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We present the discovery of GJ 251 ¢, a candidate super-Earth orbiting in the Habitable Zone (HZ)
of its M dwarf host star. Using high-precision Habitable-zone Planet Finder (HPF) and NEID RVs,
in conjunction with archival RVs from the Keck I High Resolution Echelle Spectrometer (HIRES),
the Calar Alto high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical
Echelle Spectrograph (CARMENES), and the SPectropolarimétre InfraROUge (SPIRou), we improve
the measured parameters of the known planet, GJ 251 b (P, = 14.2370 days; msin(i) = 3.85f8:§g
Mg), and we significantly constrain the minimum mass of GJ 251 ¢, placing it in a plausibly terrestrial
regime (P, = 53.647 £ 0.044 days; msini. = 3.84 £+ 0.75 Mg). Using activity mitigation techniques
that leverage chromatic information content, we perform a color-dependent analysis of the system and
a detailed comparison of more than 50 models that describe the nature of the planets and stellar
activity in the system. Due to GJ 251’s proximity to Earth (5.5 pc), next generation, thirty meter
class telescopes will likely be able to image terrestrial planets in GJ 251’s HZ. In fact, GJ 251 c is

currently the best candidate for terrestrial, HZ planet imaging in the Northern Sky.

1. INTRODUCTION

Following recent discoveries from the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2015),
the exoplanet community has reached a milestone:
over 5000 exoplanets confirmed, with thousands of
additional candidates likely to be validated in the near
future. With the successful launch of JWST (Gardner
et al. 2006), we have begun to deeply characterize the
atmospheres of a variety of transiting planets (Lim
et al. 2023; Damiano et al. 2024). Unfortunately,
transmission spectroscopy is limited to a small subset
of exoplanets that transit. Other methods, such as
direct imaging, will be required to probe atmospheric
information from non-transiting exoplanets (Marois
et al. 2008; Currie et al. 2023). Instrumental limitations
have historically restricted direct imaging to large, long
period planets orbiting young stars in close proximity
to Earth. Advances and future ground-based/space-
based observatories and missions (i.e. TMT; GMT; E-
ELT; HWO; LIFE; Skidmore et al. 2015; Johns et al.
2012; Gilmozzi & Spyromilio 2007; National Academies
of Sciences & Medicine 2021; Quanz et al. 2022) will
likely allow the next generation of imagers to push our
direct imaging targets to further, dimmer systems with
smaller planet-star angular separations and contrasts.

The concept of the Habitable Zone (HZ; Kasting
et al. 1993; Kopparapu et al. 2013, 2014; Kane et al.
2016) is used to highlight regions of orbital parameter
space where temperate surface conditions of a planet
are possible, though it does not guarantee habitability.
While many planets are known to orbit within their
star’s HZ, few of these transit, and those that transit
are often difficult to follow-up with other forms of
observation (e.g. radial velocities, direct imaging, etc.
Hill et al. 2022). This can be a critical problem, as a

* NASA FINESST Fellow
T NASA Postdoctoral Fellow

precise mass can be crucial to the correct interpretation
of atmospheric composition measurements (Batalha
et al. 2019), a required next step to determine
habitability or to confirm the presence of biosignatures.

If we wish to find nearby exoplanets in the HZ, transit
surveys are not sufficient: the low probability for a
planet to transit from Earth results in many missed,
non-transiting exoplanets that can still be identified
with RVs. In fact, it is expected that the closest HZ
planets will be discovered via RV, not transits (Crass
et al. 2021; Hardegree-Ullman et al. 2023). Limitations
on our ability to resolve planets remain, though this
can be mitigated by studying nearby planets. A
planet orbiting a nearby star will have a larger angular
separation than the same planet orbiting a distant star,
making direct observation easier. Closer stars also
appear brighter, and thus are more amenable to many
other forms of study.

GJ 251 is an early M dwarf and the 74" closest star
system to the Sun. GJ 251 is bright (V = 9.9 £+ 0.1)
and close (d = 5.58 £ 0.01 pc), making it an excellent
target for future direct imaging missions. Stock et al.
(2020) and Ould-Elhkim et al. (2023) (hereafter S20 and
OE23) each performed an analysis using CARMENES
and SPIRou RV data, identifying a planet, GJ 251 b (P,
= 14.2 days; msin(i) = 3.857035 Mg).

We present a newly discovered planet candidate, GJ
251 c. The candidate has a measured minimum mass of
3.84 4+ 0.75 Mg, making it plausibly terrestrial'. Due to
its host star’s proximity to Earth, GJ 251 c falls in a very
narrow range of parameter space wherein a terrestrial,
HZ exoplanet may be directly imaged via reflected light
with the upcoming next-generation of extremely large
telescopes (ELT).

1
(Parc et al. 2024)

Here we call a planet plausibly terrestrial if msin(i) < 5.0 Mg



GJ 251 has over 20 years of archival RVs, first
taken with the High Resolution Echelle Spectrometer
at Keck Observatory (HIRES; Vogt et al. 1994), and
with more recent observations taken by the Calar Alto
high-Resolution search for M dwarfs with Exoearths
with Near-infrared and optical Echelle Spectrograph
(CARMENES; Quirrenbach et al. 2014), and the
SPectropolarimetre InfraROUge (SPIRou; Donati et al.
2018). We combine these archival RVs with new
RVs taken by the Habitable-zone Planet Finder (HPF;
Mahadevan et al. 2012, 2014), and NEID (Schwab et al.
2016) spectrometers.

Leveraging chromatic Gaussian processes kernels
(Cale et al. 2021) in conjunction with precise HPF and
NEID RVs, we improve the measured parameters of GJ
251 b as well as identify a candidate super Earth, GJ
251 c.

In §2, we give a summary of the data used in our
analysis. In §3, we detail our estimation of the system’s
stellar parameters. In §4, we specify the steps taken
to identify additional planets in the system, and in §5
the analysis methods used when considering the data,
and the model comparisons that ultimately led to our
conclusion. In §6, we present our interpretation of
the various signals in the dataset. In §7, we look for
astrometric and transit signatures in non-RV datasets.
In §8, we discuss our findings, and the implications for
the system. Finally, §9 summarizes our results and
conclusions.

2. OBSERVATIONS
2.1. RVs with Keck/HIRES

High precision RVs of GJ 251 were obtained using the
HIRES spectrograph (Vogt et al. 1994) mounted on the
10 m Keck-I telescope located in Hawaii, USA. A total
of 78 HIRES RVss were obtained between 1997 December
1 and 2019 November 9, taken over 64 observing nights.
We use RVs derived from Butler et al. (2017), which are
reduced using the iodine-cell method described in Butler
et al. (1996). HIRES’ wavelength coverage is 320-800 nm
(though the iodine cell only covers 500-600 nm).

The HIRES spectrograph was upgraded in August
2004, resulting in an offset between RVs measured before
and after this upgrade. GJ 251’s HIRES observations lie
on both sides of this upgrade. We label any RVs taken
before August 2004 as “HIRES-pre” (N,,. = 14), and
RVs taken after as “HIRES-post” (Np,s = 64). For
purposes of data analysis, we treat these as separate
instruments, with different linear offset and jitter terms.

GJ 251 HIRES observations have a median exposure
time of 500 seconds, and a median S/N of 186 at 550
nm. The median 1o RV uncertainty is 2.12 m s~ 1.

2.2. RVs with the CARMENES Spectrograph

We utilized the high precision CARMENES RVs
published in S20 and Ribas et al. (2023). These
datasets collectively contain 265 RVs of GJ 251 over
258 observing nights, starting on 2016 January 8§,
and ending on 2020 December 29. CARMENES
is a double-channel échelle spectrograph located
at the Calar Alto Observatory in Almeria, Spain
(Quirrenbach et al. 2014). The RVs used in our
analysis were extracted from the visible arm of the
CARMENES spectrograph (550-1700 nm), as the Near-
Infrared (NIR) arm exhibited a systematic scatter
on the order of a few m s~!. CARMENES RVs
were extracted using the SpEctrum Radial Velocity
AnaLyser pipeline (SERVAL; Zechmeister et al. 2018).
RVs were corrected for a nightly zero-point offset (NZP)
in Ribas et al. (2023) prior to analysis.

The CARMENES RVs of GJ 251 have a median
exposure time of 509 s, and a median S/N of 134 at
746 nm. The resulting RVs have a median 1o errorbar
of 1.25 m s1.

2.3. RVs with SPIRou

We utilize an additional 177 RV observations of GJ
251 taken using the SPTRou spectropolarimeter, located
at the Canada-France-Hawaii Telescope (CFHT) at
Mauna Kea, Hawaii (Donati et al. 2020). SPIRou is
an infrared spectropolarimeter, with a broad wavelength
range of 980-2440 nm.

OE23 reduced raw SPIRou spectra using the SPIRou
data reduction pipeline (Cook et al. 2022). OE23
additionally cleaned the data of systematics using
the line-by-line method (LBL; Artigau et al. 2022;
Dumusque 2018) implemented with the WAPITI software
package (OE23). Tellurics are removed by a hybrid
model-based and empirical correction in the reduction
(Artigau et al. 2022).

SPIRou RV data have a median RV error of 1.76 m
s~! and a total observing baseline of 1212 days.

2.4. RVs with the Habitable-Zone Planet Finder

We observed GJ 251 using with the Habitable-zone
Planet Finder (HPF; Mahadevan et al. 2012, 2014),
a near-infrared, (808 — 1278 nm), high precision RV
spectrograph. HPF is located at the 10 m Hobby-Eberly
Telescope (HET) at McDonald Observatory, Texas.
HET is a fixed-altitude telescope with a roving pupil
design. HPF is fiber-fed, with separate science, sky and
simultaneous calibration fibers (Kanodia et al. 2018),
and has precise, milliKelvin-level thermal stability
(Stefansson et al. 2016).
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HPF RVs were generated using a version of SERVAL
adapted for use on HPF data as described in (Stefdnsson
et al. 2020, 2023, the latter of which made the code
public?).

HPF required maintenance in May 2022, which
necessitated a warm-up of the spectrograph’s
environmental vacuum chamber. Consequently, RVs
taken before and after the break are subject to a different
instrument offset. Similar to HIRES in §2.1, we treat
the pre- and post-servicing HPF RVs as two separate
instruments in our fits (Npe = 55; Nposr = 14).

We obtained 375 HPF observations over the course
of 69 observing nights. Our HPF observations ranged
from 16 December 2018 to 1 February 2024. HPF
observations were typically carried out in multishot-
sequences, ranging from 3-7 in a night. The median
exposure time was 330 s per exposure, with a median
S/N of 414 at the 18! wavelength order (1070 nm).
This corresponds to a median unbinned error of 2.95 m
s~! and a median nightly binned error of 1.23 m s~ 1.

2.5. RVs with the NEID Spectrometer

We obtained RVs of GJ 251 using the high precision
NEID spectrometer (Schwab et al. 2016) on the WIYN
3.5m Telescope® at Kitt Peak National Observatory
(KPNO). We observed GJ 251 in High Resolution (HR)
mode for best RV precision, with an average resolving
power R = 110,000. NEID has a wavelength range
between 380 and 930 nm.

