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Abstract

Exoplanet discoveries have revealed a dramatic diversity of planet sizes across a vast array of orbital architectures. Sub-
Neptunes are of particular interest; due to their absence in our own solar system, we rely on demographics of exoplanets
to better understand their bulk composition and formation scenarios. Here, we present the discovery and characterization
of TOI-1437 b, a sub-Neptune with a 18.84 day orbit around a near-solar analog (Må= 1.10± 0.10M☉,
Rå=1.17± 0.12R☉). The planet was detected using photometric data from the Transiting Exoplanet Survey Satellite
(TESS) mission and radial velocity (RV) follow-up observations were carried out as a part of the TESS-Keck Survey
using both the HIRES instrument at Keck Observatory and the Levy Spectrograph on the Automated Planet Finder
telescope. A combined analysis of these data reveal a planet radius of Rp= 2.24± 0.23R⊕ and a mass measurement of
Mp= 9.6± 3.9M⊕). TOI-1437 b is one of few (∼50) known transiting sub-Neptunes orbiting a solar-mass star that has a
RV mass measurement. As the formation pathway of these worlds remains an unanswered question, the precise mass
characterization of TOI-1437 b may provide further insight into this class of planet.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Radial velocity (1332); Mini Neptunes (1063)
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1. Introduction

In the ever-expanding field of exoplanetary research, each
discovery marks a stride toward unraveling the mysteries of
distant worlds. The CoRoT (Léger et al. 2009), Kepler
(Borucki et al. 2010), and K2 missions (Howell et al. 2014)
paved the way for space-based detection of planets smaller than
Neptune (4R⊕) through the use of the transit method.
Although Kepler identified a plethora of sub-Neptunes within
our Galaxy (Dressing & Charbonneau 2013; Fulton et al.
2018), relatively few of these planets were suitable radial
velocity (RV) follow-up targets as a result of their large
distances.

The formation (e.g., Rogers et al. 2011; Schlichting 2014;
Raymond et al. 2018), atmospheric composition (e.g., Morley
et al. 2017; Kempton et al. 2018), and interior structure (e.g.,
Guzmán-Mesa et al. 2022; Misener et al. 2023) of sub-
Neptunes are not well understood. These planets, ranging from
1 to 4 R⊕, are expected to vary in composition from rocky to
gas-rich (Fortney et al. 2013; Moses et al. 2013; Lopez &
Fortney 2014), while planets with radii larger than 1.6 R⊕ retain
hydrogen envelopes (Rogers 2015; Fulton et al. 2017). The
mass–radius relation can provide the initial assessment of how
likely it is that the planet hosts an atmosphere, but these
parameters are often unknown. Although around a third of Sun-
like stars host sub-Neptunes with orbital periods of less than
100 days (Fressin et al. 2013; Petigura et al. 2013; Burke et al.
2015; Hsu et al. 2019), relatively few (∼50) of these planets
have known mass measurements. This strengthens the need for
RV observations of these worlds to further understand their
nature.

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) has added to the exoplanet inventory by carrying
out an all-sky survey attempting to detect small, transiting
planets around bright, nearby stars. Revealing over 6000 planet
candidates thus far, many of these TESS Objects of Interest are
amenable to follow-up with RV measurements to determine
planetary masses (Guerrero et al. 2021; Kane et al. 2021b). The
TESS-Keck Survey (Chontos et al. 2022), a large monitoring
program of TESS planet candidates with the Keck-HIRES and
APF-Levy Spectrographs, is working to provide the precise
planet mass measurements required by future efforts targeting
atmospheric characterization that often include sub-Neptunes
(e.g., Scarsdale et al. 2021; Lubin et al. 2022; Lange 2024).
Measurements of planet radii in combination with masses have
proven to be the most advantageous method for understanding
the compositions of exoplanets by allowing us to discern the
bulk densities of planets (Howe et al. 2014; Lopez &
Fortney 2014; Wolfgang et al. 2016; Unterborn et al. 2023).
These combined measurements are particularly important for
sub-Neptune exoplanets that have no analog representation
within the solar system (Kane et al. 2021a).

