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ABSTRACT

We present TOI-1259Ab, a 1.0Ry,, gas giant planet transiting a 0.71R, K-dwarf on a 3.48 d 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 per cent 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 ms~!, implying a
planet mass of 0.44Mjy,,,. By fitting the spectral energy distribution of the white dwarf, we derive a total age of 4.08:1):2; Gyr for
the system. The K dwarf’s light curve reveals rotational variability with a period of 28 d, which implies a gyrochronology age

broadly consistent with the white dwarf’s total age.

Key words: planets and satellites: formation —binaries: eclipsing —stars: individual (TOI-1259) — stars: low-mass — stars: rota-

tion.

1 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 (Thébault, Marzari & Scholl 2008; Xie, Zhou & Ge 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 &
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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 (WD). A
surprising discovery is that up to roughly 50 per cent of WDs have
atmospheres polluted with heavy elements (Debes, Walsh & Stark
2012; Farihi 2016; Wilson et al. 2019), despite the fact that the high
gravity should cause such elements to settle out of the atmosphere
in a short time. This is seen as evidence that circumstellar planetary
material occasionally accretes on to WDs, replenishing the heavy
elements.

However, it is tricky to actually find planets around WDs. A
lack of sharp spectral features prevents precise radial velocity (RV)
monitoring (Maxted, Marsh & Moran 2000). A small radius, similar
to that of the 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 WD (e.g. Qian et al. 2009), but the validity of the
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Table 1. Summary of the TOI-1259 system. Host star parameters derived
from SED fits (Section 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 TESS Input Catalog 288735205

Gaia 1D 2294170838587572736

o Right ascension 282.100297136879°
(18148m24307)

8 Declination 79.2560447193138°
(79°15'21"76)

Vinag Apparent V magnitude 12.08

d Distance (pc) 118.11 £ 0.37

M, Mass (M) 0.681°

R, Radius (Rp) 0.739 4+ 0.031

Tett, « Effective temperature (K) 4775 £+ 100

[Fe/H], Metallicity —-05+0.5

log g« Surface gravity (cgs) 45+0.5

Transiting planet — TOI-1259Ab

My Mass (Myqp) 0.44170049

Ryl Radius (Ryup) 1.02279030

Pyl Orbital period (d) 347797800 0000015

apl Semimajor axis (au) 0.04070%0001 12

epl Eccentricity 0

Bound white dwarf companion — TOI-1259B

TIC TESS Input Catalog 1718312312

GAIA 1D 2294170834291960832

o Right ascension 282.11052432749°
(18"48™M26853)

8 Declination 79.2594025546024°
(79°15'3385)

Vinag Apparent V magnitude 19.23

d Distance (pc) 120.6 = 4.6

Mwp Mass (Mg) 0.561 £ 0.021

Rwp Radius (Rg) 0.0131 £ 0.0003

SepwD Projected current separation (au) 1648

Tefr, WD Effective temperature (K) 63008_070

evidence has been repeatedly questioned (Wittenmyer, Horner &
Marshall 2013; Zorotovic & Schreiber 2013; Bear & Soker 2014).
Only recently did Vanderburg et al. (2020) discover the first bona
fide planet transiting a WD: WD 1856 + 534 (see also Alonso et al.
2021). There have also been discoveries of transiting planetary debris
(Vanderburg et al. 2015; Manser et al. 2019; Guidry et al. 2020;
Vanderbosch et al. 2020) and accretion on to a WD attributed to the
evaporating atmosphere of a giant planet (Ginsicke 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 d orbit
around a K-dwarf, with a WD companion at a projected separation of
~1600 au. The WD 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 (SPOC; 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 per cent 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

TOI-1259Ab — exoplanet with white dwarf 4133

of 0.44My,,. We summarize the key aspects of the TOI-1259 system
in Table 1.