We obtained 92 NEID RVs of GJ 251 over 52 observing
nights between 2020 December 19 and 2024 January
18. We typically took two exposures of GJ 251 per
night, with a median exposure time of 900 s per
observation. This corresponds to a median S/N of
117 at 490 nm. The default NEID pipeline utilizes
the Cross-Correlation Function (CCF; Baranne et al.
1996) method to produce RVs. However, our analysis
utilized NEID RVs estimated with SERVAL code that
is adapted for use with NEID (Stefansson et al. 2022).
Comparing the CCF-produced RVs of GJ 251 with the
SERVAL produced RVs, the choice of pipeline is clear.
NEID CCF RVs see a precision loss on later-type stars
during reduction, most likely because the NEID CCF
masks do not extend as far into long wavelengths as
NEID’s bandpass does. The median unbinned NEID
CCF 10 errorbar is 2.6 m s~!. SERVAL circumnavigates

2 https://github.com/gummiks/hpfserval lhs3154

3 The WIYN Observatory is a joint facility of the NSF’s National

Optical-Infrared Astronomy Research Laboratory, Indiana
University, the University of Wisconsin-Madison, Pennsylvania
State University, and Princeton University.

this problem, and produces extremely precise NEID RVs
of GJ 251, with a median unbinned SERVAL 1o errorbar
of 40 cm s~ 1.

KPNO was threatened by a wildfire during the
Summer of 2022, which required that NEID be put
in a safe, standby mode during firefighting operations.
Precise RV observations with NEID were possible
starting in November 2022, though subsequent RVs are
expected to have an instrumental offset due to vacuum
breaking. Consequently, we treat pre-fire NEID RVs
(Npre = 25) and post-fire NEID RVs (N,,ss = 67) as
separate instruments, consistent with HIRES and HPF
in §2.1 and 2.4.

2.5.1. Extracting Chromatic RVs

Previous studies suggest that RVs may be less prone
to certain kinds of activity contamination in the NIR
(Crockett et al. 2012; Robertson et al. 2020). Tt
is possible to generate less precise, but “red” RVs
from NEID by only utilizing photons from longer
wavelengths. Such a precision loss would often disqualify
such an approach from consideration, but GJ 251 is well
suited to this method: GJ 251 is an early M Dwarf (M3),
thus it is brightest in the NIR. Additionally, due to its
proximity to Earth, it is particularly bright, allowing for
the acquisition of high S/N spectra with minimal time
investment.

We experimented with utilizing different orders to
create pseudo-red RVs, but ultimately decided that
an 800 nm lower limit provided the best tradeoff
between longer wavelength information content and high
precision. Consequently, when creating pseudo-infrared
NEID RVs, we only used NEID orders where the peak
flux occurs at a wavelength greater than 800 nm. A
plot of the by-order flux, and our red cutoffs, is visible
in Figure 1. Using SERVAL, we first reduce the RV
spectra by order, with an RV value and photon-limited
uncertainty (combined with known instrumental error)
assigned to each. To create psuedo infrared-RVs, we
identified each order where the peak flux occurred at a
wavelength > 800 nm, and we took a weighted average
combination of the by-order RVs. SERVAL produces
uncertainties in each order during reduction, making
this weighted combination a straightforward application
after SERVAL reduction.

We establish here the nomenclature that will be used
throughout the paper. NEID RVs utilizing orders 52-
174, we will call “white” NEID RVs, as they utilize all
photon information regardless of color. On the other
hand, we will refer to the RVs that have been specifically
created from the reddest orders (peak flux occurring at
wavelength > 800 nm; orders 150-174) as “red” NEID
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Figure 1. Science fiber flux as a function of wavelength for the GJ 251 NEID spectra taken on 2021 October 11. Each order of
flux is centered around a different peak wavelength. The NEID spectrograph has 174 orders, though the instrument response
is primarily meaningful for orders 52 through 174. Notable is the low S/N for the bluer orders. As an early M dwarf, GJ 251
contains most of its flux at longer wavelengths. The section highlighted in red corresponds to a peak order wavelength greater
than 8000 A. These red orders are used in our creation of “red” NEID RVs for GJ 251.

RVs. Additionally, the combined datasets (utilizing all
instruments) will sometimes be referred to as the white
dataset and the red dataset respectively, though the
vast majority of the RVs in each dataset are identical
(only the NEID RVs are different). Data analysis of GJ
251 was performed extensively with both white and red
reduced NEID RVs.

3. STELLAR PARAMETERS

GJ 251 is included in the library of touchstone, high
resolution spectra obtained with Keck/HIRES in Yee
et al. (2017), and so reliable literature stellar parameters
are available. We additionally report our own measured
stellar parameters from HPF high S/N spectra.

We used EXOFASTv2 (Eastman et al. 2013) to model
the spectral energy distribution (SED) of GJ 251, and
to derive model-dependent constraints on the stellar
mass, radius, and age. EXOFASTv2 utilizes the BT-
NextGen stellar atmospheric models (Allard et al. 2012)
during SED fits. We used Gaussian priors for the
estimate of 2MASS (JHK), Johnson (BV'), and Wide-
field Infrared Survey Ezxplorer magnitudes (WISE; W1,
W2, W3, and W4) (Wright et al. 2010). The library
values of Tog, [Fe/H], and log g from Yee et al. (2017)

were used as Gaussian priors during the SED fits, and
the distance estimates from Bailer-Jones et al. (2021)
were used as priors for distance. Due to its proximity to
Earth, we do not utilize a dust-extinction term in our
fits. Our final model results are consistent with those
derived in S20 and Yee et al. (2017), and are visible in
Table 1.

S20 measure a rotation period for GJ 251 using ground
based photometry obtained from the T90 telescope
(Rodriguez et al. 2010), the Telescopi Joan Oro (TJO;
Marti et al. 2023), Las Cumbres Observatories (LCO;
Brown et al. 2013), and the Wide Angle Search for
Planets survey (WASP; Pollacco et al. 2006). They

obtain a value of 122.113 days.

4. PERIODOGRAM ANALYSIS
4.1. Generalized Lomb-Scargle Periodograms

We first analyzed each instrumental dataset separately
using a Generalized Lomb-Scargle (GLS; Zechmeister &
Kiirster 2009) periodogram. RV data were binned daily
before fitting periodograms, and the median value of
each instrumental dataset was subtracted before fitting
multiple simultaneously. A plot of the results of a GLS



Table 1. Summary of stellar parameters for GJ 251.

Parameter Description Value Reference
Main identifiers:
GJ Gliese-Jahreiss Nearby Stars 251 Gliese-Jahreiss
HD Henry-Draper Catalog 265866 Henry-Draper
HIP Hipparcos Catalog 33226 Hipparcos
LHS Luyten Half-Second 1879 Luyten
TIC TESS Input Catalog 68581262 Stassun
2MASS e J06544902+3316058 2MASS
Gaia DR3 939072613334579328 Gaia DR3
Equatorial Coordinates, Proper Motion and Spectral Type:
QICRS2016 Right Ascension (RA) 103.70012922(7) Gaia DR3
S1CRS2016 Declination (Dec) 33.26640801(8) Gaia DR3
Ha Proper motion (RA, mas/yr) -726.67 £ 0.03 Gaia DR3
s Proper motion (Dec, mas/yr) -398.10 £ 0.02 Gaia DR3
d Distance in pc 5.58 + 0.01 Bailer-Jones
Optical and near-infrared magnitudes:
B Johnson B mag 11.7 £ 0.1 APASS
Vv Johnson V mag 9.9 £ 0.1 APASS
g’ Sloan g’ mag 10.79 £ 0.04 APASS
T TESS magnitude 7.648 + 0.008 Stassun
J J mag 6.10 £ 0.02 2MASS
H H mag 5.53 £+ 0.02 2MASS
K, K, mag 5.27 £ 0.02 2MASS
w1 WISE1 mag 5.14+0.2 WISE
w2 WISE2 mag 4.80 £ 0.08 WISE
W3 WISE3 mag 4.92 £0.02 WISE
w4 WISE4 mag 4.79 £0.03 WISE
Library Parameters:
Teotr Effective temperature in K 3448 + 60 Yee
[Fe/H] Metallicity in dex -0.02 £+ 0.08 Yee
log(g) Surface gravity in cgs units 4.88 £ 0.05 Yee
M, Mass in Mg 0.35 £ 0.04 Yee
R, Radius in Rg 0.36 + 0.01 Yee
Age Age in Gyr 4.6 + 3.3 Yee
SED Derived Parameters (Utilized in this Work)
Tett Effective temperature in K 3342 + 24 This Work
[Fe/H] Metallicity in dex 0.0719:97 This Work
log(g) Surface gravity in cgs units 4.87 £ 0.05 This Work
M. Mass in Mg 0.3519:0° This Work
R. Radius in Rg 0.36 £+ 0.01 This Work
L. Luminosity in Lg 0.0155 £ 0.0004 This Work
Age Age in Gyr 6.8ti:g This Work
Other Stellar Parameters:
v sin iy Rotational velocity in km/s <2 S20
ARV Absolute radial velocity in km/s 22.3 +£ 0.2 Gaia DR3

References are: Gliese-Jahreiss (Gliese & Jahreifl 1979), Henry-Draper (Nesterov et al. 1995),
Hipparcos (van Leeuwen 2007), Luyten (Bakos et al. 2002), Stassun (Stassun et al. 2018),
2MASS (Cutri et al. 2003), Gaia DR3 (Gaia Collaboration et al. 2021), Bailer-Jones (Bailer-
Jones et al. 2021), Green (Green et al. 2019), APASS (Henden et al. 2018), WISE (Wright

et al. 2010)
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Figure 2. GLS periodograms of GJ 251 RV data. Top:
the entire dataset that was used in the analysis of the
system, with instrumental offsets applied (taken from Table
4). Bottom: periodograms on the data from individual
instruments. Pre/Post splits for HIRES, HPF, and NEID
have been combined after offset correction. Instruments
are ordered from bluest to reddest. NEID and all-data
periodograms include a red line, indicating the result when
red NEID RVs are utilized. Signals of interest highlighted
are at 14, 54, 68, 73, 120, and 130 days.

on each instrument is visible in Figure 2. A signal near
14 days, GJ 251 b, shows up clearly in all datasets. It
is the dominant signal in all except for HPF, where its
power is barely eclipsed by a signal at 54 days. This 54
day signal has some modest power in all datasets, and
appears most strongly in the two infrared instruments,
HPF and SPIRou.

We next perform a series of simple fits to each
dominant signal, and subtract this from the RV dataset
before performing another GLS analysis (Figure 3).
After subtracting the dominant 14 day signal, several
powerful signals remain. The most prominent is at a
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Figure 3. GLS periodograms of GJ 251 RV data as we
sequentially remove the most prominent signals. Black
plots include white NEID data, while red plots include red
NEID data. GJ 251 b is the most significant by far at
first, but its subtraction reveals several other prominent
signals. Eventually, subtracting signals only adds noise to
the periodograms, so we cease our analysis. False alarm
probabilities are estimated using methods in Sturrock &
Scargle (2010). Signals of interest highlighted are at 14, 54,
68, 73, 120, and 130 days.

period of 68 days, as well as the planet candidate signal
at 54 days. Additionally, a few longer-period signals
remain prominent. We then subtract the 68 day signal,
revealing a dominant signal near 54 days. After the
subtraction of the 54 day signal, a 73 day periodicity is
dominant. After its subtraction, a forest of signals with
similar, modest power appear, with no clearly dominant
frequency. This is likely due to noise introduced by the
repeated subtraction of simple, imperfect models (sine
waves), and we end our GLS analysis.

We additionally perform a periodogram analysis of
the RV data window function in Figure Al, but find
no strong peaks other than the lunar period.