Here, we announce the discovery and precise mass
measurement of a planet orbiting TOI-1437 (otherwise known
as HD 154840; BD+57 1730; TIC 198356533), a near-solar
analog (Må=1.10± 0.10M☉, Rå=1.17± 0.12 R☉) observed by
TESS. Section 2 describes the observations and collected data
of the system including photometry, spectroscopy, and
imaging. Section 3 details the host star properties, followed
by an analysis of the data modeling in Section 4. A discussion
of the results and findings is found in Section 5 with
concluding remarks in Section 6.

2. Observations

2.1. Photometry

TOI-1437 lies within the northern Continuous Viewing
Zone, which has been observed exhaustively by TESS over its
full mission lifetime. TESS observed TOI-1437 in year 2 of
operations at a 2 minute cadence during Sectors 14–26. TOI-
1437 was also observed in Sectors 40, 41, and 47–60, at both
20 s and 2 minute cadences. TOI-1437 will be reobserved by
TESS in upcoming Sectors 73–83. The time-series observa-
tions of TOI-1437 were processed with the TESS Science
Processing Operations Center (SPOC) pipeline (Jenkins et al.
2016), which resulted in the detection of a periodic transit
signal for TOI-1437.01 that was alerted on 2019 November 14.
No significant photometric variability is present in the light
curve data.
To check for sources of contamination within the pipeline

aperture, we use the tpfplotter algorithm31 to inspect the
target pixel files (TPFs) for each sector using the procedure
described in Aller et al. (2020). Figure 1 shows the TPF of
Sector 14 overlaid with the Gaia Data Release 3 (DR3) catalog
(Gaia Collaboration et al. 2023) consisting of bright sources
down to 6 mag more faint than TOI-1437. The TPF shows no
indication of any sources of contamination within the aperture
of TESS.

2.2. Spectroscopy

2.2.1. HIRES Observations

TOI-1437 was observed over 88 nights with the HIRES
instrument at the Keck Observatory (Vogt et al. 1994) between
UT 2019 November 28 and UT 2023 June 26, including one
high signal-noise-ratio iodine-free template spectrum. HIRES is
an echelle spectrometer which observes over a spectral range of
3000–6500Å. HIRES uses the iodine technique, where the
wavelength range for RV measurements is 5000–6300Å. As

Figure 1. Target pixel file corresponding to TOI-1437 observations by TESS in
Sector 14. Sources from Gaia DR3 are shown as red circles, with their size
corresponding to the magnitude contrast against TOI-1437 (marked with the
label “1” and a white cross). The aperture used by the TESS-SPOC pipeline is
shown as a shaded red region in each panel.

31 https://github.com/jlillo/tpfplotter
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there are no prominent telluric lines in the wavelength section
used in the iodine-cell technique, they are not masked out. For
microtellurics (small absorption features caused by the
atmosphere) or lines such as the Sodium D lines that can be
in emission due to street light reflection in the atmosphere, the
iodine technique implements a weighting technique that gives
higher weights to the spectral segments that provide less scatter
through an observation stack for each star. This effectively de-
weights wavelength sections with problematic telluric features.
Our HIRES RVs have a median binned uncertainty of
1.49 m s−1 and a median exposure time of 329 s. We reduced
the RVs using the standard procedure described in Howard
et al. (2010). The first ten HIRES RV measurements are
provided in Table 1 while a complete list is available online.

2.2.2. APF Observations

In addition to the Keck/HIRES observations, we collected
106 spectra of TOI-1437 with the Levy Spectrograph on the
Automated Planet Finder (APF) telescope (Vogt et al. 2014)
between UT 2019 December 13 and 2022 July 30. The APF is
a 2.4 m telescope located at the Mt. Hamilton station of UCO/
Lick Observatory. The telescope is coupled with the high-
resolution (Rmax∼ 120,000) prism cross-dispersed Levy
echelle spectrograph, which covers a wavelength range of
∼3700–9700Å. APF uses the same iodine technique as
HIRES, taking RV measurements between 5000 and 6300Å
and negating the need to mask out telluric lines. Our APF RVs
have a median binned uncertainty of 5.22 m s−1 and a median
exposure time of 1800 s. The APF/Levy Doppler software was
developed based on the Keck/HIRES Doppler software and
therefore follows a similar process for reducing spectra to RVs.