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 WDs. Mugrauer & Michel
(2020) found five WD companions to TESS Objects of Interest,
including TOI-1259, but without RV data to confirm the TOlIs 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. 2020).
Heavy element pollution in any of these WDs may be caused by its
stellar binary companion (Veras et al. 2011, 2013; Bonsor & Veras
2015; Hamers, Perets & Portegies Zwart 2016; Stephan, Naoz &
Zuckerman 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
etal. 2014). The presence of a WD companion also makes it possible
to calculate the system’s age independently of other methods such
as gyrochronology and isochrone fitting (Barnes 2003; Jgrgensen &
Lindegren 2005; Angus et al. 2019).

WD aside, the planet TOI-1259Ab has some beneficial properties
for future atmospheric follow-up with James Webb Space Telescope
(JWST). The planet has 2.7 per cent deep transits on its 0.71 R K-
dwarf host, which are amongst the deepest known (Fig. 1). The
0.71 Rg K-dwarf host 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 WD atmosphere, as we try to
better understand the formation and survival of planets in multistellar
systems.

Our paper is structured as follows. Section 2 details the TESS
photometry, SOPHIE RVs, and Gaia astrometry. In Section 3, we
present a combined analysis of these data and thereby characterize
the planet, its host star, and the companion WD. We conclude by
discussing some implications for this system and potential future
work in Section 4.

2 OBSERVATIONS

2.1 TESS photometry

The TESS mission observed TOI-1259 in 2 min cadence mode for a
total of 240 d, covering nine sectors (14, 17-21, 24-26) between 2019
July 18 and 2020 July 4. The TESS Science Processing Operations
Center pipeline (Jenkins et al. 2016) identified a ~2.5 per cent transit
signal lasting ~2.2h, repeating with a period of 3.48d. 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 momen-
tum 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.

MNRAS 507, 4132-4148 (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 (sepwp). 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 semimajor axis are to be

determined (TBD).
Name apl Sepwp Planet reference ‘White dwarf reference
(au) (au)
HD 13445 0.1143 21 Queloz et al. (2000) Els et al. (2001)
(Gliese-86) Lagrange et al. (2006)
HD 27442 1.271 236 Butler et al. (2001) Chauvin et al. (2006)
(Epsilon Reticuli) Mugrauer, M. et al. (2007)
HIP 116454 0.098 524 Vanderburg et al. (2015) Vanderburg et al. (2015)
HD 8535 2.45 560 Naef et al. (2010) Mugrauer (2019)
CTOI-53309262 TBD 625 Unconfirmed Community TOI El-Badry & Rix (2018)
(Single Transit Only) Mugrauer & Michel (2020)
Kepler-779 0.0558 1105 Morton et al. (2016) Mugrauer (2019)
TOI-1703 0.0223 1302 Unconfirmed TOI Mugrauer & Michel (2020)
TOI-1259 0.0416 1648 This Paper El-Badry & Rix (2018)
Mugrauer & Michel (2020)
HD 107148 0.269 1790 Butler et al. (2006) Mugrauer & Dingel (2016)
TOI-249 0.0564 2615 Unconfirmed TOI El-Badry & Rix (2018)
Mugrauer & Michel (2020)
‘WASP-98 0.0453 3500 Hellier et al. (2014) Mugrauer (2019)
Southworth et al. (2020)
HD 118904 1.7 3948 Jeong et al. (2018) Mugrauer (2019)
TOI-1624 0.0688 4965 Unconfirmed TOI Mugrauer & Michel (2020)
HD 147513 1.32 5360 Mayor et al. (2004) Alexander & Lourens (1969)

(62 G. Scorpii)

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) and 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
Ro) Mo)
1.SED +logg 0.739 = 0.031 0.79 + 0.14
2.SED + Torresetal. 2010) M-R ~ 0.739 £ 0.031 0.68 £ 0.08
3.SED + MIST isochrones 0.733 £ 0.022 0.77779037
4.SED + PARSEC isochrones 0.729 + 0.020 0.777790%
N ¢ 25
§ 6 2.0 ~
= . s
g 153
§ TOI- 1259—f>A o °..° A 108
2 K3 .’ "{'}
o . s‘. . o ‘ . 0.5
0 & 'x -' svo '- % o

0 500 1000 1500 2000 2500 3000 3500 4000
Planet Teq (K)

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 per cent deep transits.