4.2. Agatha Periodograms

We next utilize the Agatha Bayes Factor periodograms
(BFP) outlined in Feng et al. (2017). BFPs may offer
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Figure 4. Bayes-Factor Periodograms (BFP) created using
the Agatha software package (Feng et al. 2017). These
periodograms use a moving average red-noise model to more
accurately identify coherent, periodic signals. The BFP first
identifies a very significant signal at 14 days, planet b. It
then identifies a significant signal at 53.6 days, our purported
planet c. Next, it identifies a 73 day signal which we discuss
in §6. The final plot identifies no additional significant
signals. We designate a Bayes Factor of 5 as the threshold
for a significant signal (Kass & Raftery 1995). Signals of
interest highlighted are at 14, 54, 68, 73, 120, and 130 days.

advantages over traditional GLS periodograms. First,
Agatha fits for time-correlated noise using a moving
average (MA) model’.  Second, Agatha calculates
the Bayesian Information Criterion (BIC; Kass &
Raftery 1995).  Though less sophisticated than a
complete MCMC or Nested Sampling RV analysis,
Agatha provides a first-order model comparison. Third,
Agatha fits multiple signals simultaneously, rather than
subtracting them iteratively, as in §4.1.

We include a plot of our sequentially fit BFPs in
Figure 4. We fit the data using 1 MA component, and

4 Some may not consider this an advantage, as the MA term is a

non-physical, ad hoc model, though a simple model comparison
in Agatha preferred a single MA term

an oversampling factor of 10. The 14 day periodicity
is clearly identified as the dominant peak, as with the
GLS. Departing from the GLS analysis, the 54 day signal
is the next most prominent. After fitting the 14 day
and 54 day signals, the 73 day signal identified in the
GLS periodograms maintains the highest power. When
fitting the three top signals simultaneously, a 68 day
signal remains. Additional iterations revealed no clearly
dominant signals.

Unlike with the GLS analysis, the 14 day and the
54 day signals are the most powerful in the BFP. We
theorize that this is due to the inclusion of a simple
red-noise model, which may help discriminate against
signals that originate from stellar activity. Another
distinction is that while the 14 day and 54 day signals
both appear with significant power in both GLS and BF
periodograms, the 68 day signal never appears strongly
in the BFP, suggesting that its source may have been
stellar activity. A more detailed analysis is carried out
in §5.1.

4.3. Stellar Activity Indicator Periodograms

The relatively low-cadence and uneven temporal
sampling of RVs can mask or enhance signals that
are not physical. Additionally, the planetary nature
of a signal is not always clear, as stellar activity can
mimic planetary signals, leading to false positive or false
negative detections (Robertson et al. 2014; Lubin et al.
2021).

Stellar activity indicators are one method that can be
used to identify a periodic signal as non-planetary in
origin. The available GJ 251 data were taken over the
course of almost 20 years, and on 5 different instruments.
Consequently, there is no universal activity indicator
that allows us to combine all instruments. Instead,
we choose to analyze several activity indicators, and
combine the indicators of different instruments, when
possible. We collectively had access to Ha, Differential
Line Widths (dLW), the three lines in the Calcium
Infrared Triplet (Ca IRT), the 12435.67 A potassium line
(KI; Terrien et al. 2022, Arendtsz et al. in prep), and
a newer indicator, the differential temperature (dET;
Artigau et al. 2024). When making periodograms that
use indicators from multiple instruments, we median
subtracted each before combining. Due to its redder
bandpass, we do not combine dLW from HPF with dLW
from NEID/CARMENES. A periodogram analysis of
the activity indicators is visible in Figure 5.

NEID/CARMENES dLW, IRT I, IRT II, and IRT
IIT indicators consistently show power at 120 or 130
days, likely corresponding to the star’s rotation period.
The dET indicator shows strong signals at 41.7 days
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Figure 5. Linewidth, Ha, Ca IRT, KI, and dET activity indicators of GJ 251. CARMENES/NEID linewidths show strong
signals near the rotation period, 68/72 days, and at longer periods. IRT I, II, and III show significant powers near 130 days,
likely the rotation period of GJ 251. dET shows significant peaks near 40 and 60 days, likely the second and first harmonics of
the rotation period. Significantly, 14 and 54 day signals never appear in the activity indicators, except in KI, though neither
are the dominant signal nor significant in power. Signals of interest highlighted are at 14, 54, 68, 73, 120, and 130 days.

and 64.3 days, likely harmonics of the system’s rotation
period. A 72 day period shows up strongly in the dLW,
and a 68 day period shows up in IRT II, suggesting
that these may originate from stellar activity. The
14 day and 54 day signals never appear in the stellar
activity periodograms with high power, supporting the
hypothesis of a planetary origin for these periodicities.

Throughout our periodogram analysis of RVs and
activity indicators, six signals repeatedly appear in the
data: a signal at 14 days, 54 days, 68 days, 73 days, 120
days, and 130 days. We discuss these signals at length
in §6.

5. MCMC AND NESTED SAMPLING ANALYSIS
5.1. MCMC Analysis

We utilized the RadVel software package (Fulton et al.
2018) to fit plantary models to the GJ 251 data. RadVel
calculates the orbit of each planet by solving Kepler’s
equation. Planetary orbits are characterized by 5 free
parameters: the velocity semi-amplitude (K), the planet
orbital period (P), the time of periastron (T}), the
eccentricity (e), and the argument of periastron (w).
During our fits, we reparameterize e and w as /esinw

and y/ecosw. This is a frequent choice when modeling
eccentricities in order to generate a better behaved
posterior (Stock et al. 2020; Rosenthal et al. 2021;
MacDougall et al. 2022).

The radial velocities of a star include mean and
acceleration terms: the mean center of velocity (v;),
a linear acceleration term (%), and a second order
acceleration term (). The mean center of velocity can
be affected by instrumental systematic offsets, and so
we adopt an independent - term for each instrument
to account for mean RV offsets. We fix the linear and
second order acceleration terms (4 and %) to 0. We
justify this choice by argument of the length of our
timeseries: with over 20 years of data, any significant
trend or curvature that might affect our results should
be apparent, or too small to detect.

S20 utilized a Gaussian Process (GP; Aigrain &
Foreman-Mackey 2023) model to account for coherent
stellar activity in the RVs during their analysis,
though OE23 did not. GPs are often used to model
quasiperiodic variability in stars, especially when the
amplitude of activity is similar in scale to planetary
signals (Haywood et al. 2014; Lépez-Morales et al.
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2016; Cale et al. 2021). GPs are stochastic models
consisting of a mean function py and a covariance
matrix, or kernel function, K, (z;, ;). pe represents
the physical model of interest, in our case a Keplerian
orbit, and is parametrized by the Keplerian parameters
outlined above (¢). The covariance matrix, K, (x;,z;)
models coherent noise, and is parametrized by the
hyperparameters of the GP, a. The likelihood of a GP
model is calculated using Equation 1.

1 1 N
Inl = 7§r9TK;1r9 — ilndetK(JZ — 3111277 (1)

Here ry is a vector of the residuals of the data minus
the model (y - pg). N is the dimensionality of the
dataset.

We first adopt the QuasiPeriodic GP kernel for this
system, as it is widely used to model coherent stellar
noise (Equation 2; Haywood et al. 2014; Lépez-Morales
et al. 2016; Stock et al. 2020). This is the same GP
kernel used in S20.

|z; — x5 sin?(7lei-il)

5

) (2)

2
Ko(zi,zj) =n1 x exp(— 52

71 represents the amplitude of variability of the GP,
12 represents the exponential scale length, n3 represents
the periodic scale length (often the rotation period), and
14 represents the recurrence timescale of the periodic
component.

GPs are flexible tools, but can unnecessarily increase
the complexity of the models, especially when coherent
noise is not highly prominent, or the number of data
points is small. Radvel’s GP likelihood modeling
incorporates a different likelihood for each dataset, and
this can cause low cadence data in particular to adhere
too closely to our model, or become “overfit” (Blunt
et al. 2023; Beard et al. 2024). While the HIRES dataset
is relatively large (68 RVs), it is taken over the course
of 16 years, and is very low cadence relative to the
other data analyzed here. The HPF and SPIRou data
are comparatively high cadence, though they show less
variability on timescales associated with stellar activity.
Thus, we differ from S20’s analysis in this way: we
only apply the GP to CARMENES and NEID. Analysis
using HIRES, HPF, and SPIRou GP terms tended to
suffer from overfitting when attempted. In particular,
models would often reduce the instrumental jitter term
to a minimum, and use the GP to force every datapoint
too cleanly to some local maximum in likelihood-space.
This treatment of SPIRou data is consistent with OE23,
where the authors found that a GP was not needed.

We additionally explore the application of chromatic
GP kernels. Cale et al. (2021) proposed two expansions
of the Quasi-Periodic GP (Equation 2) that leverage the
different wavelength coverage of different instruments.
These kernels, as opposed to the implementation of
the QP kernel in RadVel, fit all instruments in a
single likelihood. This can help prevent overfitting.
The first chromatic GP, K, introduces an amplitude
hyperparameter for each instrument. The form of this
kernel is visible in Equation 3, where the term in
brackets is identical to the exponential portion of the
kernel outlined in Equation 2.

KJl(.’Ei,.’Ej) = 775(2‘) * ns’(j) * [] (3)

Above, 1,;) and n(;) represent the amplitude of the
spectrograph s used during the observations taken at
times x; and x;. The only modification to this kernel
is the amplitude term: the covariance between two
datapoints is scaled by the product of the GP amplitude
associated with the instrument being used at the time
of each observation. This is distinct from Equation 2,
because observations ¢ and j need not come from the
same instrument.

Cale et al. (2021) additionally proposed an alternative
GP kernel that enforces the expected scaling between
wavelength and RV amplitude when driven by spot
contrast. This kernel is outlined in Equation 4.

9 )\0 2mx

Kon(orvay) = W) @

Again, the exponential portion of this kernel is
identical to Equation 2, and abbreviated in brackets.
The amplitude term introduces two new free parameters,
though the number is fixed no matter how many
instruments are utilized. 7y is the GP amplitude
in m s~! at the reference wavelength )g, which is
arbitrary. A; and \; are the associated wavelengths
of the spectrograph used for observations i and j,
respectively. We follow the methods from §3.3.2 in
Cale et al. (2021) and take the mean wavelength of an
instrument’s wavelength coverage to be its characteristic
wavelength (weighting equally over the range).” We use
their values for HIRES (565 nm), CARMENES-Vis (750
nm), SPIRou (1650 nm), and the reference wavelength
(565 nm). We compute values of 1043 nm, 655 nm, and
865 nm for HPF, NEID, and red NEID, respectively.
The final hyperparameter, 7, is an additional power-
law scaling parameter to give the GP more flexibility

5

deeper method might be more relevant in future works.

We caution readers that this is a zeroth order estimate, and a



when enforcing a relationship between RV amplitude
and instrument wavelength.

We fit RV models of GJ 251 that utilized all three GP
kernels. Models were fit that utilized both red and white
NEID data. To model the chromatic kernels, we used a
modified version of RadVel®.

Model priors were made to be broad so as to represent
our ignorance of the parameters’ true values (Angus
et al. 2018).  When several orders of magnitude
are feasible for a parameter, we use a Jeffreys prior
(Figueiredo 2001), otherwise we use a linear uniform
prior. We follow S20 when putting tight uniform priors
on the period of planets b and ¢. We additionally put
uniform priors on K from 0.01 m s~! to 10 m s~! to
reflect our prior knowledge: with over 20 years of RVs
and an RV RMS ~ 3 m s™1, it is not feasible that any
planet could exist in the system with an RV amplitude
> 10m s~ L

Another exception to our broad priors is the periodic
hyperparameter of the GP, n3. This can usually be
interpreted as the rotation period of a star, or its
alias. Evidence suggests that GJ 251 is an older, slowly
rotating star, and S20 identify a rotation period of ~ 120
days. Our RV baseline is sufficiently long to be able to
recover such a long period signal, but a slowly rotating
star is more likely to have a small amplitude contribution
to the RVs from rotation. Indeed our posteriors
(Table 4) suggest that the activity contribution is
small, and very much comparable to the relatively small
amplitudes of the planets in question. We constrain
the n3 hyperparameter to a prior that is restricted to
longer period values, due to our photometry-informed
knowledge of the rotation period. We adopt a uniform
prior between 100 and 150 days. A complete list of priors
used is visible in Table 2.