A full description of the design and individual components of
the APF is available in Vogt et al. 2014. The first ten APF RV
measurements are provided in Table 1.

2.3. Imaging

Close stellar companions (bound or line of sight) can
confound exoplanet discoveries in a number of ways. The
detected transit signal might be a false positive due to a
background eclipsing binary, and even real planet discoveries
will yield incorrect stellar and exoplanet parameters if a close
companion exists and are unaccounted for (Ciardi et al. 2015;
Furlan & Howell 2020). Additionally, the presence of a close
companion star leads to the non-detection of small planets
residing with the same exoplanetary system (Lester et al. 2021).
Given that nearly one-half of solar-like stars are in binary or
multiple star systems (Matson et al. 2018), high-resolution
imaging provides crucial information toward our understanding
of exoplanetary formation, dynamics and evolution (Howell
et al. 2021).
As part of our standard process for validating transiting

exoplanets to assess the the possible contamination of bound or
unbound companions on the derived planetary radii (Ciardi et al.
2015), we observed TOI-1437 with high-resolution near-infrared
adaptive optics (AO) imaging at Palomar and Lick Observatories
and in the optical with lucky imaging at Calar Alto and speckle
imaging at Gemini North. The infrared observations provide the
deepest sensitivities to faint companions, while the optical
speckle observations provide the highest resolution imaging,
making the two techniques complementary.

2.3.1. Palomar AO

The Palomar Observatory observations were made with the
PHARO instrument (Hayward et al. 2001) behind the natural guide
star AO system P3K (Dekany et al. 2013) on UT 2021 June 22 in a
standard 5-point quincunx dither pattern with steps of 5″ in the
narrow-band Br− γ filter (λo= 2.1686;Δλ= 0.0326μm). Each
dither position was observed three times, offset in position from
each other by 0 5 for a total of 15 frames; with an integration time
of 1.4 s per frame, the total on-source time was 21 s. PHARO has a
pixel scale of 0.″025 per pixel for a total field of view of ∼25″.
The science frames were flat-fielded and sky-subtracted. The
reduced science frames were combined into a single image with a
final resolution of 0.″091 FWHM (Figure 2).
To within the limits of the AO observations, no stellar

companions were detected. The sensitivities of the final
combined AO image were determined by injecting simulated
sources azimuthally around the primary target every 20° at
separations of integer multiples of the central source’s FWHM
(Furlan et al. 2017; Lund & Ciardi 2020). The brightness of
each injected source was scaled until standard aperture
photometry detected it with 5σ significance. The resulting
brightness of the injected sources relative to TOI-1437 set the
contrast limits at that injection location. The final 5σ limit at
each separation was determined from the average of all of the
determined limits at that separation, and the uncertainty on the
limit was set by the rms dispersion of the azimuthal slices at a
given radial distance.

2.3.2. Shane AO

We observed TOI-1437 on UT 2021 March 05 using the
ShARCS camera on the Shane 3 m telescope at Lick

