOC) pipeline (Jenkins et al. 2016) identified
a ∼2.5 % transit signal lasting ∼2.2 h, repeating with a period of
3.48 d. The flat-bottomed shape and deep transit – combined with
the K dwarf host – is consistent with a giant planet, substellar object,
or very low-mass star. There were 58 transit events in the TESS data.
The TESS spacecraft fires its thrusters to unload angular momentum from its reaction wheels every few days, which may cause
the images obtained in the timestamps to appear disjoint. To make
sure the momentum dumps do not affect our further analysis, we
identify the times of these events from the Data Quality Flags in the
MNRAS 000, 1–15 (2021)

Ground based follow-up photometry

We acquired ground-based time-series follow-up photometry of
TOI-1259A as part of the TESS Follow-up Observing Program
(TFOP)1 . A full transit was observed on UTC 2019 October 10
using an unfiltered diffuser and again on UTC 2019 October 17 in
𝑔 0 -band from the Deep Sky West 0.5-m telescope near Rowe, New
Mexico, USA. An egress was observed on UTC 2019 October 6 in
R- and V-band using two 0.4-m telescopes at Kourovka observatory
of Ural Federal University near Yekaterinburg, Russia. A full transit
was observed on UTC 2019 October 24 in 𝑧 0 -band from the 0.36-m
telescope at Acton Sky Portal private observatory in Acton, MA,
USA. A full transit was observed on UTC 2019 December 4 in R-band
from the 0.25-m telescope at Ananjev L33 private observatory near
Ananjev, Ukraine. All observations detected on-time transits with
depths consistent with TESS using apertures that were not blended
with any known TICv8 or Gaia DR2 neighboring stars, except the
diffuser observation was partially contaminated with a star that is
too faint to cause the transit detection. Although TESS observed
58 transits of TOI-1259 b in Cycle 2, we also include all available
ground-based light curves in our analysis, with the exception of
the 𝑅- and 𝑉-band observations at Kourovka Observatory on 2019
October 6 which only observed the egress. The reduced data of all
ground-based photometry are available at ExoFOP-TESS2 .

1
2

https://tess.mit.edu/followup
https://exofop.ipac.caltech.edu/tess
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plane-of-the-sky absolute velocity difference between the WD and K
dwarf is Δ𝑉⊥ = 0.47+0.59
km s−1 . For comparison, we can calculate
−0.25
the Keplerian orbital velocity of a circular orbit separated by 1648
AU, with masses 0.68 and 0.561𝑀 (see Table 3):

TOI-1259B
White Dwarf
13.9”
~1648 AU
TOI-1259A
K Dwarf

Figure 2. SDSS image of the planet host TOI-1259A and its bound white
dwarf companion TOI-1259B. The image is centered on TOI-1259A at RA
18h 48m 24.s07 , Dec 79°150 21.00 76.

2.3

SOPHIE radial velocities

To measure the mass of TOI-1259Ab we used SOPHIE, which is a
high resolution3 échelle spectrograph used to find extra-solar planets
with high-precision RVs (Perruchot et al. 2008; Bouchy et al. 2009).
It is installed on the 1.93 metre telescope at Observatoire de Haute
Provence, France.
We obtained 19 RV measurements of TOI-1259Ab between
June 10 2020 and July 16 2020 using the SOPHIE spectrograph. All
RVs were calculated using the standard SOPHIE pipeline, where a
Cross-Correlation Function (CCF) is calculated between the data
and a K5 mask. Each observation yielded an RV with a precision of
roughly 20m s−1 .
We note that our spectra are not contaminated by the bound
white dwarf, since it is both too faint (19.23 magnitude compared
with 12.08 for the host star) and too far away (13.9 arcsec separation
compared with 3 arcsec diameter SOPHIE fibres) to contribute any
light.
2.4

Gaia Astrometry

TOI-1259A and its white dwarf companion (TOI-1259B) were
identified as a candidate wide binary by El-Badry & Rix (2018), who
searched Gaia DR2 for pairs of stars with positions, parallaxes, and
proper motions consistent with bound Keplerian orbits4 . Figure 2
shows an SDSS image of the system, with both the K-dwarf primary
and white dwarf companion clearly visible. The projected angular
(physical) separation of the pair is 13.9 arcsec (1648 AU). The
3

We used the “high efficiency mode”, which has a resolution of 𝑅 = 39000
and is typically used for stars fainter than 10th magnitude.
4 Orbital motion means that even bound orbits may have slightly different
proper motions, but we require that this difference is less than the expected
maximum orbital velocity at this separation.

√︄
𝑉=

𝐺 (𝑀★ + 𝑀WD )
,
sepWD

(1)

where 𝐺 = 6.67384×10−11 . The value 𝑉 = 0.82km s−1 is consistent
with the Gaia measurement, within the precision of the measurements
which are limited by the Gaia proper motion uncertainties. The semimajor axis of the WD - K dwarf orbit and the 3D separation of
the two stars are not currently measurable. However, for randomly
oriented orbits and a plausible eccentricity distribution, the projected
semi-major axis is almost always within a factor of two of the
true semi-major axis (see El-Badry & Rix 2018, their Figure B1).
The white dwarf companion was later independently identified by
Mugrauer & Michel (2020).
Because orbital accelerations are not easy to measure in longperiod binaries, distinguishing gravitationally bound wide binaries
from chance alignments depends on statistical arguments about the
probability of chance alignments. The chance alignment probability
for a given separation, data quality, and background source density
can be estimated empirically (e.g. Lépine & Bongiorno 2007; ElBadry et al. 2019; Tian et al. 2020). We follow the approach described
in Tian et al. (2020) to estimate the chance-alignment probability.
In brief, we repeat the binary search after artificially shifting each
star in Gaia DR2 by ∼1 degree, searching for companions around
its new position. This procedure removes genuine binaries, but
preserves chance alignment statistics (see Lépine & Bongiorno
2007). Comparing the number of binary candidates found so far to
the number found in Gaia DR2 at similar separation, we estimate
a chance-alignment probability of ∼ 1 × 10−4 for TOI-1259A and
its companion. That is, there is little doubt that the planet host and
white dwarf are physically associated.