MNRAS 507, 4132-4148 (2021)

2.2 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.! A full
transit was observed on UTC 2019 October 10 using an unfiltered
diffuser and again on UTC 2019 October 17 in g'-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 7z 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 neighbouring 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-TESS.?

2.3 SOPHIE radial velocities

To measure the mass of TOI-1259Ab we used SOPHIE, which is a
high resolution? échelle spectrograph used to find extra-solar planets

Uhttps://(O:italic Y TESS (/O:italic).mit.edu/followup
2https://exofop.ipac.caltech.edu/(O:italic YTESS (/0:italic)

3We used the ‘high-efficiency mode’, which has a resolution of R = 39 000
and is typically used for stars fainter than 10th magnitude.
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Figure 2. SDSS image of the planet host TOI-1259A and its bound white
dwarf companion TOI-1259B. The image is centred on TOI-1259A at RA
18148m24307, Dec 79°15 21776.

with high-precision RVs (Perruchot et al. 2008; Bouchy et al. 2009).
It is installed on the 1.93-m telescope at Observatoire de Haute
Provence, France.

We obtained 19 RV measurements of TOI-1259Ab between 2020
June 10 and 2020 July 16 using the SOPHIE spectrograph. All RVs
were calculated using the standard SOPHIE pipeline, where a cross-
correlation function is calculated between the data and a K5 mask.
Each observation yielded an RV with a precision of roughly 20 ms~!.

We note that our spectra are not contaminated by the bound WD,
since it is both too faint (19.23 mag 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 WD 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 orbits.* Fig. 2 shows an SDSS image
of the system, with both the K-dwarf primary and WD companion
clearly visible. The projected angular (physical) separation of the
pair is 13.9 arcsec (1648 au). The plane-of-the-sky absolute velocity
difference between the WD and K dwarfis AV, = 0.477932 kms~'.
For comparison, we can calculate the Keplerian orbital velocity of a
circular orbit separated by 1648 au, with masses 0.68 and 0.561M,
(see Table 1):

G (M, + M-
V= (M, + WD)’ )
S€Pwp

where G = 6.67384 x 107!!. The value V =0.82kms~! is
consistent with the Gaia measurement, within the precision of

4Orbital 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.
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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 semimajor axis is almost always within
a factor of two of the true semimajor axis (see El-Badry & Rix
2018, their fig. B1). The WD companion was later independently
identified by Mugrauer & Michel (2020).

Because orbital accelerations are not easy to measure in long-
period 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; El-
Badry 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°, 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 x 10~ for TOI-1259A and its
companion. That is, there is little doubt that the planet host and WD
are physically associated.

3 ANALYSIS AND RESULTS

3.1 Host star parameters

We performed an analysis of the broad-band spectral energy dis-
tribution (SED) of the star together with the Gaia DR2 parallaxes
(adjusted by 4+-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, Collins & Gaudi (2017), and
Stassun et al. (2018). We pulled the BVgri magnitudes from APASS,
the JHKs magnitudes from 2MASS, the WI-W4 magnitudes from
WISE, the GGgpGgrp 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 pm (see Fig. 3).

