
Draft version June 26, 2020

Typeset using LATEX twocolumn style in AASTeX62

TOI-1728b: The Habitable-zone Planet Finder confirms a warm super Neptune orbiting an M dwarf host
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ABSTRACT

We confirm the planetary nature of TOI-1728b using a combination of ground-based photometry,

near-infrared Doppler velocimetry and spectroscopy with the Habitable-zone Planet Finder. TOI-1728

is an old, inactive M0 star with Teff = 3980+31
−32 K, which hosts a transiting super Neptune at an orbital

period of ∼ 3.49 days. Joint fitting of the radial velocities and TESS and ground-based transits yields

a planetary radius of 5.05+0.16
−0.17 R⊕, mass 26.78+5.43

−5.13 M⊕ and eccentricity 0.057+0.054
−0.039. We estimate the

stellar properties, and perform a search for He 10830 Å absorption during the transit of this planet

and claim a null detection with an upper limit of 1.1% with 90% confidence. A deeper level of He

10830 Å absorption has been detected in the planet atmosphere of GJ 3470b, a comparable gaseous

planet. TOI-1728b is the largest super Neptune the intermediate subclass of planets between Neptune

and the more massive gas-giant planetsdiscovered around an M dwarf. With its relatively large mass

and radius, TOI-1728 represents a valuable datapoint in the M-dwarf exoplanet mass-radius diagram,

bridging the gap between the lighter Neptune-sized planets and the heavier Jovian planets known to
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orbit M-dwarfs. With a low bulk density of 1.14+0.26
−0.24 g/cm3, and orbiting a bright host star (J ∼ 9.6, V

∼ 12.4), TOI-1728b is also a promising candidate for transmission spectroscopy both from the ground

and from space, which can be used to constrain planet formation and evolutionary models.

Keywords: planets and satellites: detection, composition; planetary systems; stars: fundamental pa-

rameters; methods: statistical;

1. INTRODUCTION

Neptune-sized exoplanets (2R⊕ < Rp < 6R⊕) repre-

sent not only a fairly common population around stars
(> 25%, Buchhave et al. 2014; Hsu et al. 2019), but

also a transitional population between rocky terrestrial

planets and Jupiter-like gas giants. Of these, transit-

ing super Neptunes (17M⊕ < Mp < 57M⊕; Bakos et al.

(2015)) with mass measurements are important in trying

to understand theories of planet formation (Crossfield &
Kreidberg 2017). Constraints on their chemical abun-

dances (O/H, C/H and C/O) can help inform theories of

planet formation and migration, i.e., whether the plan-

ets formed in-situ or formed farther away beyond the ice

lines and migrated inwards (Madhusudhan et al. 2017).
Furthermore, the atmospheric composition obtained by

transmission spectroscopy can be used to understand the
protoplanetary disk chemistry since it is expected that
planetesimal accretion forms the main source of heavy
elements in their atmospheres (Mordasini et al. 2016).

A subset of these exo-Neptunes with equilibrium tem-

peratures of ∼ 800 – 1200 K are referred to as “warm
Neptunes”, and are expected to exhibit a wide diversity

in the atmospheric elemental abundances, as well as at-
mospheres which are dominated by CO instead of CH4

(Guzmán Mesa et al. 2020).

M dwarfs, the most common stars in the Galaxy (Reid

& Gizis 1997; Henry et al. 2006), represent lucrative tar-

gets for exoplanet transmission spectroscopy due to their
large planet-to-star radii ratios (Batalha et al. 2017).

Compared to planets around earlier type host stars, the
lower luminosity results in smaller semi-major axes for
comparable insolation fluxes. In addition, the lower stel-

lar masses (in comparison with solar-type stars), ampli-

fies the radial velocity (RV) signal amplitude for plan-

ets orbiting M dwarfs as opposed to solar type stars, for

comparable insolation flux.

Using RVs from the near infrared (NIR) Habitable
zone Planet Finder (HPF) spectrometer (Mahadevan

et al. 2012, 2014), we obtain a precise mass measure-

ment of the transiting warm super Neptune, TOI-1728b,

orbiting its M0 host star. Observed by the Transiting

Exoplanet Survey Satellite (TESS ; Ricker et al. 2015),

the inflated planet TOI-1728b is a good candidate for
transmission spectroscopy measurements owing to the
relatively bright host star (J ∼ 9.6) and its low plane-

tary density. Our mass measurement precision exceeds
the ∼ 20% (5σ) recommended by Batalha et al. (2019)

for detailed atmospheric characterization. This is im-

portant to ensure that the derived atmospheric param-

eter uncertainties are not dominated by the mass mea-

surement uncertainties.