3
3.1

ANALYSIS AND RESULTS
Host star parameters

We performed an analysis of the broadband spectral energy distribution (SED) of the star together with the Gaia DR2 parallaxes
(adjusted by +0.08 mas to account for the systematic offset reported
by Stassun & Torres 2018), in order to determine an empirical measurement of the stellar radius, following the procedures described in
Stassun & Torres (2016); Stassun et al. (2017, 2018). We pulled the
𝐵𝑉𝑔𝑟𝑖 magnitudes from APASS, the 𝐽𝐻𝐾𝑆 magnitudes from 2MASS,
the W1–W4 magnitudes from WISE, the 𝐺𝐺 BP 𝐺 RP magnitudes
from Gaia, and the NUV magnitude from GALEX. Together, the
available photometry spans the full stellar SED over the wavelength
range 0.2–22 𝜇m (see Figure 3).
We performed a fit to the SED using Kurucz (1979) stellar
atmosphere models, with the effective temperature (𝑇eff ), metallicity
([Fe/H]), surface gravity (log 𝑔) as free parameters. The only additional free parameter is the extinction (𝐴𝑉 ), which we restricted to
the maximum line-of-sight value from the dust maps of Schlegel et al.
(1998). The resulting fit is very good (Fig. 3) with a reduced 𝜒2 of 1.7
and best-fit 𝐴𝑉 = 0.20±0.07, 𝑇eff = 4775±100 K, log 𝑔 = 4.5±0.5,
and [Fe/H] = −0.5 ± 0.5. Integrating the (unreddened) model SED
gives the bolometric flux at Earth, 𝐹bol = 5.94 ± 0.14 × 10−10
MNRAS 000, 1–15 (2021)
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Figure 3. Spectral energy distribution of TOI-1259A. Red symbols represent
the observed photometric measurements, where the horizontal bars represent
the effective width of the passband. Blue symbols are the model fluxes from
the best-fit Kurucz (1979) atmosphere model (black).

Table 3. Stellar radius and mass measurements based on four different
methods. In all cases we use a fit to the SED combined with Gaia DR2
parallaxes. In methods 1 and 2 we follow the procedure of Stassun & Torres
(2016); Stassun et al. (2017, 2018) to derive the radius and the mass comes
from the SED measurement of the surface gravity log 𝑔 (1) and the Torres et al.
(2010) mass-radius relationship (2). In methods 3 and 4 we use ExoFASTv2
(Eastman et al. 2019) to fit the SED and two different isochrones. We use
method 2 (in bold) as the nominal value.
Method

Radius

Mass

(𝑅 )

(𝑀 )

1. SED + log 𝑔

0.739 ± 0.031

0.79 ± 0.14

2. SED + Torres et al. (2010) M-R

0.739 ± 0.031

0.68 ± 0.08

3. SED + MIST isochrones

0.733 ± 0.022

0.777+0.037
−0.038

4. SED + PARSEC isochrones

0.729 ± 0.020

0.777+0.034
−0.031

erg s−1 cm−2 . Taking the 𝐹bol and 𝑇eff together with the Gaia DR2
parallax, gives the stellar radius, 𝑅★ = 0.739 ± 0.031 R .
The stellar mass can be obtained from the SED analysis in two
ways. First, we can use the 𝑅★ together with log 𝑔 to obtain a mass
estimate of 𝑀★ = 0.79 ± 0.14 M . Alternatively, we can apply the
Torres et al. (2010) empirical mass-radius relations to get a value
𝑀★ = 0.68 ± 0.08 M .
As an independent test of our stellar parameters, we ran ExoFASTv2 (Eastman et al. 2019) to create a joint fit of the SED and
two different types of isochrones: MIST (Dotter 2016; Choi et al.
2016) and PARSEC (Bressan et al. 2012). With MIST we obtain
𝑅★ = 0.733 ± 0.022 and 𝑀★ = 0.777+0.037
and with PARSEC we
−0.038
obtain similar values of 𝑅★ = 0.729 ± 0.020 and 𝑀★ = 0.777+0.034
.
−0.031
Throughout this paper we will use the 𝑅★ = 0.739𝑅 and
𝑀★ = 0.68𝑀 values calculated using the empirical SED and
Torres et al. (2010) relation, respectively. These are the priors that
will be used in the global analysis to determine the planet parameters
in Sect. 3.6.
MNRAS 000, 1–15 (2021)
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Host star rotation

We use a Systematics-Insensitive Periodogram (SIP) to build a
periodogram whilst simultaneously detrending TESS instrument
systematics from scattered background, following the method first
described in Angus et al. (2016) and more recently implemented
for TESS data in Hedges et al. (2020). For this we use the SAP
lightcurves, since the PDCSAP lightcurves tend to have the rotation
period removed, or at least made harder to identify. The SIP power
amplitude is shown in Figure 4. The SIP shows the most significant
power at a period of Prot =28 d and a secondary peak at Prot ≈40
days. We adopt the more significant peak at Prot =28 d as the true
rotation rate of TOI-1259. The signal at Prot ≈40 days is possibly an
alias of the rotation period.
The rotation period of Prot =28 d is close to the orbital period of
TESS (27 days). We conduct two tests of the validity of this rotation
rate. First, We construct SIPs for the targets neighboring TOI-1259
and find no evidence of a similar peak in near-by targets. Second,
we create a SIP for all “background” pixels outside of the TESS
pipeline aperture in the TESS Target Pixel File for TOI-1259. This
background SIP, shown as a blue line in Fig. 4, has no power at 28
days. This suggests that the 28 day signal is intrinsic to the target,
and not an artifact of, for example, the sampling frequency of TESS.
3.3