We performed a fit to the SED using Kurucz (1979) stellar
atmosphere models, with the effective temperature (7¢), metallicity
([Fe/H]), surface gravity (log g) as free parameters. The only addi-
tional free parameter is the extinction (Ay), which we restricted to
the maximum line-of-sight value from the dust maps of Schlegel,
Finkbeiner & Davis (1998). The resulting fit is very good (Fig. 3)
with a reduced x?2 of 1.7 and best-fitting Ay = 0.20 £ 0.07, T =
4775 + 100 K, logg = 4.5 £ 0.5, and [Fe/H] =—0.5 £+ 0.5.
Integrating the (unreddened) model SED gives the bolometric flux
at Earth, Fyo) = 5.94 & 0.14 x 107'% erg s~! cm™2. Taking the Fyq
and T,y together with the Gaia DR2 parallax, gives the stellar radius,
R, =0.739 £ 0.031 Rg.

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 Mg. Alternatively, we can apply the
Torres, Andersen & Giménez (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 EXO-
FASTV2 (Eastman et al. 2019) to create a joint fit of the SED and
two different types of isochrones: MIST (Choi et al. 2016; Dotter
2016) and PARSEC (Bressan et al. 2012). With MIST we obtain

MNRAS 507, 4132-4148 (2021)
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Figure 3. Spectral energy distribution of TOI-1259A. The red symbols
represent the observed photometric measurements, where the horizontal bars
represent the effective width of the passband. The blue symbols are the model
fluxes from the best-fit Kurucz (1979) atmosphere model (black).

R, = 0.733 + 0.022 and M, = 0.77775037 and with PARSEC we
obtain similar values of R, = 0.729 4 0.020 and M, = 0.77775:93,

Throughout this paper, we will use the R, = 0.739 Ry and M, =
0.68 M, 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 Section 3.6.
In Table 3 we list our four different pairs of derived values for the
primary star mass and radius.

3.2 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, Foreman-Mackey & Johnson (2016) and more
recently implemented for TESS data in Hedges et al. (2020). For this
we use the Simple Aperture Photometry (SAP) light curves, since the
PDCSAP light curves tend to have the rotation period removed, or
at least made harder to identify. The SIP power amplitude is shown
in Fig. 4. The SIP shows the most significant power at a period of
P.ot = 28 d and a secondary peak at P,,; & 40 d. We adopt the more
significant peak at P, = 28 d as the true rotation rate of TOI-1259.
The signal at P, 240 d is possibly an alias of the rotation period.

The rotation period of P, = 28 d is close to the orbital period
of TESS (27 d). We conduct two tests of the validity of this rotation
rate. First, We construct SIPs for the targets neighbouring TOI-1259
and find no evidence of a similar peak in near-by targets. Secondly,
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 d.
This suggests that the 28 d signal is intrinsic to the target, and not an
artefact 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
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Figure 4. Top: Systematics-Insensitive Periodogram (SIP) for TOI-1259b.
The periodogram is calculated for both the corrected light curve (the black
line) and the background (BKG) pixels (the blue line). There is a strong peak
in the SIP at 28 d, 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 d 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. The grey points show the raw
data TESS data, and the black points show the data corrected using TESS-
sip, showing a clear periodicity.

redistribution of angular momentum (Spada & Lanzatame 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
preparation). This model was calibrated by fitting a Gaussian process
(GP), a semiparametric 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 4.870-7 Gyr for this star. The
quoted age uncertainty is the formal uncertainty that results from the
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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%54 3.73103¢ 4.677070 3.94108)

Cooling age (Gyr) 1.8870:07 1.887007 1.787006 1.787006

Pre-WD age (Gyr) 2.187203 1.84+041 2.87H0 2.141088

Radius (Rg) 0.0131750003 0.013175:0003 0.012975:0003 0.012970-0003

Mass (M) 0.56170021 0.56110-021 0.5487002) 0.5487903¢

Initial mass (M) 1.59%022 172407 1451022 L6177

Tetr (K) 6300750 6300750 6330750 6330750

Av (mag) 0,019 0,019 001931 0.019°47

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 per cent
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 WD (Section 3.4).