In order to estimate the posterior probability of
our models, we utilized a Markov-Chain Monte Carlo
(MCMC) sampler to explore the posterior parameter
space. RadVel utilizes the MCMC sampler outlined in
Foreman-Mackey et al. (2013). We first used the Powell
optimization method to provide an initial starting guess
for each parameter (Powell 1998). We then ran 150
independent chains, and assessed convergence using
the Gelman-Rubin statistic (G-R; Ford 2006). During
initialization RadVel perturbs the starting position of
each chain by a random amount, scaled by the dimension
of the parameter.  The sampling was terminated
when the chains were sufficiently mixed. Chains are
considered well-mixed when the G-R statistic for each
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parameter is < 1.03, the minimum autocorrelation time
factor is > 75, the max relative change in autocorrelation
time < 0.01, and there are > 1000 independent draws.

Plots of our final fits to the GJ 251 RV data are visible
in Figures 6 and A3. We additionally include a close
zoom on the GP model for a particularly dense region
of RV observations in Figure 7.

5.2. Model Comparison

We explored a wide variety of potential models that
might explain the data. Consequently, we adopt a
formal model comparison to quantitatively estimate
which is most likely. We use the Bayesian evidence,
sometimes called the marginal likelihood, to choose a
preferred model (Kass & Raftery 1995). The evidence is
a (usually) computationally expensive integral over the
likelihood function multiplied by the priors of the model
(Equation 5), and is rarely calculated directly.

p(D|Mk) = /E(D‘gk,Mk) *pT(9k|Mk)d9k (5)

Above, p(D|My) is the evidence of model M}, given
data D, L(D|6x, M}) is the likelihood of M}, evaluated
with parameters 0, using the data D, and pr(0|Mjy) is
the prior probability of the parameters. In general, 0y
is a vector of all free parameters in model M}, and thus
this can become a very high dimensional integral.

More often the evidence is discussed in relation
to the log evidence, which itself is typically a large
negative number. Larger (more positive) values of the
log evidence are considered more probable, and the
difference between two log evidences is defined as the
Bayes Factor (BF; Equation 6), which we can use to
quantify the probability of one model over another.

B172 _ p(D|M1) (6)
p(D[Ms)

A BF of 5 is often considered the minimum value
required to prefer a more complex model over a simpler
one (Kass & Raftery 1995).

To calculate the log evidence we used the Juliet
python package (Espinoza et al. 2019), which exploits
the advantages of nested sampling to estimate the log
evidence for each model. Nested sampling techniques
generate multiple ellipsoids in parameter space that
shrink around the best parameter values. The result
is a good estimate of the volume in parameter space,
replacing our need to take the integral explicitly. The
use of multiple ellipsoids allows us to capture even

6 Available to the public: https://github.com/CCBeard/Chromatic-complicated, multimodal distributions, though GJ 251’s

GP

parameters are generally well behaved (Figure A2). We



12

Table 2. Priors Used for Bayesian Model Fits

Parameter Name Prior Units Description
Priors for Planet b:
Py U*(14.0,15.0) days Period
Teon.b U(2458626.69 — L2, 2458626.69 + 22)  BJD (days) Time of Inferior Conjunction
Ve cos wy Uu(-1,1) Eccentricity Reparameterization
Ve sinwy Uu(-1,1) Eccentricity Reparameterization
Ky 14(0.01,10.0) ms~! Velocity Semi-amplitude
Priors for Planet c:
P. U(50.0,60.0) days Period
Teon,c U(2458929.0 — %, 2458929.0 + %)) BJD (days) Time of Inferior Conjunction
Ve cosw, Uu(-1,1) Eccentricity Reparameterization
Vesinw. Uu-1,1) Eccentricity Reparameterization
K. 4(0.01,10.0) m st Velocity Semi-amplitude
Quasi-Periodic GP Hyperparameters
TM1,CARMENES jb(0.0I,IO0.0) ms ! GP Amplitude
N1,NEID—pre J(0.01,100.0) ms ! GP Amplitude
N, NEID—post J(0.01,100.0) ms ! GP Amplitude
72 J(1.0,10000.0) days Exponential Scale Length
n3 4(100.0, 150.0) days Periodic Term
N 4(0.05,0.6) Periodic Scale Length

Chromatic GP Hyperparameters (K1)

MN1,HIRES—pre
M,HIRES—post
M ,CARMENES
N1,HPF—pre
MN1,HPF —post
M,NEID—pre
MN1,NEID—post
n2

n3

M4

Chromatic GP Hyperparameters (K 2)

o
TIx
n2
3
na

Instrumental Parameters

YHIRES —pre
YHIRES —post
YCARMENES
YHPF

YNEID
OHIRES —pre
OHIRES—post
OCARMENES
OHPF

ONEID

J(0.01,100.0)
J(0.01,100.0)
J(0.01,100.0)
J(0.01,100.0)
J(0.01,100.0)
J(0.01,100.0)
J(0.01,100.0)
7 (1.0, 10000.0)
1(100.0, 150.0)
1(0.05,0.6)

J(0.01,100.0)

1(0.3,5.0)

J (1.0, 10000.0)
4(100.0, 150.0)
14(0.05, 0.6)

—100, 100)
—100, 100)
—100, 100)
—100, 100)
—100, 100)
0.01, 100)
0.01,100)
0.01,100)
0.01,100)
0.01, 100)

B N N N N N

u

days
days

5 BEBEBEEBESE
m‘ m‘ m‘ m‘ m‘ m‘ u:‘ m‘ m‘ m‘

HIRES-pre GP Amplitude
HIRES-post GP Amplitude
CARMENES GP Amplitude
HPF-pre GP Amplitude
HPF-post GP Amplitude
NEID-pre GP Amplitude
NEID-post GP Amplitude
Exponential Scale Length
Periodic Term

Periodic Scale Length

GP Amplitude

‘Wavelength Dependence Scale
Exponential Scale Length
Periodic Term

Periodic Scale Length

HIRES offset, pre-upgrade
HIRES offset, post-upgrade
CARMENES offset

HPF offset

NEID offset

Instrumental Jitter, HIRES-pre
Instrumental Jitter, HIRES-post
Instrumental Jitter, CARMENES
Instrumental Jitter, HPF
Instrumental Jitter, NEID

®U is a uniform prior with U (lower,upper)

b J is a Jeffreys prior with J(minimum, maximum)
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Figure 6. Top: RV timeseries of GJ 251, with GP + 2 planet model overlaid for each instrument. Middle: residuals to a GP
+ 2 planet model. Bottom: RVs folded to the phase of GJ 251 b and c. RV data are available as data behind the figure.
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Figure 7. A closer look at the chromatic GP used in our white NEID fits for a particularly dense region of RVs. The solid
lines indicate the GP + 2 planet model. Unlike most other GP models, which typically calculate a covariance matrix for each
instrument separately, and later combine the likelihoods, the Chromatic kernels for Cale et al. (2021) calculate covariances
across instruments. This relationship is most clear when examining the different predictions from each instrument: they follow
the same periodic structure, with deviations mostly due to different amplitudes. Notable also is that the bluer instruments are
consistently larger in amplitude, while the redder instruments have smaller GP amplitudes.

specifically utilized the dynamic nested sampling option,
which uses Dynesty to better estimate posterior values
(Speagle 2020). In order to accommodate the chromatic
GP kernels outlined in Cale et al. (2021), we modified
the Juliet source code slightly”.

We utilized 300 live points during our analysis. Due to
the stochastic nature of nested sampling algorithms, it is
often prudent to measure the log evidence several times,
and average the results. Our reported log evidence
values in Table 3 are the median combination of 100
nested sampling runs performed for each model.

5.3. Analysis Results

MCMC fits were generally well behaved. Two planet
models were able to constrain the mass of the candidate
second planet to better than 50 confidence, and we
report improved constraints on the mass of the known
planet, GJ 251 b. We find that a two-planet model
utilizing the K j5 GP kernel is preferred by both the red
and white datasets. A summary of the posterior values
of our best model for each dataset is provided in Table
4.

6. INTERPRETING THE SIGNALS IN GJ 251

7 Available to the public:
Chromatic-GP

https://github.com/CCBeard/

In our analysis, we highlight six signals of interest,
each outlined in detail below. These signals appear
repeatedly in periodogram analysis, and all warrant
investigation.

6.1. 14 Day Signal

S20 and OE23 both identified the 14 day signal in their
analyses, and concluded that its origin was planetary.
Our analysis is in agreement with both. The 14 day
periodicity is by far the strongest signal in the RV data,
and no strong periodicities corresponding to 14 days
appear in activity indicators.

All RV datasets, except for HPF, identify the 14
day signal as the most prominent (Figure 2). HPF
still detects the signal strongly, and this is probably
explained by the 1 day alias near the 14 day signal
that is visible in all of the datasets, discussed in S20.
We suspect that, due to the lower quantity of HPF
and NEID data, the two are more susceptible to aliases
confusing the dominant signal. This results in a smaller
power associated with the true planetary signal than
would be expected.

We conclude that the 14 day periodicity is indeed a
planet, GJ 251 b.

6.2. 122 and 133 Day Signals

S20 identify a stellar rotation period of ~122 days
for GJ 251 from photometry. Such a periodicity is
present in the RV dataset, seen most strongly in the


https://github.com/CCBeard/Chromatic-GP
https://github.com/CCBeard/Chromatic-GP
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Table 3. Model Comparisons

Fit No. Parameters In(Z) (White) Error of Mean (White) In(Z) (Red) Error of Mean (Red) Aln(Z) (White) Aln(Z) (Red)

0 Planet 16 -1723.12 0.08 -1723.61 0.08 -159.95 -152.19

0 Planet + QP 20 -1658.27 0.8 -1666.85 1.11 -95.1 -95.43

0 Planet + K1 27 -1650.96 0.6 -1657.26 1.15 -87.8 -85.83

0 Planet 4+ K2 21 -1644.56 0.45 -1650.52 0.4 -81.39 -79.1

1 Planet 19 -1646.9 0.2 -1645.09 0.21 -83.73 -73.67

1 Planet eccentric (b) 21 -1650.07 0.27 -1649.17 0.2 -86.91 -77.75

1 Planet + QP 23 -1575.5 1.21 -1586.53 1.24 -12.33 -15.11

1 Planet + QP eccentric (b) 25 -1581.41 3.02 -1593.98 0.6 -18.25 -22.56
1 Planet + K 30 -1575.81 1.04 -1583.53 1.13 -12.64 -12.11

1 Planet + K1 eccentric (b) 32 -1584.31 0.82 -1586.52 0.56 -21.14 -15.1
1 Planet + K2 24 -1569.32 0.39 -1575.35 1.32 -6.16 -3.93

1 Planet + K2 eccentric (b) 26 -1570.13 0.41 -1582.33 0.97 -6.96 -10.91
2 Planet 22 -1626.23 0.27 -1625.57 0.42 -63.06 -54.15

2 Planet eccentric (b) 24 -1630.3 0.31 -1628.35 0.77 -67.13 -56.93

2 Planet eccentric (c) 24 -1628.69 0.52 -1626.53 0.49 -65.53 -55.11

2 Planet eccentric (b,c) 26 -1633.62 2.6 -1632.01 0.65 -70.45 -60.58

2 Planet + QP 26 -1577.07 2.4 -1586.04 1.64 -13.91 -14.62

2 Planet + QP eccentric (b) 28 -1571.44 6.39 -1596.32 10.34 -8.27 -24.9
2 Planet + QP eccentric (c) 28 -1588.62 3.63 -1597.43 4.15 -25.46 -26.01
2 Planet + QP eccentric (b,c) 30 -1584.47 5.7 -1604.69 3.54 -21.31 -33.26
2 Planet + K1 33 -1572.5 1.94 -1578.77 1.76 -9.34 -7.35

2 Planet + K1 eccentric (b) 35 -1575.93 0.93 -1584.54 1.04 -12.77 -13.12
2 Planet 4+ K1 eccentric (c) 35 -1580.51 1.01 -1586.02 6.72 -17.35 -14.6
2 Planet + K1 eccentric (b,c) 37 -1579.14 6.7 -1590.51 4.68 -15.98 -19.09
2 Planet + K2 27 -1563.16 0.57 -1571.42 0.62 0.0 0.0

2 Planet + K2 eccentric (c) 29 -1567.08 0.67 -1576.34 0.73 -3.92 -4.92
2 Planet + K2 eccentric (b) 29 -1567.08 0.67 -1576.34 0.73 -3.92 -4.92
2 Planet + K2 eccentric (b,c) 31 -1570.46 0.64 -1580.85 0.92 -7.3 -9.43

CARMENES RVs. A 133 day signal appears repeatedly
in the stellar activity indicator periodograms, especially
IRT II and III. Further, the peak detected in the dLW
data is consistent with either a 122 day or 133 day signal.
Finally, the dET indicators do not show a strong signal
at either period, though 41.7 and 64.3 day periodicities
appear strongly, and are the second and first harmonics
of ~125 day and ~128 day periods.