Table 1
Radial Velocity Measurements

Time (BJD) RV (m s−1) RV Unc. (m s−1) SHK Instrument

2458831.077696 −2.23 5.72 0.1450 Levy
2458831.091608 7.68 6.27 0.1375 Levy
2458852.10649 21.07 6.69 0.1171 Levy
2458876.070009 −12.17 7.14 0.1286 Levy
2458876.084558 −1.64 7.14 0.1337 Levy
2458882.049758 −4.89 10.49 0.1440 Levy
2458883.941799 14.17 12.18 0.0974 Levy
2458885.042157 −0.77 10.22 0.3082 Levy
2458885.87575 24.68 10.37 0.1557 Levy
2458887.016514 1.33 6.57 0.1255 Levy
2458917.092394 0.54 1.90 0.1204 HIRES
2458918.07703 3.10 1.73 0.126 HIRES
2458999.90562 −0.34 1.62 0.1301 HIRES
2459002.948851 1.34 1.57 0.1289 HIRES
2459003.911424 0.81 1.55 0.1304 HIRES
2459006.907673 1.43 1.36 0.1308 HIRES
2459007.899261 1.39 1.36 0.1301 HIRES
2459010.936502 −1.20 1.43 0.1305 HIRES
2459011.850521 0.09 1.37 0.1316 HIRES
2459012.801402 4.34 1.49 0.1335 HIRES

Note. Only the first 10 APF/Levy and Keck/HIRES RVs are displayed in this
table. A complete list has been made available online. SHK values were
measured using procedures from Isaacson & Fischer (2010) with standard
uncertainties of 0.002 for APF/Levy measurements and 0.001 for Keck/
HIRES measurements.

(This table is available in its entirety in machine-readable form in the online
article.)
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Observatory (Kupke et al. 2012; Gavel et al. 2014; McGurk
et al. 2014). Observations were taken with the Shane AO
system in natural guide star mode in order to search for nearby,
unresolved stellar companions. We collected sequences of
observations using a Ks filter (λ0= 2.150 μm, Δλ= 0.320 μm)
and a J filter (λ0= 1.238 μm, Δλ= 0.271 μm). We reduced
the data using the publicly available SImMER pipeline (Savel
et al. 2020, 2022).32 Our observations achieve contrasts of 4.5
(Ks) and 4.0 (J) at 1″. We find no nearby stellar companions
within our detection limits.

2.3.3. Gemini Speckle

TOI-1437 was observed on UT 2020 February 18 using the
‘Alopeke speckle instrument on the Gemini North 8 m
telescope (Scott et al. 2021). ‘Alopeke provides simultaneous
speckle imaging in two bands (562 nm and 832 nm) with
output data products including a reconstructed image with
robust contrast limits on companion detections (Howell &
Furlan 2022). Three sets of 1000× 0.06 s images were
obtained and processed in our standard reduction pipeline
(see Howell et al. 2011). We find that TOI-1437 is a single star
with no close companions brighter then 5–7.5 mag below that
of the target star and within the angular and contrast limits
achieved (Figure 3). The angular limits, the Gemini 8 m
telescope diffraction limit (20 mas) out to 1 2, correspond to
spatial limits of 2–124 au at the distance of TOI-1437
(d= 103 pc). The 562 and 832 nm bands allow us to rule out
close companions brighter than an M2V or an M4V,
respectively.

2.3.4. Calar Alto Lucky

We obtained a high-spatial-resolution image of TOI-1437
using the AstraLux instrument (Hormuth et al. 2008), located at
the 2.2 m telescope of the Calar Alto Observatory (Almería,
Spain). The observations were executed on the night of UT
2020 February 25 under moderately poor weather conditions

(average seeing of 1 5) and at an airmass of 1.08. We obtained
54,457 frames in the SDSSz bandpass with an individual
exposure time of 10 ms and a field of view windowed to
6″× 6″. The datacube was then processed by the automatic
observatory pipeline (Hormuth et al. 2008), which besides
doing the basic reduction of the individual frames, selects the
10% with the highest Strehl ratio (Strehl 1902) and combines
them into a final high-spatial-resolution image. This final image
does not show any additional companions within the sensitivity
limits. Such limits are computed using our own developed
astrasens package33 with the procedure described in Lillo-
Box et al. (2012, 2014).
Subsequently, we used this contrast curve to establish the