3.4 White dwarf age

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 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 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, Wesemael & Beauchamp 1995;
Holberg & Bergeron 2006), PARSEC evolutionary models (Bressan
et al. 2012), and semiempirical IFMRs to predict the SED of a WD
with a given age, initial mass and metallicity, distance, extinction,
and spectral type. 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 disc star
in the solar neighbourhood (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 Ay 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
positionis 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 per cent 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.

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,
Bolte & Koester (2009) from bound clusters, and the [IFRM measured
by El-Badry, Rix & Weisz (2018) from the Gaia colour—-magnitude
diagram of nearby field WDs.

Fig. 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 fig. 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 2 M, star is ~1.3 Gyr, while
that of a 1.2 Mg 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
colours 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 Ty >
6000 K would have detectable Balmer lines.

Our derived total age for TOI-1259B is consistent with the
4.8707 Gyr age derived for the planet host TOI-1259A based on
gyrochronology (Section 3.3).

3.5 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). Secondly, in Section 3.6
we do a combined fit of both the photometry and RV, with a
completely different code.
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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 per cent 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.
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In Fig. 6 we show a generalized Lomb—Scargle periodogram
derived solely from the SOPHIE RVs. The 3.478 d 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
WD, since it is both too faint (19.23 mag 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 d, which is roughly
centred on the highest peak of the periodogram. The best-fitting
model of the RVs alone has a period of P, = 3.42 4 0.06d, and a
best-fitting transit mid-point of 2037.96 & 0.14 (BJDyc - 2 457 000),
both of which match the TESS photometry. The best-fitting model
also has an eccentricity of e, = 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

RSS
BIC =nln <—> + k1In ngps, (2)
n

TOI-1259Ab — exoplanet with white dwarf — 4139

where k is the number of model parameters, RSS is the sum of the
squares of the model residuals (in m/s) and ng,s = 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.

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,
Luger & Foreman-Mackey 2020) to rapidly compute analytical limb
darkened light curves, and is also integrated with CELERITE for
scalable GP computations. 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, Wiecki & Fonnesbeck 2016), which
offers fast and effective convergence using gradient-based sampling
algorithms.

The 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 SIP. We therefore opt to use the PDCSAP flux
(Smith et al. 2012; Stumpe et al. 2012, 2014; 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
time-scale to a TESS sector.

The TESS spacecraft fires its thrusters to unload angular momen-
tum 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 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

k(t) =S e ! T | cos DT _ T
T) = dp Wy €Xp \/Ea)o \/E 4 )

We fit for the natural logarithms of the amplitude and frequency, Sy
and wy. Since each TESS sector may have systematics on different
time-scales 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 GP
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 Mg, R, =0.739 +0.031 Rg. Further, we vary
the impact parameter b, as well as the natural logarithms of the
period P, mid-transit time T, planet radius Ry, and planet mass M.
The limb darkening of the star is described by a quadratic formula,
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Table 5. Derived parameters from the joint modelling of TESS photometric and SOPHIE RV data.

Parameter

Description

Value
circular model (adopted)

Value
eccentric model

Derived stellar parameters
M, Mo)

R. Rp)

ps (gem™3)

log g. (cgs)

Derived planet parameters
P (d)

To (BIDyrc - 2457 000)

Stellar mass®
Stellar radius?
Stellar density

Stellar surface gravity

Orbital period

Transit mid-point

0.7447095

0711508
202701

4.6055013

-+0.0000019
3'4779780—0.00()0()17

1686.70053170 000001
04410049
1.022+00%0
05137003
3.019+0040

0.000567+ 9900036
0.14762+0:00035
12.314+0036
0.0812170, 00037

+0.066
0.74379:06¢
+0.024
0.711+5:024
+0.26
2.9179%

+0.044
458150 s

3.4779779 000016
1686.700536 70000700
0.4407 5,03
10217534
0.513%506
3.019750%
0.000568 000031
0147647000032
12.30179332
0.081307 000244