Host star age

When estimating the ages of K dwarfs using gyrochronology, it
is essential to account for ‘stalled magnetic braking’. Recent observations have revealed that rotational evolution is inhibited for
middle-aged K dwarfs (Curtis et al. 2019; Angus et al. 2020). This
stalled rotational evolution is thought to be caused by an internal
redistribution of angular momentum (Spada & Lanzafame 2020).
Unless this phenomenon is taken into account, the ages of K dwarfs
could be underestimated by more than 2 Gyr.
We estimated an age for this star using a new gyrochronology
model that accounts for stalled magnetic braking (Angus et al., in
prep). This model was calibrated by fitting a Gaussian process, a
semi-parametric model that is flexible enough to capture the complex
nature of stellar spin-down, to a number of asteroseismic stars and
open clusters, including NGC 6811 where many member stars exhibit
stalled magnetic braking (Curtis et al. 2019). We also used kinematic
ages of Kepler field stars to calibrate this model for old K and early
M dwarfs, where there is a dearth of suitable open cluster calibration
stars. These kinematic ages also reflect the stalled magnetic braking
behaviour seen in open clusters (Angus et al. 2020).
Using this model, we infer an age of 4.8+0.7
Gyr for this star.
−0.8
The quoted age uncertainty is the formal uncertainty that results
from the uncertainty on the star’s rotation-period, and does not
account for uncertainty in the model. Quantifying the magnitude of
the model-uncertainty is beyond the scope of this paper, however a
20% uncertainty of around 1 Gyr may be a more reasonable estimate
of the true age-uncertainty. This estimated age for the planet host is
consistent with that of the total age of the white dwarf (Sect. 3.4).
3.4

White dwarf age

White dwarfs (WDs) steadily cool as they age. A WD’s cooling
age – that is, the time since it became a WD – can therefore be
constrained from its temperature and luminosity. If the WD’s mass
is known, the initial mass of its progenitor star can be inferred
through the initial-final mass relation (IFMR), and this initial mass
constrains the pre-WD age of the WD progenitor. Therfore if we
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It then uses MCMC methods to constrain these parameters from the
SED of an observed WD.
We use the Gaia parallax of the brighter K dwarf companion
as a prior. For the initial [Fe/H], we assume a Gaussian prior with a
mean of -0.2 and a standard deviation of 0.3, appropriate for a disk
star in the solar neighborhood (e.g. Hayden et al. 2015). The spectral
type of the WD is not known. Although we expect extinction to be
almost negligible for such a nearby WD, we fit the extinction 𝐴𝑉 as
a free parameter, with a Gaussian prior with a mean of 0.01 and a
standard deviation of 0.02, based on the 3D dust map of Green et al.
(2019). For context, the SFD reddening (which quantifies the total
dust column to infinity, including dust behind the WD) at the WD’s
position is 𝐸 (𝐵 − 𝑉) = 0.085 (Schlegel et al. 1998). We use a flat
prior between 0 and 12 Gyr for total age. Our fiducial fit assumes
the WD has a hydrogen atmosphere, which is true for ∼75% of WDs
with its temperature and mass. We also show how the constraints
would change if the WD has a helium atmosphere in Table 4.

Corrected Lightcurve

Figure 4. Top: Systematics-Insensitive Periodogram (SIP) for TOI-1259b.
The periodogram is calculated for both the corrected lightcurve (black line)
and the background (BKG) pixels (blue line). There is a strong peak in the
SIP at 28 days, which is attributed to the rotation of the planet host and
denoted by a red dashed line. The background pixels show no evidence of any
periodicity, suggesting that the 28 day signal is both real and intrinsic to the
target. Note that these periodograms are not normalized by the measurement
errors. Bottom: The light curve for TOI-1259. Grey points show the raw
data TESS data, and black points show the data corrected using tess-sip,
showing a clear periodicity.

have a well-constrained distance to the WD then its total age, i.e. the
sum of its main sequence lifetime and its cooling age, can be robustly
measured from its spectral energy distribution (SED). Under the
reasonable ansatz that the WD and K dwarf formed at the same time,
we can then measure the total system age from the WD.
We use BASE-9 (von Hippel et al. 2006; De Gennaro et al.
2008; Stein et al. 2013; Stenning et al. 2016) to fit the SDSS 𝑢𝑔𝑟𝑖𝑧
photometry of the the WD. BASE-9 combines evolutionary models
for WDs (Althaus & Benvenuto 1998; Montgomery et al. 1999),
WD atmospheric models (Bergeron et al. 1995; Holberg & Bergeron
2006), PARSEC evolutionary models (Bressan et al. 2012), and
semi-empirical IFMRs to predict the SED of a WD with a given age,
initial mass and metallicity, distance, extinction, and spectral type.

A systematic uncertainty in modeling the WD’s evolution is the
IFMR. Because most published IFMRs are discrete, analytic fitting
functions, this uncertainty is difficult to marginalize over gracefully.
To estimate the magnitude of this uncertainty, we compare constraints
that assume two different IFMRs: the IFMR measured by Williams
et al. (2009) from bound clusters, and the IFRM measured by ElBadry et al. (2018) from the Gaia color-magnitude diagram of nearby
field WDs.
Figure 5 shows the resulting constraints on parameters of the
WD, assuming a hydrogen atmosphere. Values are also reported in
Table 4. The temperature and radius of the WD are well-constrained
by the SED. Because the radius of a WD is determined primarily
by its mass, this also constrains the WD’s mass, which in turn
constrains the initial mass of the WD progenitor. The cooling age of
the WD is reasonably well-constrained to be between 1.7 and 2 Gyr.
The pre-WD age is more uncertain, because a modest uncertainty
in initial mass leads to a significant uncertainty in main-sequence
lifetime. This is the primary cause of the differences in the constraints
obtained for the two different IFMRs. The two relations are actually
quite similar at the relevant WD mass (see El-Badry et al. 2018,
their Figure 3), but the El-Badry et al. (2018) relation is somewhat
shallower. This means that a larger range of initial masses could
produce the observed WD mass, and thus, that there is a larger range
of allowed pre-WD ages. The pre-WD lifetime of a 2𝑀 star is
≈ 1.3 Gyr, while that of a 1.2𝑀 star is ≈ 6 Gyr, so the resulting
uncertainty is non-negligible. A tighter constraint on the WD mass –
which is potentially achievable via gravitational redshift; e.g. Reid
1996 – could improve the statistical uncertainty on total age. However,
the constraint is already tight enough that systematic uncertainty
due to the IFMR is comparable to the statistical uncertainty, so the
IFMR uncertainty would likely dominate the age uncertainty even
with significantly better data.
Table 4 also shows how constraints on the WD’s parameters
would change if it had a helium atmosphere rather than a hydrogen
atmosphere. Changing the atmosphere slightly changes the WD’s
colors and the mass-radius relation, such that the implied mass of the
WD is lower. The difference is, however, relatively modest. Obtaining
a spectrum of the WD would remove this source of uncertainty, since
a WD with a hydrogen atmosphere and 𝑇eff > 6000 K would have
detectable Balmer lines.
Our derived total age for TOI-1259B is consistent with the
4.8+0.7
Gyr age derived for the planet host TOI-1259A based on
−0.8
gyrochronology (Sect. 3.3).
MNRAS 000, 1–15 (2021)
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Figure 5. Parameters of the WD and its progenitor, obtained from fitting the SED. We compare constraints obtained when assuming the initial-final mass
relations (IFMR) from El-Badry et al. (2018) and Williams et al. (2009). For this figure we assume a hydrogen atmosphere, but in Table 4 we also show results
for a potential helium atmosphere. Values listed on the diagonal are based on the El-Badry et al. (2018) IFMR. Contours enclose 68 and 95% probability. The
total age of the WD – and thus, presumably, the age of the system – is at least 3 Gyr. The age uncertainty is dominated by uncertainty in the mass and pre-WD
age of the progenitor.
MNRAS 000, 1–15 (2021)
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Table 4. Parameters of the WD. We compare constraints derived assuming a hydrogen versus helium atmosphere, and constraints that assume two different
IFMRs.
Parameter