probability that the observed signal came from a chance-
aligned eclipsing binary with capabilities of producing a
transit depth mimicking the one observed and that could
have been missed by our high-spatial-resolution image. We
call this probability the blended source confidence (BSC)
and the steps for estimating it are fully described in Lillo-
Box et al. (2014). We use a Python implementation of this
approach (bsc by J. Lillo-Box), which uses the TRILE-
GAL34 galactic model (v1.6; Girardi et al. 2012) to retrieve a
simulated source population of the region around the corresp-
onding target.35 We used the same parameters as in previous
works (e.g., Bluhm et al. 2021; Soto et al. 2021), namely the
default parameters for the bulge, halo, thin/thick disks, and the
lognormal initial mass function from Chabrier (2001). The
results from the BSC analysis are shown in Figure 4 and show
a very low probability of 0.076% for our target to have a
blended, undetected, eclipsing binary capable of mimicking our
transit. Consequently, we assume from here on that the transit
is associated with TOI-1437 and that it is not caused by any
other source.

Figure 2. Companion sensitivity for the near-infrared adaptive optics imaging.
The black points represent the 5σ limits and are separated in steps of 1 FWHM;
the purple represents the azimuthal dispersion (1σ) of the contrast determina-
tions. The inset image is of the primary target showing no additional close-in
companions.

Figure 3. Companion sensitivity for speckle imaging. Contrast curves (5σ) for
562 nm are shown in blue and 832 nm in red. The reconstructed 832 nm
speckle image (top right) shows that no close companions to TOI-1437 were
detected within the obtained contrast and angular limits.

32 https://github.com/arjunsavel/SImMER

33 https://github.com/jlillo/astrasens
34 http://stev.oapd.inaf.it/cgi-bin/trilegal
35 This is done in python by using the astrobase implementation by Bhatti
et al. (2020).
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3. Stellar Characterization

3.1. Gaia Assessment

In addition to the high-resolution imaging, we have utilized
Gaia to identify any wide stellar companions that may be
bound members of the system. Typically, these stars are
already in the TESS Input Catalog and their flux dilution to the
transit has already been accounted for in the transit fits and
associated derived parameters. Based upon similar parallaxes
and proper motions (e.g., Mugrauer & Michel 2020, 2021;
Mugrauer et al. 2022), there are no additional widely separated
companions identified by Gaia.

Additionally, the Gaia DR3 astrometry provides information
on the possibility of inner companions that may have gone
undetected by either Gaia or the high-resolution imaging. The
Gaia Renormalised Unit Weight Error (RUWE) is a metric,
similar to a reduced chi-square, where values that are 1.4
indicate that the Gaia astrometric solution is consistent with the
star being single whereas RUWE values 1.4 may indicate an
astrometric excess noise, possibily caused the presence of an
unseen companion (e.g., Ziegler et al. 2020). TOI-1437 has a
Gaia DR3 RUWE value of 0.996 indicating that the astrometric
fits are consistent with the single star model.

3.2. Stellar Properties

As an independent determination of the basic stellar
parameters, we performed an analysis of the broadband spectral
energy distribution (SED) of the star together with the Gaia
DR3 parallax (with no systematic offset applied; see, e.g.,
Stassun & Torres 2021), in order to determine an empirical
measurement of the stellar radius, following the procedures
described in Stassun & Torres (2016) and Stassun et al.
(2017, 2018). We pulled the JHKS magnitudes from 2MASS,
the W1–W4 magnitudes from WISE, the GBPGRP magnitudes
from Gaia DR3, and the FUV and NUV magnitudes from
GALEX. We adopted a minimum uncertainty of 0.03 mag to
account for known systematics in the absolute flux calibration
of the ground-based photometric systems (see, e.g., Stassun &
Torres 2016). We also utilized the absolute flux-calibrated low-
resolution Gaia spectra. Together, the available photometry

spans the full stellar SED over the wavelength range
0.2–20 μm (see Figure 5).
We performed a fit using PHOENIX stellar atmosphere