My (Myyp) Planet mass

Ry (Ryup) Planet radius

Pp1 (g cm™3) Planet density

log gp1 (cgs) Planet surface gravity

Mp/M, Mass ratio

Ry1/R, Planet-to-star radius ratio

alR, Scaled separation

R.la Scaled stellar radius

Ryi/a Scaled planet radius

Teq (K) Planet equilibrium temperature®

b (Ry) Impact parameter

ip (%) Orbital inclination

a (AU) Semimajor axis

D, Transit depth at T

T4 (d) Transit duration between 1% and 4™ contacts
K (ms~1) RV semiamplitude

e Eccentricity

w (°) Argument of periastron

Jecosw Unit eccentricity parameter

Jesinw Unit eccentricity parameter

UTESS Limb darkening coefficient, TESS band
UTESS Limb darkening coefficient, TESS band
UR Limb darkening coefficient, R band

UR Limb darkening coefficient, R band

uy Limb darkening coefficient, z’ band

vy Limb darkening coefficient, z’ band
Ugr Limb darkening coefficient, g/ band

Vgr Limb darkening coefficient, g/ band
Uwhite Limb darkening coefficient, white light
Vwhite Limb darkening coefficient, white light

+0.000077 0.000371
0.011981+9900077 0.0120027 000348
963+2! 963133
0.065+95% 00647033

+0.20 +0.21
89.7079:20 89.70 936

+0.00114

0.04070% 4 00110
+0.000099
0.0267597 ) 000100

0.10314+0-00020

+0.00116
0.040697 5 50120

+£0.000097

0.026756 500095
0.10313+0-00020

—0.00020 —0.00019
—+6.8 +6.4
72.0%6% 722464
—+0.034
0 0.030+5:033
_ 5+132

—138
+0.142
- —0.038%517
- 0.0057014
0.0066 0.0067
0.52411000% 0.52321 0000

008875018 0088701
0532813003 0.5333400%
01717082 01727082
0368913002 03687*051%
0200420 0209722
05026730 0.5024°051%
00307420 00207042
0.66407300% 066277801

0.019 0.021
0'059t0A019 0'0621—0.020

Notes. “Controlled by Gaussian prior, A/(0.68, 0.05).
bControlled by Gaussian prior, A/(0.739, 0.031).
¢ Assuming zero albedo.

with coefficients and uncertainties within the TESS, R, 7', g, and
white light bands determined using PYLDTK (Parviainen & Aigrain
2015) and EXOFAST online tool.> 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 centred

Shttp://astroutils.astronomy.ohio-state.edu/exofast/limbdark.shtm]
(Eastman, Gaudi & Agol 2013).
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on the computed values, with standard deviation of 0.01 and 0.02
for ¢; and c,, 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 semiamplitude K, eccentricity parameters
Jecosw and (/esinw, and additional nuisance 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
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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
after removing the Gaussian process model, showing transits only, with the transit model overlaid in orange. Botfom panel: Residuals from the best-fitting full
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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 per cent.

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 Gelman—
Rubin criterion, R < 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 Figs 7, 8, 9 and the RV fitin Fig. 11. Our RV measurements
are all published online.

The combined fit to the TESS light curves and SOPHIE RVs reveals
that TOI-1259 b is a giant planet with mass M, = 0.4417003) My,
and radius Ry = 1.022%0039 Ry,p. The RV data constrains the ec-
centricity to be <0.13 (99 per cent credible interval). Using the

approximate tidal circularization time-scale in section 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 ABIC = BIC,—BIC,.. = —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(R,/ap)?, where we assume a geometric
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.

4 DISCUSSION

We have confirmed that the TESS transiting candidate TOI-1259Ab is
a0.441My,, transiting exoplanet on a 3.48 d 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 staris a0.68 M K-dwarf and the secondary starisa 0.56 Mg,
WD on a bound orbit. The current projected separation is roughly
1648 au. All of the key parameters of this system are summarized in
Table 1.
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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 1o 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.