H atm; El-Badry+18 IFMR

H atm; Williams+09 IFMR

He atm; El-Badry+18 IFMR

He atm; Williams+09 IFMR

Total age (Gyr)

4.08+1.21
−0.53

3.73+0.56
−0.31

+1.70
4.67−0.94

+0.81
3.94−0.44

Cooling age (Gyr)

1.88+0.07
−0.06
2.18+1.2733
−0.5597
0.0131+0.0003
−0.0003
0.561+0.021
−0.021
1.59+0.22
−0.22
6300+80
−70
0.019+0.018
−0.013

1.88+0.07
−0.06
1.84+0.61
−0.35
+0.0003
0.0131−0.0003
+0.021
0.561−0.021
+0.17
1.72−0.17
6300+80
−70
+0.018
0.019−0.013

+0.06
1.78−0.05
+1.73
2.87−1.00
+0.0003
0.0129−0.0003
+0.021
0.548−0.019
+0.22
1.45−0.20
6330+80
−70
+0.017
0.019−0.013

+0.06
1.78−0.05

Pre-WD age (Gyr)
Radius (𝑅 )
Mass (𝑀 )
Initial mass (𝑀 )
𝑇eff (K)
𝐴𝑉 (mag)

3.5

+0.86
2.14−0.47
+0.0003
0.0129−0.0003
+0.021
0.548−0.019
+0.17
1.61−0.17

6330+80
−70
+0.017
0.019−0.013

Radial velocity modelling

To confirm the planet we conduct two independent analyses. First,
in this section we detect solely the RV signal, using the genetic
algorithm Yorbit (Ségransan et al. 2010). Second, in Sect. 3.6 we
do a combined fit of both the photometry and RV, with a completely
different code.
In Fig. 6 we show a Generalized Lomb-Scargle periodogram
derived solely from the SOPHIE RVs. The 3.478 day period from
the TOI catalogue is denoted by a red dashed line. This corresponds
to the highest peak in the periodogram, demonstrating that the RV
signal is produced by the same body that produces the TESS transit
signals. We note that our spectra are not contaminated by the bound
white dwarf, since it is both too faint (19.23 magnitude compared
with 12.08 for the host star) and too far away (13.9 arcsec separation
compared with 3 arcsec diameter SOPHIE fibres) to contribute any
light.
We then run the Yorbit genetic algorithm, allowing it to fit a
single Keplerian model with a period between 3 and 4 days, which
is roughly centered on the highest peak of the periodogram. The
best-fitting model of the RVs alone has a period of 𝑃pl = 3.42 ± 0.06
days, and a best-fitting transit mid point of 2037.96 ± 0.14 (BJDUTC
- 2 457 000), both of which match the TESS photometry. The bestfitting model also has an eccentricity of 𝑒 pl = 0.178, which would
be surprisingly high for such a short period planet.
To test if the planet signal (and its potential eccentricity) is
significant, we calculate the Bayesian Information Criterion (𝐵𝐼𝐶)
by

𝐵𝐼𝐶 = 𝑛 ln



𝑅𝑆𝑆
+ 𝑘 ln 𝑛obs ,
𝑛

(2)

where 𝑘 is the number of model parameters, 𝑅𝑆𝑆 is the sum of
the squares of the model residuals (in 𝑚/𝑠) and 𝑛obs = 13 is the
number of observations. We calculate the BIC for a flat line (𝑘 = 1),
the best fitting eccentric model from Yorbit (𝑘 = 6) and a forced
circular model with the same period (𝑘 = 4). The flat, eccentric and
circular 𝐵𝐼𝐶 values are 157.8, 136.2 and 133.6, respectively. The
circular planet model has the lowest 𝐵𝐼𝐶, making it the favoured
model. For one model to be significantly better than another though,
a 𝐵𝐼𝐶 reduction of more than 6 is considered “strong evidence”.
This means that the circular model is not significantly better than
the eccentric model, but both are significantly better than the flat
model. Otherwise said, the RVs alone provide strong evidence that
the planet exists, but we cannot constrain its eccentricity.

Figure 6. Generalized Lomb-Scargle (GLS) periodogram of the 19 SOPHIE
RV points (top) and the residuals to the circular Keplerian fit (bottom). The
highest peak for the observations corresponds to the transiting planet orbital
period at 3.45 days. There are also harmonics at integer fractions of this
period. Note that these periodogram does not include any information from
the photometry. The RV detection alone is significant, above a 1% false alarm
propbability (FAP). For reference, we show the 27.8 day rotation period of
the host star with a red dashed line, at which there is no power in the GLS.
The GLS periodogram of the residuals shows no significant peak above a
10% FAP.