A number of analyses suggest that the rotation period
of GJ 251 is somewhere between 120 and 130 days. Our
failure to more precisely constrain the rotation period
is likely a result of the quasiperiodic nature of stellar
activity signals, the uneven temporal cadence of RV
measurements, and possibly differential rotation.

6.3. 68 and 73 Day Signals

A 68 day signal is the strongest signal in the GLS
periodograms after the removal of planet b, and a 73
day signal is strongest signal detected by the BFP when
simultaneously fitting planet b and the 54 day signal.
Subtracting the 73 day signal from the BFP significantly
reduces the power of the 68 day signal (Figure 4),
suggesting that the two signals may be related.

Both signals appear to inherit most of their power
from the CARMENES or NEID datasets (Figure
2), which seem to be most affected by activity.
Furthermore, neither signal is detected with any
strength in the HPF or SPIRou data, which appear to
be the least susceptible to activity contamination. This
suggests that the signals may be related to the stellar
rotation period.

The system rotation period is likely near 122 or 133
days. The latter rotation period would place the first
harmonic of the rotation period (66.5 days) close to the
68 day signal. The 68 day signal appears with some
power in the IRT II and IRT III indicators, though its is
not the highest in either. The 73 day signal appears with
high power in the CARMENES + NEID dLW indicator
plot (Figure 5), suggesting that it may be related to
stellar activity.

We conclude that the 68 day signal is probably the
first harmonic of the stellar rotation period, and that
the 73 day signal likely originates from stellar activity.

6.4. 54 Day Signal
6.4.1. Meaning of the 54 Day Signal
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Table 4. Posteriors of the Preferred Models

Parameter

White NEID

Red NEID

Description

Orbital Parameters:

Planet b:

Py (days) ......ooeinnn
Tcon,b (BJDTDB) .......
Bb ittt a e
wp (degrees) ............
Kp (ms™h) oo,

Planet c:
P. (days) ..o
Teon.c (BIDTDE) .v.....

€e e
we (degrees) .............
Ke(ms™) ..ol

Planetary Parameters:

Planet b:

Msinib (M@) ...........
ap (AU) .................

Planet c:

Msinic (Mg) «..oononn..
ac (AU) ...

GP Hyperparameters

no (ms™h) L
TIA ce e e
n2 (days) ...l
n3 (days) ...... ...l

Instrumental Parameters

RV Jitter

OHIRES—pre (M s™1) .....
CHIRES—post (m s~ 1) ...
TCARMENES—Vis (m s™1)
OSPIRou (M s™1) ... ...
THPF—pre (M s™1) ... ...
THPF—post (M s™1) ... ..
ONEID—pre (M s™1) ......

ONEID—post (M s™1) .. ...
RV Offset

YHIRES—pre (M 871) .....
YHIRES—post (m 871) ...
YoARMENES—Vis (m s~ 1)
YsPIRou (M s™1) ........
YHPF—pre (M s~ 1) ... ...
YHPF—post (m s~ 1) ......
YNEID—pre (m ™) ...,

YNEID—post (m s~ 1) .....

14.2370 £ 0.0015
2458626.81 £+ 0.13
0 (fixed)

0 (fixed)

2.01 £+ 0.12

53.647 £ 0.044
2458922.0 + 1.4
0 (fixed)

0 (fixed)
1.234+0.22

+0.35
3.857 53

0.0808 + 0.0042
3225 + 351
2.37 £ 0.26

336 £ 1

3.88 + 0.79
0.196 + 0.014
550 + 81
0.404 + 0.059
216 £ 0.8

.64
2574004
+0.92
1.2370461

+56
89775

+22
143122

+0.11
0.257 505

+1.32
1.027 %7

+0.66
2.48" g7

0.91 + 0.15
3.3910-2¢
1.98%0-50
1.32+0-73

+0.50
1.037 457

+0.12
046515

-1.61 £ 1.13
+0.71
0.807 6o
+0.33
-0.147575,

+0.36
_0‘2870,40

+0.38
_0'36—0.40

+0.59
-0.02%5 62
+0.67
1.677,21

-0.05 £ 0.69

14.2382 £ 0.0015
2458626.89 £ 0.13
0 (fixed)

0 (fixed)

2.13 £ 0.13

53,6503
2458921.8 + 1.4
0 (fixed)

0 (fixed)
1.27 + 0.21

4.07 £ 0.37
0.0808 £ 0.0042
3225 + 347
2.37 £ 0.25
290 £ 8

3.80 £ 0.73
0.196 + 0.022
550 + 124
0.404 + 0.091
186 + 10

+0.66
2'49—0.403

+0.90
1.277 64

+59

95432
+18

1417}

+0.10
0.24%4705

+1.2
0'97—0.66

+0.66
2.55+0:6¢

0.92 £ 0.15

+0.26
3.417552

+0.33
1.997750
+0.73
1.257 65

+0.51
1'31—0.41

+0.18
0.6419:18

-1.7 £ 1.1
0.78 £+ 0.69

+0.32
-0.14%4753

+0.36
-0.26" 540

-0.31535
0.06 £+ 0.58

+0.65
1‘68—0.68

0.15 + 0.16

Orbital Period ...............
Time of Inferior Conjunction .
Eccentricity ..................
Argument of Periastron ......
RV Semi-Amplitude ..........

Orbital Period ...............
Time of Inferior Conjunction .
Eccentricity ..................

Argument of Periastron ......
RV Semi-Amplitude ..........

Minimum Mass ..............
Semi-major AXis..............
Average Incident Flux........
Planetary Insolation..........
Equilibrium Temperature® ...

Minimum Mass ..............
Semi-major Axis..............
Average Incident Flux........
Planetary Insolation..........

Equilibrium Temperature® ...

GP Amplitude (Kj2) ........
Wavelength Dependence Scale
Exponential Scale Length ....
Periodic Term ...............
Periodic Scale Length ........

HIRES-pre Jitter
HIRES-post Jitter
CARMENES-Vis Jitter
SPIRou Jitter
HPF-pre Jitter
HPF-post Jitter
NEID-pre Jitter
NEID-post Jitter

HIRES-pre Offset
HIRES-post Offset
CARMENES-Vis Offset
SPIRou Offset
HPF-pre Offset
HPF-post Offset
NEID-pre Offset
NEID-post Offset

? Estimated assuming an albedo of 0.1



A strong signal at 53.6 days is identifiable in the GLS
and BF periodograms (Figures 2, 4). Notable is that
this signal seems to originate with the greatest power
in the HPF and SPIRou data. Our GLS analysis ranks
it behind the 68 day signal as third most significant,
though our BFP analysis ranks this signal as second
most significant.

One explanation is that the 54 day signal is a small
(~1 m s~! amplitude) planetary signal that was missed
in S20 due to activity contamination in the bluer
CARMENES visible RVs. Starspots seem to be the
primary contaminating feature in the RV timeseries,
as the rotation period identified from photometry (and
perhaps its aliases/harmonics) shows up frequently
during RV analysis. 54 days is not particularly close
to the first harmonic associated with either possible
rotation period (61 days; 66.6 days), nor is it close to
either second harmonic (41 days; 44 days), supporting
an origin not related to the stellar rotation period.

HPF and SPIRou’s redder bandpasses make them less
susceptible to contamination from starspots (Crockett
et al. 2012; Robertson et al. 2020). The fact that the
54 day signal appears most strongly in the IR datasets,
and the rotation signals appear most strongly in the
visible datasets, is suggestive of a planetary origin for
the 54 day signal. At least, the 54 day signal appears
more strongly in the red RVs—this might be explained
by some stellar activity cycle other than spots that is
more prominent in the infrared, or it may be that the
small amplitude 54 day planet is recovered more strongly
with less contaminating activity signals. This is further
supported by the BFP analysis, which identifies the 54
day signal more strongly than the 68, 73, or 122 day
signals. This is a sensible result when moving from a
GLS (which naively highlights any periodic signal) to
a BFP with a MA (which accounts for correlated noise
using a red-noise model).

Stellar activity can masquerade as planetary signals,
and we cannot eliminate this possibility entirely for
the 54 day signal. It is additionally possible that the
prominence of the 54 day signal in HPF and SPIRou
is not related to their wavelength regime, but due
to fortunate sampling occurring in the two infrared
datasets. We perform a series of tests in the following
sections to more strictly scrutinize the 54 day signal.

6.4.2. Stability of the 54 Day Signal

One key difference between planetary signals and
stellar variability is that planetary signals are stable over
long periods of time, while stellar variability will often
evolve on timescales of a few rotation periods (Giles
et al. 2017; Gilbertson et al. 2020). Our dataset contains

17

a huge quantity (> 600) of RVs that extend over twenty
years, allowing us to scrutinize the stability of the 54
day signal over this time.

We perform two-planet MCMC fits, similar to those
in §5.1, but to subsets of the dataset. First, we perform
such fits on each instrument by itself, to see if the signal
is greatly changed in any instrument. We next divide
the data into seven temporal regions. When the RV
data are dense, we pick regions coinciding with observing
seasons, each corresponding to a year. Older RV data
are of lower cadence, however, and we chose to combine a
few observing seasons for older HIRES and CARMENES
data. The division of our seasons is visible in Figure 8.

We fix the instrumental offsets and jitter terms to
those found in our preferred fit posteriors (Table 4), but
otherwise left the models free to fit for each planetary
and GP parameter. We are most interested in the
recovered values of P, K., and T.. If the 54 day signal
is planetary, these values should be constant over time.
Our results are visible in Figure 9.

The instrumental signals generally agree with our fit
posteriors, and each other. HIRES and CARMENES
data always agree well. The HPF fit is peculiar, in that
it recovers a larger amplitude signal at a slightly shorter
period. Nonetheless, the values are all 20 consistent
with our fit posteriors, and 1o consistent with each
other. NEID and SPIRou fits are a bit discrepant in
period, but with correspondingly large uncertainties.

The region fits are even more in agreement. The
fits are fully consistent with each other, though the
orbital period recoveries show some variance. This
is not surprising considering that the period of the
candidate planet is sufficiently long to challenge some
of the shorter-baseline datasets. Some combination of
poor phase coverage and stellar activity very conceivably
interferes with our ability to accurately measure the
orbital period over only one or two seasons.