In Section 2, we discuss the observations, which in-

clude photometry from TESS as well as ground-based

photometric follow-up and RV observations with HPF.

In Section 4 we discuss the stellar parameter estima-

tion using HPF spectra and spectral energy distribution
(SED) fitting as well as lack of any detectable rotation
signal in the photometric data. In Section 5.1, we dis-

cuss the joint fit of the photometry and the RV obser-

vations, followed by a discussion of our upper limit on

He 10830 Å absorption in Section 5.2. In Section 6,

we discuss the planetary properties of TOI-1728b with

respect to other M dwarf exoplanets. Finally, in Section

7, we summarize our results.

2. OBSERVATIONS

2.1. TESS Photometry

TOI-1728 (TIC 285048486, UCAC4 774-029023, Gaia

DR2 1094545653447816064) was observed by TESS in
Sector 20 from 2019 December 24 to 2020 January 19 at

two-minute cadence. It has one transiting planet candi-
date, TOI-1728.01, with a period of ∼ 3.49 days (Fig-

ure 1) that was detected by the TESS science processing

pipeline (Jenkins et al. 2016). For our subsequent analy-

sis, we used the entire pre-search data conditioned time-

series light curves (Ricker & Vanderspek 2018) available
at the Mikulski Archive for Space Telescopes (MAST)

for Sector 20. We exclude points marked as anomalous
by the TESS data quality flags (see Table 28 in Tenen-

baum & Jenkins 2018).

2.2. Ground-based follow-up photometry

2.2.1. Perkin 0.43 m

We observed a transit of TOI-1728b on the night of

2020 February 22 using the Richard S. Perkin telescope

on the campus of Hobart and William Smith Colleges

(Geneva, New York, United States). The 0.43 m (17”)
f/6.8 Planewave CDK telescope rests on a Paramount
equatorial mount with an SBIG 8300 M camera mounted
at Cassegrain focus. The camera detector has an array
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Table 1. RVs of TOI-1728. All observa-
tions have exposure times of 945 s. We
include this table in a machine readable
format along with the manuscript.

BJDTDB RV σ SNR

(m/s) (m/s)

2458907.65733 -15.64 22.97 58

2458908.63028 42.74 24.05 51

2458908.64575 22.64 10.68 122

2458909.66360 -38.93 28.24 50

2458909.70634 19.92 32.39 42

2458909.72115 9.77 24.77 57

2458915.69333 24.41 17.40 77

2458915.70361 5.27 11.23 116

2458918.60459 -3.29 8.61 146

2458918.61624 12.46 7.46 165

2458918.65883 26.40 8.91 139

2458918.67062 15.58 9.24 139

2458920.65569 -8.86 11.60 111

2458920.67280 -29.40 10.17 123

2458920.68347 3.83 7.38 170

2458930.66092 2.95 7.34 176

2458930.67270 -2.27 7.70 165

2458931.60585 -15.54 8.37 154

2458931.61804 -14.61 19.86 69

2458935.63860 -9.78 9.97 125

2458935.64863 -3.48 13.75 90

2458937.64412 -16.40 8.05 157

2458937.65563 -0.27 9.62 131

2458939.63169 19.73 25.13 49

2458949.60579 22.42 12.48 101

2458949.61659 1.12 13.00 96

2458954.62964 5.46 16.19 79

2458954.64087 -3.38 15.76 82

2458959.60388 -10.97 7.67 164

2458959.61532 -19.45 8.76 143

Distances < 1.7′′: In a span of ∼ 60 years, between

the recent ZTF image (2018.5) and the POSS-1 image

(1955.1), TOI-1728 has had a sky projected motion of ∼

7′′. The POSS-1 plate images were taken with Eastman

103a-E spectroscopic plates in conjunction with a No.

160 red plexiglass filter with a bandpass between 6000
– 6700 Å, and have a limiting magnitude of R ∼ 19

(Harrington 1952). Based on the POSS-1 field of view of

this region (Figure 3), we rule out background objects at

the present position for TOI-1728 with contrast ∆R < 6
(TOI-1728 Johnson R = 11.9, Zacharias et al. 2012).