3.6

Global modelling of the photometry and radial velocity

We model the combined light curves (TESS and ground-based)
and RV data using exoplanet (Foreman-Mackey et al. 2020). The
exoplanet software uses starry (Luger et al. 2019; Agol et al.
2020) to rapidly compute analytical limb darkened light curves, and
is also integrated with celerite for scalable Gaussian process comMNRAS 000, 1–15 (2021)
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Figure 7. Upper panel: Nine sectors of TESS PDCSAP photometry of TOI-1259. The blue model is the Gaussian process model. Middle panel: The light curve
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Figure 8. Phase folded and detrended light curve of the primary transit after
removing the Gaussian process model. We show the unbinned data in blue,
and the data averaged in 10 min bins in blue/white points. The orange line is
the best-fitting transit model, with a maximum depth of 2.7%.

putations. Since the models (and their gradients) within exoplanet
are analytical, the software is built on the Theano (Theano Development Team 2016) engine and therefore allows the use of pymc3
(Salvatier et al. 2016), which offers fast and effective convergence
using gradient-based sampling algorithms.
The Simple Aperture Photometry (SAP) light curve from TESS
shows a clear rotational signal of the host star (Fig. 4). While we
could take advantage of the rotational signal in our transit modelling,
we derive a rotation period in Section 3.2 using the SystematicsInsensitive Periodogram (SIP). We therefore opt to use the PDCSAP
flux (Stumpe et al. 2012; Smith et al. 2012; Stumpe et al. 2014;
MNRAS 000, 1–15 (2021)

Jenkins et al. 2016). in our transit analysis, which is corrected for
spacecraft systematics and the rotation signal since the derived
rotation period is on a similar timescale to a TESS sector.
The TESS spacecraft fires its thrusters to unload angular momentum from its reaction wheels every few days, which may cause
the images obtained in the timestamps to appear disjoint. To make
sure the momentum dumps do not affect our further analysis, we
identify the times of these events from the Data Quality Flags in the
FITS files, and exclude the data obtained within four hours on either
side of the thruster events.
We model the out-of-transit variability using Gaussian processes
(GPs). We use the SHOTerm model in celerite (Foreman-Mackey
et √
al. 2017; Foreman-Mackey 2018), fixing the quality factor 𝑄 =
1/ 2 so that the covariance function becomes




1
𝜔 𝜏 𝜋
𝑘 (𝜏) = 𝑆0 𝜔0 exp − √ 𝜔0 𝜏 cos √0 −
.
4
2
2
We fit for the natural logarithms of the amplitude and frequency, 𝑆0
and 𝜔0 . Since each TESS sector may have systematics on different
timescales and amplitudes, we model each sector and ground-based
light curve with individual GPs, and also assign individual flux
scaling terms and white noise terms.
We fit the TESS and ground-based photometry using our Gaussian process model combined with a transit model, as well as a
Keplerian model for the RV data. We place Gaussian priors on the
stellar mass and radius using values from the SED analysis in Section 3.1, 𝑀★ = 0.68 ± 0.08 M , 𝑅★ = 0.739 ± 0.031 R . Further,
we vary the impact parameter 𝑏, as well as the natural logarithms
of the period 𝑃, mid-transit time 𝑇0 , planet radius 𝑅pl , and planet
mass 𝑀pl . The limb darkening of the star is described by a quadratic
formula, with coefficients and uncertainties within the TESS, 𝑅,
𝑧 0 , 𝑔 0 , and white light bands determined using pyldtk (Parviainen
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Figure 9. Transit light curves of TOI-1259 b followed up with small (< 50 cm) ground-based telescopes with various filters. For each light curve, we show the
raw data in the top panel (grey) overlaid with data binned in 10 min intervals (black). The best-fitting model is shown as a solid blue line, which consists of a
Gaussian process (GP) model (dashed) and transit model (dotted). The 1𝜎 uncertainty of the GP model is indicated by the shaded region. The middle panels are
“cleaned” light curves after removing the GP model, and the bottom panels are residuals from the best-fitting model.

& Aigrain 2015) and exofast online tool5 . pyldtk and exofast
interpolate the Husser et al. (2013) and Claret & Bloemen (2011)
atmospheric models, respectively, where we used stellar parameters
from Table 3. We vary the limb darkening coefficients with a Gaussian prior centered on the computed values, with standard deviation
of 0.01 and 0.02 for 𝑐 1 and 𝑐 2 , respectively. These uncertainties
roughly correspond to twice the computed error, which we inflated
to account for uncertainties in the stellar atmospheric models. The
SOPHIE RV data is further described by the semi-amplitude 𝐾,
√
√
eccentricity parameters 𝑒 cos 𝜔 and 𝑒 sin 𝜔, and additional nui-

5

http://astroutils.astronomy.ohio-state.edu/exofast/
limbdark.shtml(Eastman et al. 2013)

sance parameters that model the offset and a white noise term that is
added in quadrature to the SOPHIE uncertainties.
We first perform a maximum likelihood fit, followed by MCMC
sampling using the NUTS sampler within pymc3 to obtain credible
intervals on our parameters. We launch two independent chains
that are run for 4000 tuning steps and 2000 production steps. We
confirmed that the sampler converged by checking the GelmanRubin criterion, 𝑅ˆ < 1.01, and all parameters have >200 effective
samples. We report the values and 15.8 and 84.2 percentiles for the
stellar, planet and orbital parameters in Table 5, and similarly for the
nuisance parameters in Table A1. The fits to the transit photometry is
shown in Fig. 7,8,9, and the RV fit in Fig. 11. Our RV measurements
are all published online.
The combined fit to the TESS light curves and SOPHIE
MNRAS 000, 1–15 (2021)
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Figure 10. Top: The light curve folded on the phase of the planet orbit, with data points binned in 20 min intervals. The grey highlighted area is the transit
duration. The expected secondary eclipse depth is 63 ppm, which is comparable to the noise. There is no apparent signal at 𝜙 = 0.5, where one could expect a
secondary eclipse for a circular orbit. There is a tentative signal centered on 𝜙 = 0.64 with a duration that is consistent with a secondary eclipse, however this
implies an eccentricity of roughly 0.2–0.3 which is incompatible with the RV data.

albedo of 0.5 and ignore thermal emission. An eclipse of this depth
would be consistent with the small dip seen at phase 0.64, but more
observations, potentially including those from an extended TESS
mission, would be needed to confirm that this feature is a secondary
eclipse.
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Figure 11. SOPHIE RV (black) with the 99th percentile models from a joint
fit with the TESS photometry encapsulated in the blue region. The RV are
indicative of a 0.44𝑀Jup planet, and are in phase with the transits observed
by TESS.