Both instrument and region fits are in two sigma or
better agreement across all measured parameters for
the candidate planet. If the signal were indeed stellar
variability, originating from a particular region of time,
we might instead expect one or two regions with highly
discrepant amplitudes, periods, or phases. The lack of
such a detection suggests that the origin of the signal
may be planetary.

6.4.3. False Alarm Probability

The known planet, in combination with a quasi-
periodic stellar activity signal, might create some alias
resembling a second planet. Such a false alarm might be
exacerbated by our uneven temporal sampling and the
variety of instruments employed in the analysis.
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years of observing due to lower cadence.

To test how commonly these quirks of our data
recreate a 54 day signal, we generate a series of synthetic
datasets. First, we utilize RadVel to generate the RV
signal of one and two planet models at each of our
observation times using our best model median posterior
values. We next generate stellar activity signals at each
RV observation time by drawing GP posterior values
from the posterior distributions of the top performing
activity model, the Kjo GP kernel, and adding these
to our one and two planet models. Next, we add
white noise by drawing our final synthetic values from
a normal distribution centered on each model, with
a standard deviation equal to the quadrature sum of
the measured RV error at that timestamp, and the
posterior jitter estimate for its instrument. Finally,
we add instrumental offsets taken from our best model
posteriors to create synthetic datasets that closely
resemble real observational datasets.

We generated two hundred fake datasets per model,
and we performed nested sampling fits with Juliet on
each. Once we estimated the evidence, we calculated the
BF preference for a two planet model for each synthetic
dataset. As in §5.2, we ran these evidence calculations
100 times and took the median. We include a plot of
the distribution of BF's in Figure 10.

None of our synthetic datasets generated from a one
planet model developed a strong preference for two
planets. Alternatively, when using a dataset with two
planets, a two planet model was often strongly preferred.
The level of preference for a two planet model found in
the real data is highly anomalous if originating from
a one planet + activity model, and is much more

consistent with the two planet synthetic datasets. This
suggests that the true data more likely represent a two
planet model than a one planet model.

We must qualify this result, however. Firstly, we
were limited by computational resources in exploring as
many run as would have been ideal, utilizing only 200
false datasets. Running such models for even one such
dataset takes a great deal of resources, as each requires
that we run 100 1-planet and 100 2-planet models to
calculate a robust value for the evidence. Additionally,
our results are dependent on our choice of activity
model, in this case the ;2 GP kernel. We chose this
activity model because it was the most preferred during
model comparison. It may be that the true activity
model is more likely to conspire with the 14 day signal
to create a 54 day false positive. This test could be
repeated for various GP kernels, though none would be
definitive.

7. NON-RV DATASETS
7.1. Photometry

We utilize existing photometric datasets to determine
if any planets in GJ 251 are transiting.

GJ 251 was observed by TESS (Ricker et al. 2015)
during Sector 20 (2019 December 24 - 2020 January 21),
Sector 45 (2021 November 6 - 2021 December 2), Sector
47 (2021 December 30 - 2022 January 28), Sector 60
(2022 December 23 - 2023 January 18), Sector 71 (2023
October 16 - 2023 November 11), and Sector 72 (2023
November 11 - 2023 December 7). Examining the pre-
search data conditioned simple aperture flux (PDCSAP;
Caldwell et al. 2020) reveals peculiar short-timescale
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periodicity on the order of 4 hours, which might suggest
rapid stellar rotation. This would seriously conflict with
our previous determination of GJ 251 as an older, slowly
rotating star in §4. We created a pixel-by-pixel plot of
periodograms of GJ 251’s TESS photometry in Figure
11. Periodogram analysis of each pixel reveals that
this signal is likely caused by a nearby star periodically
contaminating the aperture, and not by any variability
intrinsic to GJ 251.

Using the ephemeris obtained from our best fit model,
we predict transit times for GJ 251 b and ¢. We include

a plot of the six available TESS Sectors’ photometry
and our transit predictions. A combination of short
Sector lengths and the unfortunate coincidence that
planet b’s period is nearly half of a TESS Sector,
while the candidate planet’s period is nearly double a
TESS sector, frequently placed expected transit times
in data gaps. We fit a box least squares (BLS; Kovacs
et al. 2002) transit search algorithm on TESS PDCSAP
flux across all Sectors, but no significant transits were
identified. Figure 12 shows that a few transits of GJ 251
b should have appeared in the photometry, if the planet
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model comparisons on simulated datasets. After generating
200 fake one-planet, and 200 fake two-planet datasets, we
performed nested sampling fits for one- and two-planet
models, and computed the difference in Bayes Factor. When
the fake data include only one injected planet, it is very rare
that a two-planet model is preferred. On the other hand,
when the generated data include two injected planets, a two-
planet model is often preferred, with the BF in the real data
falling on the center of this distribution.

indeed transits, though the predicted transit times of
GJ 251 c typically fall in data gaps.

7.2. Astrometry

It is possible that either planetary signal might be
explained by a highly inclined massive object. One way
to investigate this possibility is to look for astrometric
motion of the host star in the plane of the sky. Gaia
DR3 (Gaia Collaboration et al. 2021) measures the
renormalized unit weight error (RUWE; Lindegren et al.
2021) to estimate the goodness of fit to the general
astrometric solution. A RUWE of 1.0 is considered
a perfect fit for a single star, and it is suggested
that a value < 2.0 (or 1.4 by some stricter metrics)
should be used as a cutoff for significant astrometric
motion. GJ 251 has a measured RUWE of 1.15,
which is consistent with no detected astrometric motion.
We additionally compared Hipparco-Gaia astrometric
measurement differences and found that the solution
in Brandt (2018) is fully consistent with no unseen
astrometric motion.

8. DISCUSSION

8.1. A Habitable Zone Super-Earth Amenable to Direct
Imaging in Reflected Light
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Figure 11. Pixel-by-pixel periodogram of the TESS

photometry of GJ 251 during TESS Sector 20. Each plot
corresponds to a pixel of the TESS CCD, and the solid blue
line is the aperture used by the PDCSAP pipeline during the
generation of the GJ 251 lightcurve. A gold star highlights
the pixel that contains GJ 251. This plot can help us discover
the source of the periodic variability seen in the GJ 251
lightcurve. It is clear that the ~ 4 hour periodicity originates
not from GJ 251, but other, neighboring pixels, which we
highlight in red. Consequently, we can rule out the signal as
fast rotation of GJ 251.

GJ 251 ¢ would be a prime place to search for life.
GJ 251 ¢ orbits in the conservative Habitable Zone (HZ;
Kopparapu et al. 2013, 2014; Kane et al. 2016) of its
host star (Figure 13), and its measured minimum mass is
consistent with a terrestrial planet (we adopt a threshold
msini < 5.0 Mg). Furthermore, the proximity of
GJ 251 to Earth makes GJ 251 ¢ perhaps the top
target for imaging a HZ planet in the celestial Northern
Hemisphere.

GJ 251 is the 74" closest star to Earth (Bailer-Jones
et al. 2021), and the 22"¢ closest known planet-hosting
star (NASA Exoplanet Archive). Of these 22, only 8
have positive declinations (Barnard’s Star (Basant et al.
2025); Ross 128 (Bonlfils et al. 2018); GL 725A (Cortés-
Zuleta et al. 2025); GJ 15A (Pinamonti et al. 2018);
Teegarden’s Star (Zechmeister et al. 2019); GJ 9066
(Quirrenbach et al. 2022); GJ 687 (Burt et al. 2014;
Rosenthal et al. 2021)), and only one (GJ 15A) has a
higher stellar effective temperature than GJ 251.

A higher stellar effective temperature can alleviate
some of the challenges when directly imaging a
planet. In order to directly image an exoplanet via
coronagraphy, the planet-to-star contrast ratio must
exceed the coronagraph raw contrast, and a planet must
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Figure 12. Short cadence photometry of GJ 251 taken by TESS during sectors 20, 45, 47, 60, 71 and 72. Overlaid is the transit
ephemeris of GJ 251 b and ¢ as determined from our RV fits. Sectors 71 and 72 strongly suggest that GJ 251 b does not transit.
GJ 251 c, with its 54 day period and less precise ephemeris, is difficult to constrain with short-baseline TESS photometry. One
predicted transit time does fall into Sector 20 photometry, though the uncertainty is so large as to be fairly uninformative. We

detect no transits in the TESS photometry of GJ 251.

have a projected separation between the coronagraph’s
inner working angle (IWA) and outer working angle
(OWA; Guimond & Cowan 2018). A serious challenge
arises when imaging the HZ of stars, as the HZ is much
closer than typically imaged, long period exoplanets
(Marois et al. 2008; Macintosh et al. 2015). Additionally,
many of the planets of interest are more mature planets
that require observations using reflected light, rather
than emitted. Even dedicated extreme adaptive optics
systems on 30 m class telescopes will only be able to
access HZs of the closest stars to Earth. GJ 251 is one
such star, among a few, highlighted in Figure 145.

At its maximum estimated orbital distance, GJ 251
¢ would have a semi-major axis of 0.196+0.014 AU
assuming minimum mass. Because of its proximity to
Earth, the planet maintains an angular separation of
0.035”. In fact, as seen in Figure 14, the entire HZ of
GJ 251 is theoretically imagable with next generation

8 Data taken from the NASA Exoplanet Archive on 02/15/2025
(DOL: https://doi.org/10.26133/NEA1); contrast upper limits
depend on several assumptions including planet radius and
albedo and should not be viewed as a hard upper limit on image-

ability.

telescopes, opening the possibility to identification of
other planets in the system’s HZ.

GJ 251 is not a young star (6.8fi:$’ Gyr), and any
terrestrial planets in the system are not likely to have
maintained heat of formation. Infrared imaging of GJ
251 ¢ via emitted light might be possible in the N band
if the temperature exceeds ~ 250 K (Quanz et al. 2015),
though reflected light imaging is more feasible. We
estimate the contrast of GJ 251 ¢ using Equation 7 (Li
et al. 2021).

1 R}

62A*—*—2

. (7)

A is the albedo of the planet, R, is the planet radius,
and a the semi-major axis. Here we assume that the
planet could be imaged at its maximal sky-projected
orbital separation, and we have removed wavelength
dependence of albedo for simplicity, as a wavelength
dependent investigation is beyond the scope of this
paper. We estimate a contrast for the planet candidate
using the non-parametric mass-radius relationship from
MRExo (Kanodia et al. 2019), finding an estimated
radius of 1.81 Rg. Such a radius would likely correspond
to a sub-Neptune composition. Consulting Parc et al.
(2024), a planet with an Earth-like composition would



22

0.3
0.2
)
2 0.1
N
Q
O 00—
C
©
]
VD 01—
a
Planet ¢
_02 —
—0.3 T T T T T
-0.3 -0.2 -0.1 0.0 0.2

Distance (AU)

Figure 13. The size of GJ 251 and the orbits of GJ 251
b and c. Stellar size and orbital distances are to scale. In
light green we show the optimistic HZ, and in dark green the
conservative HZ (Kopparapu et al. 2013, 2014). GJ 251 ¢
orbits directly in a regime where liquid water might be able
to exist on its surface.

have a radius ~1.5 Rg. Combined with our calculated
orbital separation (Table 4), we estimate, assuming an
albedo of 0.5, contrast in the 1.81 Rg, case of 2.4 x 1078,
and a contrast in the 1.5 Rg case of 1.7 x 10~8. More
pessimistic radii and albedo values (1.1 Rg, albedo =
0.1) might produce contrasts as low as 1.8 x 1079,

With an angular separation of 0.035"” and contrasts as
low as 1.8 x 1077, GJ 251 c is currently impossible to
directly image. Future observatories are likely to change
this.