models (Husser et al. 2013), with the principal parameters
being the effective temperature (Teff) and metallicity ([Fe/H]),
for which we adopted the spectroscopically determined values,
as well as the extinction AV, which we limited to the maximum
line-of-sight value from the Galactic dust maps of Schlegel
et al. (1998). The resulting model (Figure 5) has a best-fit
AV= 0.04± 0.02 with a reduced χ2 of 0.8.
Integrating the (unreddened) model SED gives the bolo-

metric flux at Earth, Fbol, which with the Gaia parallax directly
yields the bolometric luminosity, Lbol. Taking the Lbol and Teff
together provides us with the stellar radius, Rå. This radius,
along with the determined log g, allows us to derive a stellar
mass that is consistent with the Torres et al. (2010) relations. A
full list of the characterized stellar parameters is presented in
Table 2.

Figure 4. Results of the blended source confidence (BSC) analysis of Calar
Alto Lucky imaging data indicate that the probability for TOI-1437 to have a
blended, undetected, eclipsing binary capable of mimicking our transit is very
low (0.076%).

Figure 5. Spectral energy distribution of TOI-1437. 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 PHOENIX atmosphere model (black). The inset shows the absolute
flux-calibrated Gaia spectrum as a gray swathe overlaid on the model.

Table 2
TOI-1437 Stellar Properties

Parameter Value Notes

R.A. (°) 256.1387540990 A
Decl. (°) 56.8425461418 A
μα (mas yr−1) 10.799 ± 0.013 A
μδ (mas yr−1) −20.284 ± 0.015 A
ϖ (mas) 9.667 ± 0.010 A
[Fe/H] −0.4924 ± −0.4983 A
V (mag) 9.173 ± 0.003 B
B (mag) 9.749 ± 0.042 B
E(B−V ) 0.0059 ± 0.0027 B
Teff (K) 6008 ± 113 C
Luminosity (L☉) 1.926 ± 0.023 C
Fbol (erg s

−1 cm−2) 5.774 ± 0.068 × 10−9 C
log g 4.26 ± 0.04 C
Mass (M☉) 1.10 ± 0.10 C
ρ* (g cc−1) 0.5023904 C

Note. A: Gaia DR3 (Gaia Collaboration et al. 2023); B: TIC v8.2; C: SED
analysis
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4. Analysis

4.1. Photometric and RV Analysis

A joint model for the TESS light curve data and the two RV
data sets from HIRES and APF (Figure 6) was constructed
using the framework provided by the exoplanet package
(Foreman-Mackey et al. 2021). All available 2 minute cadence
data (Section 2.1) was used. For this analysis, we did not
include the 20 s cadence data. We normalized each sector to the
median flux, centered on zero and combined the data into a
single time series where the baseline was removed. We then
sigma clipped the data for outliers more than 7σ from the data
median. All but one of the 20 clipped points were positive
outliers. We also put these data on a time axis centered on zero
(e.g., the center of the data set) as this can reduce correlations
between orbital period and transit epoch. For the RV data, the
two instruments were treated as independent data sets. Each set

was centered on median zero (m s−1) and placed on the same
time coordinates as the light curve data.
The model used Gaussian processes (GPs) to account for

correlated noise in both the RV data and the light curve, and the
GP hyperparameters are the same for the two RV data sets. The
GP used is a nonperiodic simple harmonic oscillator imple-
mented using the celerite2 software (Foreman-Mackey et al.
2017; Foreman-Mackey 2018). To avoid overfitting, we also
modeled the RV data without the use of a GP and determined
that a non-GP model fit gives consistent results with the fit
including a GP.
The complete set of model parameters is listed in Table 3. Of

note, we sampled eccentricity in as a unit disk, which
minimizes geometric biases in sampling and also included a
physical prior based on Kipping (2013a). exoplanet uses a
gradient-based MCMC algorithm that is a generalization of the
No U-Turn Sampling method (Hoffman & Gelman 2014;
Betancourt 2016) implemented in pymc3 (Salvatier et al. 2016;
Theano Development Team 2016). We ran the sampler for
8000 tuning samples and then drew 2000 samples in each of 4
independent chains for a total of 8000 samples. The model
showed strong agreement between the four chains, indicating
excellent convergence. The complete set of modeled outputs is
found in Table 4.