RVs reveals that TOI-1259 b is a giant planet with mass 𝑀pl =
M , and radius 𝑅pl = 1.022+0.030
0.441+0.049
R . The RV data
−0.047 Jup
−0.027 Jup
constrains the eccentricity to be <0.13 (99% credible interval). Using
the approximate tidal circularization timescale in §6 of Barker &
Ogilvie (2009) with their example tidal parameters, we find that
TOI-1259 b might have circularized after ∼2 Gyr, which is shorter
than the estimated age of the host star (∼5 Gyr). As in Section 3.5, the
eccentricity measurement from our global analysis is not statistically
signficant. The BIC prefers a circular model over the eccentric model,
with ΔBIC = BICcirc − BICecc = −23.8. We therefore adopt the
circular model, but report results from both analyses in Table 5.
We visually searched for a secondary eclipse in the binned
residuals of the phase-folded TESS photometry, shown in Fig. 10.
The residuals close to phase 0.5 (where a secondary eclipse would
be for a circular orbit) show no signs of a planet occultation. There
may be a tentative signal of a ∼100 ppm secondary eclipse at phase
∼ 0.64. However, this implies an eccentricity of roughly 0.2–0.3 .
Such high eccentricities are not supported by the current RV data. We
estimate the secondary eclipse depth to be 63 ppm, using the simple
approximation ≈ 0.5(𝑅pl /𝑎 pl ) 2 , where we assume a geometric
MNRAS 000, 1–15 (2021)

DISCUSSION

We have confirmed that the TESS transiting candidate TOI-1259Ab
is a 0.441𝑀Jup transiting exoplanet on a 3.48 day orbit, through
our RV and ground-based photometric follow-up. Furthermore, by
combining with the existing Gaia binaries catalog of El-Badry &
Rix (2018), we show that this planet exists in a binary star system,
where its primary star is a 0.68𝑀 K-dwarf and the secondary star
is a 0.56𝑀 white dwarf on a bound orbit. The current projected
separation is roughly 1648 AU. All of the key parameters of this
system are summarised in Table 3.
4.1

Comparison with Mugrauer & Michel (2020)

Mugrauer & Michel (2020) independently characterised the white
dwarf companion to TOI-1259. They also concluded that it was a
bound companion, and determined a projected separation of roughly
1600 AU, which is the same as in El-Badry & Rix (2018). Their
derived white dwarf effective temperature of 𝑇eff = 6473+672
K
−419
agrees with our calculations of 𝑇eff = 6300+80
K.
−70
4.2

Dynamical history

Wang et al. (2014) determined that the planet frequency in binary
systems was lower than that around single stars for binary separations
up to 1500 AU. Some other studies suggest that the influence of a
binary is less far-reaching, with only 100-200 AU and tighter binaries
affecting planet populations (Kraus et al. 2016; Moe & Kratter 2019;
Ziegler et al. 2021). With a mass of 0.56𝑀 at a distance of about
1600 AU, our white dwarf is presently at a separation not predicted to
impact planet formation. However, during its main sequence lifetime,
the white dwarf’s progenitor would have been both more massive
(∼ 1.59𝑀 ) and much closer (∼ 900 AU, assuming adiabatic mass
loss). At this point secular effects such as Kozai-Lidov (Lidov 1962;
Kozai 1962; Mazeh & Shaham 1979) may have been relevant to the
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Table 5. Derived parameters from the joint modelling of TESS photometric and SOPHIE RV data. 𝑎 Controlled by Gaussian prior, N (0.68, 0.05). 𝑏 Controlled
by Gaussian prior, N (0.739, 0.031). 𝑐 Assuming zero albedo.
Parameter

Description

Value
circular model (adopted)

Value
eccentric model

Derived stellar parameters
𝑀★ (M )
𝑅★ (R )

Stellar mass𝑎
Stellar radius𝑏

+0.064
0.744−0.059
+0.020
0.711−0.019

0.743+0.066
−0.064
0.711+0.024
−0.024

𝜌★ (g cm−3 )
log 𝑔★ (cgs)

Stellar density
Stellar surface gravity

2.92+0.03
−0.04
+0.013
4.605−0.013

2.91+0.26
−0.25
4.581+0.044
−0.045

3.4779780+0.0000019
−0.0000017
1686.700531+0.000097
−0.000104
+0.049
0.441−0.047
+0.030
1.022−0.027

+0.0000018
3.4779779−0.0000016
1686.700536+0.000099
−0.000100
0.440+0.051
−0.047
1.021+0.034
−0.034

Derived planet parameters
𝑃 (days)
𝑇0 (BJDUTC - 2 457 000)
𝑀pl (MJup )
𝑅pl (RJup )

Orbital period
Transit mid-point
Planet mass
Planet radius

𝜌pl (g cm−3 )
log 𝑔pl (cgs)
𝑀pl /𝑀★
𝑅pl /𝑅★
𝑎/𝑅★
𝑅★ /𝑎
𝑅pl /𝑎
𝑇eq (K)

Planet density
Planet surface gravity
Mass ratio
Planet-to-star radius ratio
Scaled separation
Scaled stellar radius
Scaled planet radius
Planet equilibrium temperature𝑐

+0.051
0.513−0.048
+0.040
3.019−0.040
+0.000056
0.000567−0.000055
+0.00035
0.14762−0.00030
12.314+0.036
−0.056
0.08121+0.00037
−0.00023
+0.000077
0.011981−0.000033
+21
963−21