The Planetary Sciences Imager (PSI; Guyon et al.
2018) is a next generation instrument being considered
for the Thirty Meter Telescope (TMT; Skidmore et al.
2015; Konopacky et al. 2023), an ELT that may see
first light in the next ten years. Such an instrument
is expected to be able to directly image nearby, rocky
planets orbiting M dwarfs in their HZs (Mazin et al.
2019). The expected end-goal TWA of the PSI is
projected to be near 2\/D for 10~® contrast in the J
band (Sallum et al. 2022). This corresponds to an IWA
of ~ 0.017”, and would be capable of imaging GJ 251
c. Practical limits on the contrast capabilities of TMT
and PSI will not be known until the instrument sees first
light, though Guyon et al. (2018) provide some tools
for estimating what the performance for a particular
star may be. Even still, achievable contrasts depend on

0.3

stellar temperature, magnitude, calibration stars, and a
variety of other factors that are difficult to know before
the instrument is tested. Consequently, the contrast
upper limit shown in Figure 14 is a useful tool to help
assess the relative feasibility of imaging nearby planets,
but a more nuanced analysis is required to capture full
feasibility. Using current predictive tools, we show that
GJ 251 ¢ might plausibly fall in the range of viable
contrasts for PSI, though this requires some optimistic
predictions for PSI wavefront control (this analysis is
detailed further in Appendix B).

Due to its higher declination (§ = 33.26640801°), GJ
251 can only be viewed via Southern hemisphere ELT's
at relatively high airmass. Such observations introduce
atmospheric effects that likely rule out sufficiently high
contrast imaging from the Southern ELTs such as GMT
and ESO ELT.

The planned Habitable Worlds Observatory (HWO)
mission is a space based mission intent on imaging
planets in the HZs of nearby stars (National Academies
of Sciences & Medicine 2021). The HWO is expected
to reach contrasts up to 10719 (Harada et al. 2024).
Unfortunately, the ~6 m primary mirror will likely limit
the HWQO’s IWA to 0.065", likely placing GJ 251 ¢ out
of reach, along with most HZ planets orbiting M dwarfs.

Direct imaging of an exoplanet allows astronomers
to probe into the planetary atmosphere, potentially
revealing a plethora of knowledge about the distant
world. For example, the PSI will have the ability
to detect such planetary features as cloud hazes
and rotation rate (Crossfield 2014), surface features
(Karalidi & Stam 2012), or even biomarkers using high-
dispersion coronagraphy (Wang et al. 2017).

Directly imaging the nearest planets is the only
way to detect atmospheric features on nearby planets
for the foreseeable future. Transmission spectroscopy
(Benneke & Seager 2012) is an alternative method
for retrieving atmospheric compositions of exoplanets,
though it requires a planet to transit from Earth’s
perspective for observations to be obtained at all. This
likely precludes any nearby HZ planets from study
with transmission spectroscopy, with the exception of
a small number of special systems (i.e. TRAPPIST-1).
Hardegree-Ullman et al. (2023) estimate that no HZ
planets transit inside of 5 pc, one or two might transit
inside of 10 pc, and that 1-20 transit inside of 20 pc. All
of these numbers are based upon an optimistic estimate
for e (> 0.15), the abundance of Earth-sized planets
in the HZ of M dwarfs (Dressing & Charbonneau 2015),
a poorly constrained quantity.

Direct imaging is likely to remain the primary method
for studying the atmospheres of nearby exoplanets in
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Earth.

The region where both conditions are met is highlighted in green.

the HZ, and GJ 251 ¢ stands out as the best potentially
terrestrial target for such studies after Proxima Centauri
b (Anglada-Escudé et al. 2016; Faria et al. 2022), and the
best in the celestial Northern Hemisphere. Furthermore,
different stellar spectral types can have wildly different
effects on the surface conditions of HZ planets (Shields
et al. 2014, 2016), encouraging study of as many planets
as possible.

8.2. Climate Modeling

To explore theoretical imaging spectra of GJ 251
¢, we conduct climate simulations for four different
atmospheric compositions; Earth-like, 10 bar COa,
Titan-like, and hydrogen dominated mini-Neptune.
Table 5 describes the atmospheric compositions,
surface types and basic climate results. The Earth-
like composition is aligned with pre-industrial Earth
conditions, but with Oy and O3 omitted due to lack
of self-consistent photochemistry in our model that
can accurately predict O3 accumulation around an M-

dwarf star. The Titan-like composition is taken from
Horst (2017) with an assumed haze production rate
of 10'* grams per Earth year, an approximate value
taken from laboratory experiments of Trainer et al.
(2004, 2006). The mini-Neptune composition is taken
from photochemical calculations of exoplanet K2-18 b
performed by Wogan et al. (2024).

We use ExoCAM? (Wolf 2020; Wolf et al. 2022;
Neale et al. 2010), a 3D climate model for terrestrial
exoplanet atmospheres based on the Community Earth
System Model (CESM) version 1.2.1'” from the National
Center for Atmospheric Research. Photochemical
hazes are simulated in the Titan-like case using
the Community Aerosol and Radiation Module for
Atmospheres (CARMA, Turco et al. 1979; Toon et al.

9 https://github.com /storyofthewolf/ExoCAM

10 https://www.cesm.ucar.edu/models/cesm1.2/tags/
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Table 5. Description of 3D climate simulations

Case Atmospheric Composition Pressure[bar] Surface TS[K] TOA albedo OLR[W/m?]
Earth-like N2, 285 ppm CO2, 0.8 ppm CHy4, H2O 1 ocean 150.9 0.785 30.4
CO2 Dominated CO3, H20O 10 ocean 319.7 0.144 117.2
Titan-like N2, 5.65% CHy, 10 ppm C2Hg, 10 ppb CO2, H5O, hazes 1.5 ocean 158.5 0.322 95.6
Mini-Neptune Ha, 0.4% CHy, 0.01% COs, 5% HsO 10 solid  523.1 0.056 128.1

1988; Bardeen et al. 2008), which is fully coupled
to ExoCAM. Hazes are treated as fractal aggregates
following from past CESM-CARMA modeling studies
for early Earth (Wolf & Toon 2010) and Titan (Larson
et al. 2014, 2015). We assume an ocean surface for
all cases except for the Mini-Neptune simulation, where
we utilize a solid surface with an albedo of 0.2. The
Earth-like and Titan-like cases, the ocean freezes and is
treated as a solid ice surface. Albedo values are taken
from Shields et al. (2013). Geophysical properties of the
planet were taken from Table 4.

We find that GJ 251 ¢ can maintain a habitable
surface environment if it has a multibar CO5 dominated
atmosphere. With a 10 bar CO5 atmosphere and ocean
surface as modeled here, the planet has a mean surface
temperature of 319.7 K, an albedo of 0.144, and open
ocean exists over its entire surface. It is likely that
significantly less COs could still maintain habitable
surface conditions for GJ 251 c.

Alternatively, an FEarth-like composition has too
few greenhouse gases to remain warm, has global ice
coverage, and a cold global mean surface temperature
of 150.9 K with an albedo of 0.785. The Titan-
like atmospheric case is also globally ice covered with
a global mean surface temperature of 158.5 K and
albedo of 0.322. The mini Neptune case is too
hot for habitability, with a surface temperature at
10 bar of 523.1 K owing to the intense collision-
induced-absorption (CIA) from its hydrogen dominated
atmosphere. The mini-Neptune world has a low albedo
of 0.056 due to strong stellar absorption by CH4, HyO,
and Hs-Hy CIA. In all cases, cloud decks are thickest
over the substellar point, typical of tidally locked planets
around M-dwarf stars (Kopparapu et al. 2017).

We used the Planetary Spectrum Generator (PSG),
an online tool designed to simulate radiative transfer
in planetary atmospheres (Villanueva et al. 2018), to
generate planetary spectra. For these simulations, the
PSG was used (https://psg.gsfc.nasa.gov/) following the
methods outlined in Kofman et al. (2024). The ExoCam
multidimensional output is loaded into the GlobES
module of PSG, which allows high-spatial-resolution
simulations across the planet’s sphere. Here, two types

of simulations are done (Figure 15). In the first row
of the Figure, spatially resolved RGB (red-green and
blue) images of the four different climate states of the
planet are shown, highlighting the locations of the clouds
and the effects of the different processes dominating
the visible (i.e. Rayleigh scattering and absorption by
hazes). The images are simulated at a resolution of 100
nm covering 400-500, 500-600 and 600-700 nm (blue,
green and red respectively).

For the spectral simulations in the bottom panel, the
spatial resolution is binned down by a factor of 4 x 4.
The intensity units are in ‘contrast with respect to the
host star’, which for these simulations is assumed to be
a 3300 K blackbody emitting M-dwarf, with a radius of
0.25 R, the planet at a distance of 0.2 AU. The spectra
below can be used as an indicator of the brightness of
the planet, which in relative terms is approximately 300
times as bright as Earth around a G-star.

In terms of the composition of the atmosphere, it
should be noted that the atmospheres are simplified,
and it would be expected that more trace species (CHy,
C3Hg) would be present in a real spectrum.

The modern Earth analogue is dominated by its
familiar Oy signatures (760 and 690 nm) and a strong
drop-off in reflectivity below 300 nm due to O3 and to
a lesser extent O,. The broad features around 1000 and
1250 nm can be attributed to the reflectivity of the icy
surface.

The CO2 dominated planet shows few strong features
in the visible range. Rayleigh scattering is responsible
for the increased flux towards shorter wavelengths, and
the near IR absorption features between 600 and 1200
nm originate from water. Above this wavelength range
CO3 dominates the absorbance, effectively leaving little
flux to escape the planet. The produces the higher
surface temperature and liquid HyO surface.

The reflection spectrum of the Titan analog planet
is dominated by scattering and absorption from the
hazes, Rayleigh scattering, and molecular absorption
from CHy.

Atmospheric simulations demonstrate the wide variety
of possible surface conditions that might exist on GJ 251
¢, while also highlighting the valuable information that
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might be gleaned from future atmospheric observations.
Future spectra taken of GJ 251 ¢ might conceivably give
us a deep insight into a world very different from the
Earth we know.

8.3. Planet? Candidate Planet? Or False Positive?

We conclude that the 54 day signal detected in the GJ
251 RV data is most likely planetary in origin, and call
it a candidate planet, GJ 251 c. The difference between
a candidate planet and a planet in literature is not well-
defined, though we primarily choose this designation
in light of our model comparisons (Table 3) only just
exceeding the generally accepted BF 5 threshold. We
would not be the first to claim a planet detection, only
to find with the addition of more data that the signal
was a false positive (Robertson et al. 2014, 2015; Lubin
et al. 2021). We compare GJ 251 ¢ to a number of similar
systems with previously detected false positive planets,
and we highlight how GJ 251 c differs.

We first compare GJ 251 to the GJ 581 system. GJ
581 is very similar to GJ 251 in spectral type (M3V),
distance from Earth (6.3 pc), and stellar rotation period
(130 £ 2 days; Robertson et al. 2014). Indeed, the
system also shares some architectural similarities, with
a known planet GJ 581 ¢ (P, = 12.91 days) similar
to GJ 251 b (P,p = 14.2 days), and a claimed HZ
planet orbiting at a period of 83 days (Udry et al. 2007),
then later 66 days (Mayor et al. 2009; Vogt et al. 2012).

The planet was eventually shown to be a false positive
(Robertson et al. 2014).