5. Discussion

Determining the atmospheric composition of a sub-Neptune
such as TOI-1437 b would provide insight into some of the
many processes of these planets that are not well understood,
such as their formation and interior composition. Shown in
Figure 7 is a mass–radius diagram, where known planets are
represented as gray circles, and TOI-1437 b is indicated by the
large black circle. Due to their wide range of equilibrium
temperatures (most falling between 400 and 1200 K; Crossfield
& Kreidberg 2017), sub-Neptunes are thought to have a large
range of atmospheric compositions (Kite et al. 2020). Although
larger (2.5–4.0 R⊕) sub-Neptunes are expected to retain most of
their primordial H/He envelopes, intermediate worlds
(1.5–2.5 R⊕), such as TOI-1437 b, are expected to be extremely
diverse in atmospheric composition. Planets with Rp > 2.0 R⊕
could be water-ocean worlds that contain dense steam

Figure 6. Left: transit model drawn from parameter posterior distributions fit from phase-folded TESS photometry of TOI-1437. The gray dots show the TESS
2 minutes cadence data. The orange line shows the best fit to each individual transit using exoplanet. The blue dots show the data binned to 2 minutes cadence.
Right: phase-folded views of the best-fit RV model for TOI-1437 b (purple). Data from APF is shown in blue while HIRES is displayed in green, and each is binned to
12 total bins.

Table 3
Modeled Parameters and Priors

Parameter Value/Source

Stellar Radius (Re) N(1.1765, 0.114)
Stellar Density (ρe) LN(ln(0.99), 0.25)
Orbital Period (days) N(18.841,0.001)
Transit Epoch (BJD) N(2459906.55,0.02)
Planet-to-star Radius Ratio LN(ln(0.0003), 2)
Impact Parameter U(0,1+(r/Rå))
Limb Darkening u1 Kipping (2013a)
Limb Darkening u2 Kipping (2013a)
Orbital Eccentricity UnitDisk/Kipping (2013b)
Periastron Angle (rad) UnitDisk
RV Semiamplitude (m s−1) LN(ln(2), 5)
TESS Jitter (ppt) InverseGamma(93,41)
TESS Zero-point (ppt) N(0,1)
TESS GP ρ (days) InverseGamma(3.3,5.3)
TESS GP σ (ppt) InverseGamma(93,41)
HIRES Jitter (m s−1) InverseGamma(1.5,0.6)
HIRES Zero-point (m s−1) N(0,3)
APF Jitter (m s−1) InverseGamma(0.8,0.04)
APF Zero-point (m s−1) N(0,3)
RV GP ρ (days) InverseGamma(3,40)
RV GP σ (m s−1) InverseGamma(0.8,0.04)
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atmospheres (Bean et al. 2021) or worlds hosting deep magma
oceans (Kite et al. 2020) resulting in H2- or H2O-rich envelopes
that are shrouded with silicate species (Schlichting &
Young 2022). Based on its location within Figure 7, TOI-
1437 b falls directly on the composition line of 50% MgSiO3 +
50% H2O. Although further observations would be necessary

to determine this, TOI-1437 b is likely a volatile-rich planet
that lacks an extended hydrogen atmosphere, but could be
dominated by other gases such as CO2.
Additionally, our measurements are consistent with a single

planet model for the system. Continued monitoring of the
system with more precise measurements may uncover
additional planets in the system, including transit-timing-
variation evidence. Follow-up observations could be conducted
with the James Webb Space Telescope (JWST) if the system is
considered to be a favorable target. To determine whether TOI-
1437 b is a strong candidate for atmospheric characterization
with JWST, we utilize the transmission spectroscopy metric
(TSM) defined by Kempton et al. (2018). The TSM is
proportional to the expected transmission spectroscopy sig-
nal-to-noise, based on the strength of spectral features,
brightness of the host star, and mass and radius of the planet.
The TSM value calculated for TOI-1437 b is determined to be
17. As Kempton et al. (2018) recommends that planets with
TSM > 90 for 1.5 < Rp < 10 R⊕ be selected as high-quality
atmospheric characterization targets among TESS planetary
candidates, TOI-1437 b can be considered as a medium priority
target for follow-up observations with JWST.
Although TESS observations have led to the discovery of