0.513+0.071
−0.066
3.019+0.050
−0.053
0.000568+0.000052
−0.000051
0.14764+0.00032
−0.00031
12.301+0.352
−0.358
0.08130+0.00244
−0.00226
0.012002+0.000371
−0.000348
963+25
−25

𝑏 (𝑅★ )
𝑖p (°)
𝑎 (AU)
𝐷𝑇0
𝑇14 (days)
𝐾 (m s−1 )
𝑒
𝜔 (°)
√
𝑒 cos 𝜔
√
𝑒 sin 𝜔
𝑢TESS
𝑣TESS
𝑢𝑅
𝑣𝑅
𝑢𝑧 0

Impact parameter
Orbital inclination
Semi-major axis
Transit depth at 𝑇0
Transit duration between 1st and 4th contacts
RV semi-amplitude
Eccentricity
Argument of periastron

+0.055
0.065−0.044
+0.20
89.70−0.26
+0.00114
0.04070−0.00110
+0.000099
0.026759−0.000100
+0.00020
0.10314−0.00020
+6.8
72.0−6.4
0
–

0.064+0.055
−0.045
+0.21
89.70−0.26
+0.00116
0.04069−0.00120
0.026756+0.000097
−0.000095
0.10313+0.00020
−0.00019
72.2+6.4
−6.4
0.030+0.034
−0.022
5+132
−138

Unit eccentricity parameter
Unit eccentricity parameter
Limb darkening coefficient, TESS band
Limb darkening coefficient, TESS band
Limb darkening coefficient, 𝑅 band
Limb darkening coefficient, 𝑅 band
Limb darkening coefficient, 𝑧 0 band

–
–
0.5241+0.0066
−0.0064
+0.016
0.088−0.017
0.5328+0.0103
−0.0097
+0.020
0.171−0.020
0.3689+0.0102
−0.0097

−0.038+0.142
−0.127
0.005+0.144
−0.156
+0.0067
0.5232−0.0068
+0.015
0.088−0.015
+0.0099
0.5333−0.0098
+0.020
0.172−0.020
+0.0100
0.3687−0.0096

𝑣𝑧0
𝑢𝑔0
𝑣𝑔0
𝑢white
𝑣white

Limb darkening coefficient, 𝑧 0 band
Limb darkening coefficient, 𝑔0 band
Limb darkening coefficient, 𝑔0 band
Limb darkening coefficient, white light
Limb darkening coefficient, white light

+0.020
0.209−0.020
0.8026+0.0098
−0.0101
+0.020
0.030−0.021
0.6640+0.0098
−0.0100
+0.019
0.059−0.019

0.209+0.021
−0.020
+0.0100
0.8024−0.0098
0.029+0.021
−0.020
+0.0105
0.6627−0.0104
0.062+0.021
−0.020

planet. Indeed, the Kozai-Lidov effect may have brought the planet
to its current orbital configuration, by inducing high-eccentricity
tidal migration (Fabrycky & Tremaine 2007; Naoz et al. 2012; Naoz
2016), if the planet started out at a wider orbit, as would be expected
for a gas giant. Given the estimated pre-white dwarf age of the
system ( 2 Gyr), a large range of orbital parameters could have led
to the observed orbit of the planet TOI-1259Ab. In such a case, the
companion star evolving into a white dwarf may have also acted as a
natural “shutoff” for such secular effects (Dawson & Johnson 2018).
We also note here that our combined photometry and RV fit
favours a circular solution for the planetary orbit. The planet may

have had a higher eccentricity (e.g. due to Kozai-Lidov) in the past
but with a semi-major axis of only 0.04 AU it likely would have
been circularized by tidal interactions within the age of the system.
Higher precision photometric follow-up that is able to reveal the
secondary transit of the planet would most likely be the best means
of detecting any potential small but non-zero eccentricity.
Any planets that orbited the white dwarf progenitor may have
experienced the opposite effect; the evolution of their host into a
white dwarf may have acted to “turn on” secular effects (Shappee &
Thompson 2013; Stephan et al. 2017, 2018; Stephan et al. 2020a).
This could cause the destruction of its planets. TOI-1259A’s white
MNRAS 000, 1–15 (2021)
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dwarf companion would therefore be a worthwhile target for finding
signatures of heavy element pollution by planetary debris. In any
case, more detailed studies of the dynamical history of TOI-1259
and of Gliese-86b, which has a white dwarf companion at a projected
separation of just 21 AU (Queloz et al. 2000; Els et al. 2001; Lagrange
et al. 2006), are warranted and will be part of a future work.
4.3

Future spectroscopic characterisation of the white dwarf
companion

There is a propensity for white dwarfs to have atmospheres contaminated by heavy elements (Debes et al. 2012; Farihi 2016; Wilson et al.
2019), despite an expectation that such elements would quickly settle
towards the core due to the high gravity. This has been measured
in white dwarfs without any known exoplanet companions, but the
pollution itself has been attributed to the accretion of surrounding
planetary material. It would be interesting to know if WD such as
TOI-1259B, which do have a known associated planet, are more
likely to be polluted than “lonely” WDs. Southworth et al. (2020)
most recently tested this for WASP-986 , but their spectroscopy of the
white dwarf revealed a featureless spectrum and hence no evidence
of pollution could be ascertained. It will ultimately be beneficial to
conduct such spectroscopy on not only TOI-1259B, but indeed all
of the similar systems listed in Table 2.
Follow-up spectroscopy will also hopefully inform us if the
atmosphere is hydrogen- or helium-dominated. Breaking this degeneracy would allow a more accurate constraint on the WD parameters,
since we could choose the appropriate model from Table 4.
4.4

Figure 12. Transit Spectroscopy Metric (TSM) from Kempton et al. (2018)
for all confirmed transiting exoplanets as a function of their equilibrium
temperature (where such a value has been calculated). The TSM is calculated
using Eq. 3. The color scale is the planet radius. TOI-1259Ab has a TSM of
180, making it ideal for atmospheric follow-up. In particular, it has one of
the highest TSM values for a planet cooler than 1000 K and of Jupiter-size
or less.