Unresolved Bound companions: The host stel-

lar density is constrained from the transit fit (Seager

& Malln-Ornelas 2003) to be consistent with that ob-
tained from the SED fit for an M0 host star (Section

4.2). Furthermore, we place limits on a spatially unre-
solved bound companion by quantifying the lack of flux

from a secondary stellar object in the HPF spectra. We

parameterize the TOI-1728 spectra as a linear combina-

tion of a primary of M0 spectral type (GJ 4882), and

a secondary stellar companion, where the flux ratio is
given by the ratio of these coefficients (Equation 1).

STOI−1728 = (1− x) SM0 + (x)SS

F =
x

1− x

(1)

where STOI−1728 is the TOI-1728 spectra, SM0 is the

primary spectra of M0 spectral type (GJ488), and SS

represents the secondary spectra (bound companion).

Here x is the parameter we fit, and F is the flux ratio

of the secondary to the primary which is plotted in Fig-

ure 5. We shift the secondary spectra in velocity space
and then add that to the primary M0 template in order

to match the TOI-1728 spectra. We limit this fitting to
secondary companions of stellar types fainter than M0,
i.e. (> M0), and obtain flux limits for secondary stel-

lar companions of M2 (GJ3470), M4 (GJ699) and M5

(GJ1156) spectral types. Bound stellar secondary com-

panions of spectral type later than M5 would be too faint

to cause appreciable dilution in the transit light curve,

and their impact would be below our current precision
on the radius estimate. Our RV residuals with a base-
line of ∼ 50 days do not show a significant trend (linear

or otherwise), and therefore we estimate the impact of

an unresolved bound companion on our estimated plan-

etary parameters should be negligible. We use high S/N

spectra observed by HPF of these stars. We do not

perform this procedure in the entire spectrum, but in
individual orders due to some of the orders being dom-
inated by telluric absorption. The flux ratio estimates

are consistent across the non telluric dominated orders,

and for conciseness we present here the results from HPF

order 69 spanning ∼ 8780− 8890 Å. We place a conser-
vative upper limit for a secondary of flux ratio = 0.05

or ∆mag ' 3.25 at velocity offsets (|∆v|) > 5 km/s.

As shown in Figure 5, we do not see significant flux

contamination at (|∆v|) > 5 km/s. We perform this

2 GJ488 was chosen for the M0 template since it represented
one of the closest match to the TOI-1728 spectra (Figure 6).
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Table 2. Summary of stellar parameters for TOI-1728.

Parameter Description Value Reference

Main identifiers:

TOI TESS Object of Interest 1728 TESS mission

TIC TESS Input Catalogue 285048486 Stassun

2MASS · · · J08022653+6447489 2MASS

Gaia DR2 · · · 1094545653447816064 Gaia DR2

Equatorial Coordinates, Proper Motion and Spectral Type:

αJ2000 Right Ascension (RA) 08:02:26.55 Gaia DR2

δJ2000 Declination (Dec) +64:47:48.93 Gaia DR2

µα Proper motion (RA, mas/yr) 104.078± 0.044 Gaia DR2

µδ Proper motion (Dec, mas/yr) 52.919± 0.046 Gaia DR2

d Distance in pc 60.80+0.14
−0.13 Bailer-Jones

AV,max Maximum visual extinction 0.01 Green

Optical and near-infrared magnitudes:

B Johnson B mag 13.693± 0.073 APASS

V Johnson V mag 12.400± 0.035 APASS

g′ Sloan g′ mag 13.086± 0.112 APASS

r′ Sloan r′ mag 11.788± 0.041 APASS

i′ Sloan i′ mag 11.096± 0.029 APASS

J J mag 9.642± 0.019 2MASS

H H mag 8.953± 0.028 2MASS

Ks Ks mag 8.803± 0.020 2MASS

W1 WISE1 mag 8.691± 0.022 WISE

W2 WISE2 mag 8.742± 0.021 WISE

W3 WISE3 mag 8.598± 0.026 WISE

W4 WISE4 mag 8.250± 0.234 WISE

Spectroscopic Parametersa:

Teff Effective temperature in K 3975± 77 This work

[Fe/H] Metallicity in dex 0.09± 0.13 This work

log(g) Surface gravity in cgs units 4.67± 0.05 This work

Model-Dependent Stellar SED and Isochrone fit Parametersb:

Teff Effective temperature in K 3980+31
−32 This work

[Fe/H] Metallicity in dex 0.25± 0.10 This work

log(g) Surface gravity in cgs units 4.657± 0.017 This work

M∗ Mass in M� 0.646+0.023
−0.022 This work

R∗ Radius in R� 0.6243+0.010
−0.0097 This work

L∗ Luminosity in L� 0.088± 0.002 This work

ρ∗ Density in g/cm3 3.78± 0.19 This work

Age Age in Gyrs 7.1± 4.6 This work

Av Visual extinction in mag 0.0050+0.0034
−0.0035 This work

Other Stellar Parameters:

v sin i∗ Rotational velocity in km/s < 2 This work

∆RV “Absolute” radial velocity in km/s −43.2± 0.3 Gaia DR2

U, V,W Galactic velocities in km/s 53.8± 0.2,−9.8± 0.1, 1.8± 0.15 This work

References are: Stassun (Stassun et al. 2018), 2MASS (Cutri et al. 2003), Gaia DR2 (Gaia Collaboration
et al. 2018), Bailer-Jones (Bailer-Jones et al. 2018), Green (Green et al. 2019), APASS (Henden et al.
2018), WISE (Wright et al. 2010)

aDerived using the HPF spectral matching algorithm from Stefansson et al. (2020).

b
EXOFASTv2 derived values using MIST isochrones with the Gaia parallax and spectroscopic parameters
in a) as priors.
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Table 4. Derived Parameters for the TOI-1728 System

Parameter Units Value

Orbital Parameters:

Orbital Period . . . . . . . . . . . P (days) . . . . . . . . . 3.491510+0.000062
−0.000057

Time of Periastron . . . . . . . TP (BJDTDB). . . . . 2458843.707+0.697
−1.010

Eccentricity . . . . . . . . . . . . . . e . . . . . . . . . . . . . . . . . 0.057+0.054
−0.039

Argument of Periastron . . ω (degrees) . . . . . . 45+104
−187

Semi-amplitude Velocity . . K (m/s) . . . . . . . . . . 15.12+3.04
−2.87

Systemic Velocitya . . . . . . . γ (m/s) . . . . . . . . . . . 1.86+1.84
−1.91

RV trend . . . . . . . . . . . . . . . . . dv/dt (mm/s/day) 0.001± 0.025

RV jitter . . . . . . . . . . . . . . . . . σHPF (m/s) . . . . . . 0.46+3.36
−0.44

Transit Parameters:

Transit Midpoint . . . . . . . . TC (BJDTDB). . . . . 2458843.27427± 0.00043

Scaled Radius . . . . . . . . . . . . Rp/R∗ . . . . . . . . . . . 0.074± 0.002

Scaled Semi-major Axis . . a/R∗ . . . . . . . . . . . . . 13.48± 0.20

Orbital Inclination . . . . . . . i (degrees) . . . . . . . . 88.31+0.58
−0.40

Impact Parameter . . . . . . . . b . . . . . . . . . . . . . . . . . 0.39+0.11
−0.15

Transit Duration . . . . . . . . . T14 (hours) . . . . . . . 1.96± 0.03

Photometric Jitterb . . . . . . σTESS (ppm) . . . . . 0.02+1.96
−0.02

σDavey (ppm) . . . . . 2334.64+197.77
−196.66

σPerkin (ppm) . . . . 1062.40+261.22
−272.43

Dilutionc . . . . . . . . . . . . . . . . . DTESS . . . . . . . . . . . 0.860± 0.045

Planetary Parameters:

Mass . . . . . . . . . . . . . . . . . . . . . Mp (M⊕) . . . . . . . . . 26.78+5.43
−5.13

Radius . . . . . . . . . . . . . . . . . . . Rp (R⊕) . . . . . . . . . 5.05+0.16
−0.17

Density . . . . . . . . . . . . . . . . . . ρp (g/ cm3) . . . . . . . 1.14+0.26
−0.24

Surface Gravity . . . . . . . . . . gp (cm/s2) . . . . . . . . 1037+29
−30

Semi-major Axis . . . . . . . . . a (AU) . . . . . . . . . . . 0.0391± 0.0009

Average Incident Flux . . . . 〈F 〉 ( 105 W/m2). . 0.785+0.033
−0.035

Planetary Insolation S ( S⊕) . . . . . . . . . . . 57.78± 3.48

Equilibrium Temperatured Teq (K) . . . . . . . . . . . 767± 8

aIn addition to the Absolute RV from Table 2.

b Jitter (per observation) added in quadrature to photometric instrument error.

cDilution due to presence of background stars in TESS aperture.

dThe planet is assumed to be a black body.