planets orbiting solar analogs (Eberhardt et al. 2023), the
majority of TESS discoveries have occurred for stars with
masses less than solar. TOI-1437 is not a true solar analog, since
it is∼10% more massive and ∼17% larger than the Sun, placing
it even further into the tail of the typical TESS exoplanet host
distribution. Even so, studying the parameters such as stellar
mass, age, and composition of TOI-1437 could enable an
improved understanding of how planetary system evolution is
affected by these variations in comparison to the characteristics
of the Sun (Gaidos 1998). TOI-1437 could thus provide a
benchmark for systems that fall close to solar analogs, where the
formation, evolution, and architecture of planetary systems
around such stars remains difficult to constrain.

Figure 7. Representation of TOI-1437 b as it falls on a mass–radius diagram (large black circle). Individual solid lines are theoretical mass–radius curves for planets
whose composition is specified in the figure legend. Light gray circles indicate the population of planets between 1.0 and 3.5 R⊕ that have measured masses.

Table 4
Modeling Results

Parameter Median +1σ −1σ

Stellar Radius (Re) 1.17 0.11 0.12
Stellar Density (ρe) 0.91 0.23 0.18
Orbital Period (days) 18.840942 0.000060 0.000068
Transit Epoch (BJD) 2459360.1652 0.0012 0.0012
Impact Parameter 0.24 0.24 0.17
Planet-to-star Radius Ratio 0.01746 0.00047 0.00039
Limb Darkening u1 0.19 0.21 0.14
Limb Darkening u2 0.57 0.22 0.30
Orbital Eccentricity 0.17 0.11 0.09
Periastron Angle (rad) −1.68 0.57 0.45
Radial Velocity Semiamplitude

(m s−1)
2.24 0.68 0.71

TESS Jitter (ppt) 0.4222 0.0024 0.0024
TESS GP ρ (days) 1.02 0.22 0.17
TESS GP σ (ppt) 0.0747 0.0058 0.005
HIRES Jitter (m s−1) 0.41 0.61 0.21
APF Jitter (m s−1) 4.3 1.2 1.4
RV GP ρ (days) 6.1 3.0 2.0
RV GP σ (m s−1) 4.18 0.43 0.38
Planetary Radius (R⊕) 2.24 0.23 0.22
Planetary Mass (M⊕) 9.6 3.9 3.3
Semimajor Axis to Stellar Radius

Ratio
25.7 2.0 1.8

Semimajor Axis (au) 0.140 0.018 0.017
Orbital Inclination(deg) 89.53 0.33 0.46
Transit Duration (hr) 4.65 0.45 0.50
Insolation (S⊕) 82.0 14.0 12.0
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6. Conclusions

Continued discoveries from TESS are providing increasing
insight into the sub-Neptune population of exoplanets, their
potential properties, and evolution through time. This work
identifies TOI-1437 as a planetary system consisting of a sub-
Neptune orbiting a near-solar analog, which is a class of host
star that is relatively underrepresented within the stellar
demographic known to host sub-Neptunes. Combining our
transit model alongside RV analysis with APF/Levy and
Keck/HIRES allowed us to measure the planetary radius and
system stellar properties, and to constrain the mass of the planet
within 3σ. TOI-1437 observations with high-resolution near-
infrared AO and optical imaging combined with Gaia analysis
indicate no evidence for additional stellar companions within
the system, allowing us to be confident that our signals are
representative of planet TOI-1437 b. Although no other planets
have yet been detected within the system, continuation of RV
monitoring may reveal planetary companions that improve our
understanding of demographics and orbital dynamics in sub-
Neptune systems.
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