(Anderson et al. 2014) has a confirmed presence of helium in its
atmosphere from ground-based observations (Nortmann et al. 2018).
WASP-107b (Anderson et al. 2017) is a so-called “super-puff”, based
on a 0.12𝑀Jup mass and a 0.94𝑅Jup radius, and Hubble Space
Telescope observations have revealed the presence of both helium
(Spake et al. 2018) and water (Kreidberg et al. 2018).
With an ecliptic latitude of 76.878◦ , TOI-1259Ab is near the
JWST continuous viewing zone and is observable for typically 227
days per year, which will assist future atmospheric characterisation.

Future JWST observations

Kempton et al. (2018) derived a Transmission Spectroscopy Metric
(TSM). It is a means of prioritizing exoplanets for future atmospheric
characterisation, in particular using the James Webb Space Telescope,
and is proportional to the expected signal to noise ratio for the planet’s
transmission spectrum. Their analytic expression is

TSM = 𝑆 ×

3𝑇
𝑅pl
eq
2
𝑀pl 𝑅★

× 10−𝑚J /5 ,

(3)

where 𝑚 J is the magnitude of the host star in the J band and 𝑆
is a an empirical scale factor derived by Kempton et al. (2018)
to make their simple analytic expression match the more detailed
simulations of Louie et al. (2018). The factor 𝑆 depends on the
radius of the transiting planet: 𝑆 = 0.19 for 𝑅pl < 1.5𝑅 ⊕ ; 𝑆 = 1.26
for 1.5 < 𝑅pl < 2.75𝑅 ⊕ ; 𝑆 = 1.28 for 2.75 < 𝑅lp < 4.0𝑅 ⊕ and
𝑆 = 1.15 for 𝑅pl > 4.0𝑅 ⊕ 7 .
For TOI-1259Ab we calculate a value of TSM = 180, which
places it in the top 3% of all confirmed transiting exoplanets. We
demonstrate this in Fig. 12. TOI-1259Ab has a scaled separation
𝑎/𝑅★ = 12.314+0.036
and an equilibrium temperature 𝑇eq = 963±21
−0.056
K. Most of the planets with a higher TSM value are hotter and larger.
There are only two objects cooler than 1000 K with a higher TSM:
WASP-69b and WASP-107b. These two planets have already received
considerable attention with respect to their atmospheres. WASP-69b
6

A similar configuration to TOI-1259, but with a wider binary separated by
∼ 3500 AU.
7 Whilst we use this final scale factor for all planets above 4𝑅 , Kempton
⊕
et al. (2018) only define it for 4 to 10𝑅⊕ and do not give a scale factor for
larger planets.
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This paper has been typeset from a TEX/LATEX file prepared by the author.
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Table A1. Fitted Gaussian process (GP) and radial velocity nuisance parameters from the joint modelling of the photometric and radial velocity data. Only the
parameters for the circular orbital model are given, as the differences from the eccentric model are negligible.
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Parameter

Description

Value

Prior

Sector 14
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−15.77+0.59
−0.51
+0.56
−0.90−1.20
−24.52+3.16
−5.73
0.99949+0.00053
−0.00446

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 17
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

+0.28
−8.71−0.27
0.28+0.32
−0.38
−24.52+3.29
−5.28
1.00051+0.00206
−0.00247

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux) , 102 )
N (median(flux), 52 )

Sector 18
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−10.19+0.33
−0.31
0.75+0.16
−0.17
−24.86+3.47
−6.10
0.99975+0.00041
−0.00044

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 19
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−14.68+0.50
−0.52
+0.25
−0.01−0.29
−24.74+3.25
−5.49
1.00004+0.00019
−0.00019

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 20
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−14.21+0.39
−0.37
+0.24
−0.37−0.35
−24.89+3.19
−5.37
0.99995+0.00044
−0.00061

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 21
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−11.36+0.38
−0.40
1.04+0.15
−0.16
−24.77+3.13
−5.82
1.00006+0.00012
−0.00013

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 24
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−11.28+0.42
−0.44
1.14+0.16
−0.17
−24.71+3.26
−5.39
1.00007+0.00010
−0.00011

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 25
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

+0.34
−9.83−0.32
+0.13
1.51−0.13
−24.64+3.34
−5.93
1.00006+0.00010
−0.00010

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )

Sector 26
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

−13.37+0.63
−0.61
0.44+0.24
−0.28
−24.67+3.33
−5.35
1.00005+0.00015
−0.00015

N (log var(flux), 52 )
N (log 2 𝜋/5, 52 )
N (log var(flux), 102 )
N (median(flux), 52 )
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Table A1 – continued
Parameter

Description

Value

Prior

𝑅 band
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

2.87+1.82
−2.48
5.10+2.29
−0.57
−10.98+0.25
−0.29
0.89563+0.00080
−0.00069

N (−1, 102 )
N (log 2 𝜋/0.04, 102 )
N (log var(flux), 102 )
N (median(flux), 52 )

𝑧 0 band
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

+8.50
−8.89−3.46
+10.24
2.34−2.53
−18.14+4.86
−7.64
0.14724+0.00132
−0.00026

N (−1, 102 )
N (log 2 𝜋/0.04, 102 )
N (log var(flux) , 102 )
N (median(flux), 52 )

𝑔0 band
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

+1.27
−3.14−1.23
+0.93
2.84−1.20
−19.04+4.66
−7.50
0.16291+0.00197
−0.00266

N (−1, 102 )
N (log 2 𝜋/0.04, 102 )
N (log var(flux), 102 )
N (median(flux), 52 )

White light
log 𝑆0 𝜔04
log 𝜔0 (s−1 )
log 𝜎 2
F

GP amplitude
GP frequency
White noise term
Flux scaling factor

3.10+1.11
−1.03
3.97+0.42
−0.48
−10.90+0.21
−0.21
1.36259+0.00500
−0.00481

N (−1, 102 )
N (log 2 𝜋/0.04, 102 )
N (log var(flux), 102 )
N (median(flux), 52 )

SOPHIE
log 𝜎 (km s−1 )
𝛾 (km s−1 )

White noise term
Systemic velocity

+1.34
−5.44−4.40
−40.8197+0.0046
−0.0047

N (log median(RV), 52 )
N (median(RV), 0.52 )
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