4.1 Comparison with Mugrauer & Michel (2020)

Mugrauer & Michel (2020) independently characterized the WD
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 WD effective temperature of To = 6473f2?(2) K agrees with
our calculations of T = 6300750 K.

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
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affecting planet populations (Kraus et al. 2016; Moe & Kratter 2019;
Ziegler et al. 2021). With a mass of 0.56 M, at a distance of about
1600 au, our WD is presently at a separation not predicted to impact
planet formation. However, during its main-sequence lifetime, the
WD’s progenitor would have been both more massive (~1.59 M)
and much closer (~900 au, assuming adiabatic mass-loss). At this
point secular effects such as Kozai-Lidov (Kozai 1962; Lidov 1962;
Mazeh & Shaham 1979) may have been relevant to the 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, Farr & Rasie 2012;
Naoz 2016), if the planet started out at a wider orbit, as would be
expected for a gas giant. Given the estimated pre-WD 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,
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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 ¢ = 0.5, where one could expect a
secondary eclipse for a circular orbit. There is a tentative signal centred on ¢ = 0.64 with a duration that is consistent with a secondary eclipse, however, this

implies an eccentricity of roughly 0.2-0.3 that is incompatible with the RV data.
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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 0.44Mjy, planet, and are in phase with the transits observed
by TESS.

the companion star evolving into a WD may have also acted as
a natural ‘shut-off’ 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
semimajor 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 WD progenitor may have experienced
the opposite effect; the evolution of their host into a WD may
have acted to ‘turn-on’ secular effects (Shappee & Thompson 2013;
Stephan et al. 2017; Stephan, Naoz & Gaudi 2018; Stephan, Naoz &
Gaudi 2020). This could cause the destruction of its planets. TOI-
1259A’s WD 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 WD 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 characterization of the white dwarf
companion

There is a propensity for WDs 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
WDs 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-98,5 but their spectroscopy of the WD
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 atmo-
sphere 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 Future JWST observations

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

3
% x 107115, 3)
R2
plity

TSM = § x

where m; is the magnitude of the host star in the J band and § 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

A similar configuration to TOI-1259, but with a wider binary separated by
~3500 au.
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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 equation (3). The colour 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.

transiting planet: S = 0.19 for R, < 1.5Rg; S = 1.26 for 1.5 < Ry
< 275Rg; § =1.28 for 2.75 < Ry, < 4.0Rg and § = 1.15 for R >
4.0Rs.7

For TOI-1259Ab we calculate a value of TSM =180, which
places it in the top 3 per cent of all confirmed transiting exoplanets.
We demonstrate this in Fig. 12. TOI-1259Ab has a scaled sepa-
ration a/R, = 12.314700% and an equilibrium temperature Teq =
963 £ 21 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 (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 0.12M},, mass and a 0.94Ry,;, 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 d per
year, which will assist future atmospheric characterization.
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APPENDIX A: NUISANCE PARAMETERS FROM THE GLOBAL ANALYSIS

Table Al. 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.