Robertson et al. (2014)’s primary reasoning
was a correlation between GJ 581 RVs and Ha
activity indicators, indicating that the RV data were
contaminated with activity. This is especially damning
in light of the fact that the claimed orbital period
was almost exactly half of the stellar rotation period.
This approach was more recently validated in von
Stauffenberg et al. (2024). In the GJ 251 system,
Ha data are not available for most instruments, only
CARMENES and NEID, so a directly analogous analysis
is not possible. CARMENES and NEID Ha data
do show some correlation with RVs when calculated
(pcarMmENES = -0.28; pnEip = -0.34; Pearson 1895),
though less than in the GJ 581 data. More importantly,
this only indicates stellar activity contamination
is present, and does not indicate timescales. Ha
periodogram analysis indicates that this correlation is
present at longer timescales, not at any periods related
to GJ 251 ¢. This is especially in contrast with GJ
581, where Ha data did show activity on planet-related
timescales. Robertson et al. (2014) used decorrelation to
remove activity signals from RVs, though we use GPs,
and they note a significant drop in LS power for GJ
581 d after decorrelation. We cannot easily perform the
same test, as GP models are trained during inference
and should not simply be subtracted from RVs to run
new periodograms. We can compare two planet fits
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that utilized a GP, and ones that did not, and highlight
that the recovered amplitude of planet ¢ does not vary
greatly between the cases, an analogous comparison to
the decorrelated or non-decorrelated model in Robertson
et al. (2014).

We next compare GJ 251 to Alpha Centuari B b, a
planet first identified by Dumusque et al. (2012), but
later shown to be a false positive (Rajpaul et al. 2016).
Alpha Centauri B is a K1 V star in the Alpha Centauri
system, the closest star system to Earth. The false
positive planet had an amplitude of 0.5 m s~! and
an orbital period of 3.2 days. Rajpaul et al. (2016)
highlighted a number of features during analysis that
suggested that the planet was not genuine, all of which
do not apply to GJ 251 c¢. Alpha Centuari B b was
modeled in four separate seasons, rather than utilizing
all data simultaneously. We utilize all GJ 251 data
simultaneously. Dumusque et al. (2012) used a series
of sine waves to model the stellar activity, which as
Rajpaul et al. (2016) point out, is a suboptimal model of
the quasi-periodic variability that stellar activity signals
typically generate. They recommend using a GP model,
which we use for GJ 251. Finally, Rajpaul et al. (2016)
found a significant power near the planetary period in
the system’s window function, which is not the case for
GJ 251 ¢ (Figure Al).

Finally, we compare GJ 251 to Barnard’s star, an old
M Dwarf, the second closest star system to the Sun, and
the closest in the celestial Northern Hemisphere (Bailer-
Jones et al. 2021). Ribas et al. (2018) identified a planet
orbiting the star with a period of 233 days, though Lubin
et al. (2021), and later Gonzdlez Herndndez et al. (2024),
would eventually demonstrate that Barnard’s Star b was
a false positive, a particularly insidious case of aliasing.
Lubin et al. (2021) show that the 233 day signal is a
one year alias with the stellar rotation period. They
also highlight that most of the planetary power comes
from a particular region of RV data, and that during
this region stellar activity seems to have spiked in the
Sy values as well as in Ha. Furthermore, these spikes
occurred at the proposed planetary period.

GJ 251 c, in contrast, is not created by any common
aliases with the stellar rotation period, nor does the
signal ever have significant power in any of the stellar
activity indicators. An analysis of the window function
of GJ 251 data (Figure Al) further suggests that no
common sampling timescales contribute strongly to the
data, with the exception of a lunar cycle at 29 days.
Our by-region and by-instrument analyses in Figure 9
show that no particular region of time, or instrument,
is contributing all of the power to the detection of GJ
251 c¢. Additionally, Lubin et al. (2021) found that

an activity-only model was significantly preferred to a
fit with a single planet, or a single planet and stellar
activity. On the other hand, the top model for GJ 251
¢ is a significant improvement over all 0 planet models
in our analysis (Table 3), even those that utilize GPs.

9. SUMMARY

Using archival HIRES, CARMENES, and SPIRou
RVs in combination with precise new HPF and NEID
RVs, we explore the many periodic signals in GJ 251’s
time series. The high precision of NEID RVs allowed
us to experiment with utilizing only the reddest orders
in order to create a pseudo-NIR instrument. New
chromatic GP kernels from Cale et al. (2021) allowed us
to explore wavelength dependence, and a robust model
comparison exploring more than 50 different models
allowed us to explore GJ 251 more deeply than has
ever been done before. We identify six signals that
prominently appear in the data of GJ 251, and confirm
the first as a planet (14 days), four as stellar activity
related (68, 73, 122, and 133 days), and one as likely
planetary (54 days).

GJ 251’s proximity to Earth and its favorable spectral
type make it a prime target for future direct imaging
missions on next generation telescopes, and it is a
particularly valuable Northern target.

Because GJ 251 c¢ orbits in the HZ of a nearby
star, it is likely one of the most promising places to
search for biosignatures with next generation telescopes.
We show using climate simulations that temperate
surface conditions could exist on GJ 251 ¢, and we
highlight spectral features that may be observed via
direct imaging.
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APPENDIX

A. ADDITIONAL PLOTS AND FIGURES

We include a number of additional figures that readers may find enlightening. First, we include a periodogram of
the window function of our GJ 251 data in Figure Al. The window function can be used to highlight timescales that
our observational sampling may have poorly constrained. It can also emphasize timescales that may be artificially
inflated in power due only to our sampling.

We next include a corner plot showing the posteriors of our preferred MCMC fit in Figure A2.

Finally, we include a plot of the Red NEID RV results in Figure A3.

o —— All Instruments N = 624
U e0— Planet b H
g --- Planet ¢ :
: ) ) : i
A 40— —— Rotation Period/Aliases H ! i
|
|

i 0.1% FAP

N —— HIRES N = 68

U eo— Planet b
; === Planet ¢ 1 I
8 40 — —— Rotation Period/Aliases H i
wn i 0.1% FAP
= 20— :
O O T R i
btk il i i il s e A iAo el
5 — (PilARMEll)\lES-Vis | N = 258
60— " anet E i
2 -=-- Planet ¢ ; : :
QO_ 40 — —— Rotation Period/Aliases
wn 0.1% FAP
- 20—
I i P
0 kst PP T RPTPRRETRITT TRVPRY 7 ¢ T VY,
c HPF N = 69
U e0— Planet b H
E --- Planetc i
BO_ 40— —— Rotation Period/Aliases
wn 0.1% FAP
= 20— i
o I VT T T
0 detatdeaaditl dodonidoi ol oot A o L it M
—— White NEID N =52
60— Planet b H
--- Planetc H

|

—-— Rotation Period/Aliases :
: |

|

Period (days)

Figure A1l. Window function of our data for each instrument. Only a periodicity near thirty days, most likely a lunar cycle,
seems to be caused by our sampling.



33

@

op
op
o

LA |
®
L@

& |
L@

@
L. |
@
EQNN
®
ol ®lo|® @\b
@\P

@
®
N
@ |
@

=< ® ® ® o] do | @@ @/

® @ @ @| ® m@ M@ @ |
e @lele @ ry

o |@ e ® @ a @/
alalalé ?
®

e—lede B | ®®

N \7]
@ F=®
o @ e5®
©>e=@®
@ =
& e

NI

LA m e ada = | A ;s
L@ ko J@>—® & | ® ®

0| ® @ (O2g SO L 5

Hela|elee|ek lelede b |alp |ols
He|e|l@| oo e ofe-e p [op |ols

15
@

®|®k -0 B |

®

00| e®)p |85

o @

®

@) &)@

6@
0
e
0

@® |
@®

e

®

el el @l oo el @@‘g ©‘5 @ |

@®
e
@

6 @
®
& |

®

L0 l® & | 6@ |

@®

:

Hele®

:
L@ |
@

@
®
el
| @
@
@
| ®
PR}

Figure A2. We show a corner plot of our best fit posteriors. Results are generally well behaved and normally distributed.



34

10.0
@ CARMENES-Vis
7.5{ ¢ HPF-pre
o ® HPF-post
'n 501 ¢ HIRES-pre
c ©  HIRES-post |
~ 2.51 ¢ Red NEID-pre o
3 o Red NEID-post 11/l 9
S 0.0 +====-RHARF VR FARRAHH A .......‘...\‘.,.....
= 0 | \
S .. 6 &
g 0!
< ! I
—5.01
i ¢
-7.51 ¢
¢
——10.0
IVI 54
» g R 0% - ’e 2NN
5 AR B
7 -5
Q . . .
e 2000 4000 6000
BJD - 2450000 (days)
—— Planet b —— Planetc
61 16-84% Confidence Interval 1 16-84% Confidence Interval
- @® Binned @® Binned
'_I| 41 T . K |
o hel ! ! 1
. D ) |
£ 2_ ' "’Nb NEE Y JR 0% 08 IF '"‘ﬂ"'l L’I a
@ o5 e % | ‘ el ! rl\ ||? '”' ‘lu ‘o N %
o X (R & it d ul" " b ol L Sl s g s
5 0 ‘ .’I l ' I e g X .""\lul
= Il I l 'l“ 2 fl‘ ‘ ’|‘ |IH’\‘” A5 . I ‘I ‘F;.J TR )
o 5] \ | "l 'm» ,u. JII Y% ":"“ I I @ e
IS |t\‘1 ).”'l‘o"
< [n“ \ W el it
z -4 1 | “ ]
6 | l
0.0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4

Orbital Phase

Figure A3. RV plot of our best Red NEID fit.

Orbital Phase




35

1078

1L 1111
L J
L2

1
L ]
L ]

1077

10-8

Planet-Star Contrast

3 === | inear Predictor, | Band

- == = |inear Predictor, ] Band

] = = = Simple Integrator, | Band
Optimistic (R, = 1.81 Re, Albedo=0.9)
Modest (R, = 1.5 Rp, Albedo=0.5)

I ‘ Pessemistic (R, = 1.1 Ro, Albedo=0.1)

T T T T T T T T T T
1072 107!

Angular Separation (arcsec)

Figure A4. A variety of possible contrast limits for the TMT PSI are plotted as solid, dashed, and dotted lines. Calculated
contrasts for GJ 251 ¢ are shown for a variety of planet radius and albedo values. GJ 251 ¢ will test the limitations of PSI, but
there are a number of scenarios where its direct imaging will be possible.

B. CONTRAST LIMITS ON THIRTY METER TELESCOPES

Much of the significance of the discovery of the planet candidate, GJ 251 c, is its status as a plausibly terrestrial HZ
planet that might possibly be directly imaged on thirty meter class telescopes. The expected inner working angle of
TMT will likely not preclude GJ 251 ¢ from a future study, though instrumental contrast limitations may.

In Figure A4, we use PSI-Sim'! to show a few possible performance scenarios for TMT. We show optimistic scenarios
with high (factor of 100) instrument performance gain. We plot limits based on current expected I-band imaging,
as well as those in J-band, where GJ 251 is brighter. We show simple integration predictions as well as a linear
predictor (i.e. predictive control; Guyon & Males 2017). We additionally plot a few estimated contrast values for GJ
251 assuming optimistic (R, = 1.81 Rg, albedo=0.9), modest (R, = 1.5 Rg, albedo=0.5), and pessimistic (R, = 1.1
Rg, albedo=0.1) planet-star contrasts.

This analysis highlights the challenge of direct detection for any temperate, terrestrial exoplanet. GJ 251 ¢ will
likely only be imageable if the planet has a large albedo or radius, and will additionally depend on PSI performing
very well. If the wavefront sensor can be moved to a bandpass in which GJ 251 is brighter (e.g. J-band), imaging may
be possible even in the modest case. Even when considering these factors, GJ 251 ¢ stands out among known systems
as a highly plausible candidate.

1 https://github.com/planetarysystemsimager/psisim
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