with a median signal-to-noise ratio of ∼ 100 per pixel

on 2020 March 1. A high S/N template of the out-of-

transit spectrum was created by the averaging all the

spectra we obtained for RV measurement outside the

transit window. Careful subtraction of the sky emission

line is crucial so as to not confuse sky lines with the

He 10830 Å signal. We subtracted the simultaneous sky

spectrum measured in the HPF’s sky fiber after scaling

by the throughput ratio obtained from twilight observa-

tions. Figure 10 shows the ratio of in-transit to the out-

of-transit spectrum during the transit. The error bars

propagated through our pipeline are also shown in the

plot. To calculate the upper limit we injected artificial

absorption lines and ran MCMC fits using PyMC3 (Sal-

vatier et al. 2016) to tests detectability. The line width
was taken to be HPF’s instrument resolution, with the

wavelength fixed to the two strong unresolved lines in

the He 10830 Å triplet, and the continuum normalized
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tides in the atmosphere, atmospheric escape, or excita-
tion due to a companion) can potentially yield the ob-

served population of eccentric Neptunes.

TOI-1728b, is a warm super Neptune with period ∼

3.5 days and eccentricity 0.057+0.054
−0.039 (Figure 11). The

current eccentricity estimate for TOI-1728b is consistent

with both a circular and mildly eccentric orbit. While it
does rule out a highly eccentric system, it does not have
the precision for more substantial claims regarding its

place in the eccentric warm Neptune population. This

constraint could be greatly improved with additional

observations, especially the observation of a secondary

eclipse. We also recognize that given the truncated posi-

tive semi-definite nature of the eccentricity distribution,

there tends to exist a bias towards higher values in eccen-

tricity estimates (Lucy & Sweeney 1971; Shen & Turner

2008). Considering these factors, if TOI-1728b is indeed

in a circular orbit, this would contrast with the eccen-
tricity distribution for warm Neptunes seen by Correia

et al. (2020), and could be attributed to a few possible
hypotheses:

• The TOI-1728 stellar system is old enough to cir-
cularize the planet despite the competing mecha-
nisms. From Equation 2 of Correia et al. (2020),

the characteristic circularization time scale for

TOI-1728b is ∼ 0.8 Gyr, while our age estimates

from the SED fit predict a stellar age of 7.0 ± 4.6

Gyr. This estimate, coupled with the lack of a

detectable rotation period in photometry or RVs,

and the lack of stellar activity indicate an old stel-

lar host system which has had time to circularize

its orbit.

• The initial orbit of TOI-1728b was not as highly

eccentric as the other warm Neptunes in the Cor-

reia et al. (2020) sample. Since the total time for
circularization scales with the initial eccentricity,

if TOI-1728b formed in an orbit which was not

highly eccentric, then it would be easier to circu-

larize it.

• A companion object can pump up the eccentricity

of a planet by the Kozai-Lidov mechanism (Kozai

1962; Lidov 1962) or Spin-Eccentricity pumping

(Correia et al. 2013; Greenberg et al. 2013). For

TOI-1728b, the TESS light curve does not show

another transiting companion, however this does
not rule out non-transiting companions or those

with orbital periods & 27 days. Furthermore, the
RV residuals do not show a periodic signal, which

at least rules out a massive and short period com-

panion object.

6.3. Atmospheric Escape

Based on energy conservation, in a planet heated by

host star’s irradiation, the atmosphere mass escape rate

is proportional to the XUV3 flux falling on the planet,
and inversely proportional to the density of the planet

(Sanz-Forcada et al. 2011). We summarize the detec-

tions for He 10830 Å and Lyα absorption for GJ436b,

GJ3470b — both warm Neptunes around M dwarfs —

as well as HAT-P-11b, a warm Neptune around a mid K

dwarf, as they represent the closest analogues to TOI-

1728b with intensive transmission spectroscopy follow-
up.

He 10830 Å: Transit spectroscopy measurements

have detected absorption in the NIR corresponding to

ionized He 10830 Å for GJ3470b (Ninan et al. 2019;

Palle et al. 2020), and also HAT-P-11b (Yee et al. 2018;

Mansfield et al. 2018; Allart et al. 2018). At the same
time, no absorption corresponding to this feature has

been detected for GJ436b (Nortmann et al. 2018) or for

TOI-1728b (this work).

Lyα measurements: Lyα observations using Hub-

ble Space Telescope (HST) have detected significant at-
mospheric mass outflows in GJ 3470b (Bourrier et al.

2018) and GJ 436b (Kulow et al. 2014; Ehrenreich et al.
2015).