Parameter Description Value Prior
Sector 14
log Sow GP amplitude - 15-77J_r8:§'19 N (log var(flux), 5%)
logwo (571 GP frequency —0.907038 N(log2r /5, 52)
log o2 ‘White noise term —24.522% N (log var(flux), 102)
F Flux scaling factor 0.999497 500033 N (median(flux), 52)
Sector 17
log Sowg GP amplitude —8.71f8:§§ N (log var(flux), 5%)
logwp (s™) GP frequency 0.28f8§§ N(log2m/5,5%)
log o2 White noise term 724.52232 N (log var(flux), 10%)
F Flux scaling factor 1.0005170:90206 N (median(flux), 52)
Sector 18
log Sowj GP amplitude —10. 19J_r8:§? N (log var(flux), 5%)
log wg b GP frequency 0.75f8:%g’ N(log2n/5, 52)
log o2 White noise term 724.863% N (log var(flux), 10%)
F Flux scaling factor 0.99975 000044 N (median(flux), 52)
Sector 19
log Sowi GP amplitude —14.6819-20 N (log var(flux), 5%)
g 90w P -00_¢ 52 g ,
logwg (s~ GP frequency —0.0lfgég N(log2m/5,5%)
log o2 White noise term —24.742&3 N (log var(flux), 102%)
F Flux scaling factor 1.000040-90019 N (median(flux), 5%)
Sector 20
log Sowi GP amplitude —14.2110% N (log var(flux), 52)
0 =1-0.37 ’
logawy (s™1) GP frequency ~0.377924 N(log2m/5,52)
log o2 ‘White noise term —24.892:;3 N (log var(flux), 102)
F Flux scaling factor 0.99995J_r8:8882‘1‘ N (median(flux), 52)
Sector 21
log Sow; GP amplitude 11361038 N (log var(flux), 5%)
logwp (s™1) GP frequency 1.04fg:%g N(log2m/5,5%)
log o2 White noise term 724.772:5 N (log var(flux), 10%)
F Flux scaling factor 1.00006™0-90012 N (median(flux), 52)
Sector 24
log Sow} GP amplitude -1 1-28J_r8:ﬁ N (log var(flux), 5%)
log wg ) GP frequency 1.14f8:%(7) N(log2n/5, 52)
log o2 White noise term 724.713:%3 N (log var(flux), 102)
F Flux scaling factor 1.000075:00010 N (median(flux), 5%)
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Table A1 - continued

TOI-1259Ab — exoplanet with white dwarf — 4147

Parameter Description Value Prior
Sector 25
log Sow GP amplitude -9.83%03; N (log var(flux), 5%)
logwo (s™1) GP frequency 1517513 N(og2m/5,5%)
logo? White noise term —24.641337 N (log var(flux), 10%)
F Flux scaling factor 1.00006f8:888i8 N (median(flux), 5%)
Sector 26

4 . +0.63 2
log Sowy GP amplitude —13.3775¢ N (log var(flux), 5%)
logwo (s GP frequency 0.44102 N(log2m/5,5%)
logo? White noise term —24.671'2:;2 N (log var(flux), 10%)
F Flux scaling factor 1.00005 00001 N (median(flux), 52)
R band
log Spw; GP amplitude 2,870 % N(-1,10%
logwo (s71) GP frequency 510722 N (log 27/0.04, 10%)
log o2 White noise term - 10.98f8:§g N (log var(flux), 10%)
F Flux scaling factor O.89563f8:88828 N (median(flux), 5%)
Z band
log o GP amplitude ~8.897530 N(-1,10%)
logwo (571 GP frequency 2.3411024 N (log 27/0.04, 10%)
log o? White noise term —18.1 41"7‘:22 N (log var(flux), 10%)
F Flux scaling factor 0.147241'8:886% N (median(flux), 5%)
g/ band
log Sow GP amplitude —3.14737 N(~1,10%
logwo (s™1) GP frequency 2.84t?:gg N (log 27 /0.04, 107)
log o2 White noise term —19.047755 N (log var(flux), 10?)
F Flux scaling factor 0.1629115:0017 N (median(flux), 5%)
White light
log Sow; GP amplitude 3.1007 03 N(-1,10%
logwo (s™1) GP frequency 3,970 N (log 27/0.04, 10%)
logo? White noise term - 10.90f8:§% N (log var(flux), 10%)
F Flux scaling factor 1.3625970:00500 N (median(flux), 5%)
SOPHIE

logo (km s7h
y (kms™1)

White noise term

Systemic velocity

1.34
—5.447,%

+0.0046

—40.81977 ) 0047

N (log median(RV), 52)
N (median(RV), 0.5%)
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