GJ 436b represents a particularly interesting case with

Lyα detection in the UV, but lack of He 10830 Å ab-

sorption. This could be due to a lower helium ionizing

flux in comparison to the hydrogen ionizing flux, and

even to certain extent a fractional under-abundance of

Helium in the exo-sphere of GJ 436b (Hu et al. 2015).
Similarly for TOI-1728b, despite having lower planet

density, and higher stellar irradiance than GJ3470b, our

upper-limit of 1.1% in He 10830 Å absorption for TOI-

1728b is less than the 1.5% absorption detection seen

in GJ 3470b. This could imply a lesser helium ionising

flux from TOI-1728 than GJ 3470, and a scenario similar

to that for GJ 436b. Given the similarity in planetary
properties for these planets, we encourage the follow-up
of TOI-1728 using the HST for Lyα exosphere detection,

as well as further NIR observations to put tighter con-
straints on the upper limit on He 10830 Å absorption.

6.4. Potential for Transmission spectroscopy

In addition to the atmospheric escape transmission

spectroscopy observations detailed in the previous sec-

tion, TOI-1728b is also a promising candidate for atmo-

spheric abundance characterization.

3 XUV includes X-ray and extreme ultraviolet photons (<
912 Å).
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et al. 2018, AJ, 156, 123

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M.,

Mantelet, G., & Andrae, R. 2018, AJ, 156, 58

Bakos, G. Á., Penev, K., Bayliss, D., et al. 2015, ApJ, 813,

111

Baraffe, I., Chabrier, G., & Barman, T. 2008, A&A, 482,

315

Batalha, N. E., Lewis, T., Fortney, J. J., et al. 2019, The

Astrophysical Journal Letters, 885, L25.

http://adsabs.harvard.edu/abs/2019ApJ...885L..25B

Batalha, N. E., Mandell, A., Pontoppidan, K., et al. 2017,

PASP, 129, 064501

Bensby, T., Feltzing, S., & Oey, M. S. 2014, A&A, 562, A71

Bonfils, X., Delfosse, X., Udry, S., et al. 2013, Astronomy &

Astrophysics, 549, A109. https://www.aanda.org/

articles/aa/abs/2013/01/aa14704-10/aa14704-10.html

Bourrier, V., Lecavelier des Etangs, A., Ehrenreich, D.,

et al. 2018, A&A, 620, A147

Bovy, J. 2015, ApJS, 216, 29
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Stefansson, G., Cañas, C., Wisniewski, J., et al. 2020, AJ,

159, 100

Tange, O. 2011, ;login: The USENIX Magazine, 36, 42.

http://www.gnu.org/s/parallel

Tenenbaum, P., & Jenkins, J. 2018,

EXP-TESS-ARC-ICD-0014 Rev D.

https://archive.stsci.edu/missions/tess/doc/

EXP-TESS-ARC-ICD-TM-0014.pdf

Theano Development Team. 2016, arXiv e-prints,

abs/1605.02688. http://arxiv.org/abs/1605.02688

Triaud, A. H. M. J. 2018, The Rossiter-McLaughlin Effect

in Exoplanet Research, 2

Turner, J. D., Pearson, K. A., Biddle, L. I., et al. 2016,

Monthly Notices of the Royal Astronomical Society, 459,

789.

http://adsabs.harvard.edu/abs/2016MNRAS.459..789T

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011,

Computing in Science and Engineering, 13, 22

Venturini, J., Alibert, Y., & Benz, W. 2016, A&A, 596, A90

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2019,

arXiv e-prints, arXiv:1907.10121

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.

2010, AJ, 140, 1868

Wright, J. T., & Eastman, J. D. 2014, PASP, 126, 838

Yee, S. W., Petigura, E. A., & Braun, K. v. 2017, The

Astrophysical Journal, 836, 77. https:

//doi.org/10.3847%2F1538-4357%2F836%2F1%2F77

Yee, S. W., Petigura, E. A., Fulton, B. J., et al. 2018, AJ,

155, 255

Zacharias, N., Finch, C. T., Girard, T. M., et al. 2012,

VizieR Online Data Catalog, I/322A

Zechmeister, M., & Kürster, M. 2009, A&A, 496, 577

Zechmeister, M., Reiners, A., Amado, P. J., et al. 2018,

A&A, 609, A12

Zeng, L., Jacobsen, S. B., Sasselov, D. D., et al. 2019,

Proceedings of the National Academy of Science, 116,

9723

Ziegler, C., Law, N. M., Baranec, C., et al. 2018, AJ, 156,

259


