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Abstract

We report the discovery of HIP-97166b (TOI-1255b), a transiting sub-Neptune on a 10.3 day orbit around a KO dwarf
68 pc from Earth. This planet was identified in a systematic search of TESS Objects of Interest for planets with eccentric
orbits, based on a mismatch between the observed transit duration and the expected duration for a circular orbit. We
confirmed the planetary nature of HIP-97166b with ground-based radial-velocity measurements and measured a mass of
M, =204+2 M, along with a radius of R, =2.7 £ 0.1 R, from photometry. We detected an additional nontransiting
planetary companion with M,. sini = 10 &2 M, on a 16.8 day orbit. While the short transit duration of the inner planet
initially suggested a high eccentricity, a joint RV-photometry analysis revealed a high impact parameter b = 0.84 £ 0.03
and a moderate eccentricity. Modeling the dynamics with the condition that the system remain stable over >10° orbits
yielded eccentricity constraints e, = 0.16 4+ 0.03 and e. < 0.25. The eccentricity we find for planet b is above average
for the small population of sub-Neptunes with well-measured eccentricities. We explored the plausible formation
pathways of this system, proposing an early instability and merger event to explain the high density of the inner planet at

53409 gcc!

as well as its moderate eccentricity and proximity to a 5:3 mean-motion resonance.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Mini Neptunes (1063); Eccentricity (441)

Supporting material: machine-readable table

1. Introduction

One of the key features of the solar system is its low
dynamical temperature. The eight planets are arranged with
wide orbital spacing, low eccentricities, and no significant
mean-motion resonances. Even so, the low mean eccentricity of
~0.06 within the solar system had to arise from somewhere.

24 NSF Graduate Research Fellow.
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One explanation involves dynamical excitation and subsequent
eccentricity damping following the divergent migration of
Jupiter and Saturn (e.g., Tsiganis et al. 2005). Given a different
set of initial conditions, however, it is possible for this and
other excitation processes to achieve even higher dynamical
temperatures in other planetary systems.

One of the major surprises of early exoplanet observations was
the prevalence of high-eccentricity Jovians, in direct contrast to the
solar system planets. For reference, ~25% of known planets with
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M,>100 Mz and a>1au have e>04 (NASA Exoplanet
Archive; Akeson et al. 2013). Various mechanisms have been
proposed to explain the highly excited states of these Jovian orbits,
including planet migration, resonances, and close approaches (see,
Fabrycky & Tremaine 2007, Ford & Rasio 2008; Winn &
Fabrycky 2015).

On the other hand, characterizing the orbits and eccentricities
of sub-Jovians is more challenging. The standard method of
measuring a planet’s eccentricity through radial-velocity (RV)
observations relies on the detection of a significant, non-
sinusoidal motion from the host star. While many sub-Jovian
semiamplitudes are detectable with current facilities, the
departures from sinusoidal are often less clear. Of the other
available methods for planet detection, the transit method is the
most prolific to date; but, precise eccentricities are typically
achieved through transit-timing variations (TTVs) when planets
are near resonance, which is not representative of all systems
(see, e.g., Hadden & Lithwick 2014). This limitation has led to
a low fraction of sub-Neptune discoveries with well-con-
strained eccentricities.

Fortunately, a connection between transit duration and eccen-
tricity exists (see, e.g., Ford & Rasio 2008; Figure 1), assuming one
has a well-constrained estimate of impact parameter. This relation-
ship has given rise to a variety of studies that derive dynamical
insights from transit photometry alone (Kipping 2010;
Kipping 2014; Xie et al. 2016). Such work has been successfully
carried out in recent years to determine both the eccentricities of
individual planets (Dawson & Johnson 2012; Van Eylen et al.
2014) and the eccentricity distributions of larger samples of
planetary systems (Kane et al. 2012; Van Eylen & Albrecht 2015;
Xie et al. 2016). In our ongoing study, we use this relationship as a
prefilter to identify planet candidates at the extremes of the
eccentricity distribution, observed with the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015).

One of such candidates is HIP-97166b (TOI-1255b, TIC
237222864b), a sub-Neptune around an early K dwarf located
high in the Northern hemisphere (decl. = +74°) at a distance of
68 pc (Lindegren et al. 2018). Our investigation is part of a
larger effort by the TESS—Keck Survey (see Chontos et al.
2021 for more information on TKS and its goals), which will
build upon the legacies of Kepler and K2 to address major
outstanding questions about exoplanet compositions, atmo-
spheres, and system architectures.

In this paper, we describe the HIP-97166 system and the
transit profile modeling that we used to identify eccentric planet
candidates from photometry (Section 2) as well as our follow-
up RV observations (Section 3). We analyze our spectroscopic
measurements to characterize both the stellar (Section 4) and
planetary properties. From our rich RV data set, we also detect
the presence of a nontransiting outer planet (Section 5). Finally,
we explore the dynamics of this system through N-body
simulations, which we used to further constrain our eccentricity
measurements (Section 6). We also place this system in context
with past exoplanet discoveries (Section 7) and consider
possible formation pathways that could have led to the
observed system architecture (Section 8).

2. HIP-97166b: A High-eccentricity Candidate
2.1. TESS Photometry

HIP-97166 was observed by TESS with 2 minute cadence
photometry in 12 sectors between UT 2019 July 18 and 2020 June
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Figure 1. Transit duration as a function of e and w. (a) Observer (blue triangle)
viewing a planet transiting on a circular orbit (blue light curve). (b) Observer
(orange triangle) viewing a planet transiting at periastron (orange light curve).
(c) Observer (green triangle) viewing a planet transiting at apastron (green light
curve). (d) Simulated light curves associated with scenarios a—c for a Jupiter-
size planet orbiting edge on around a Sun-like star with a period of 5 days.

9 (Sectors 14-17, 19-26). The time-series photometry was
processed by the TESS Science Processing Operations Center
pipeline (SPOC; Jenkins et al. 2016), which first detected the
periodic transit signal of HIP-97166b in 2019 September with a
wavelet-based, noise-compensating matched filter (Jenkins 2002;
Jenkins et al. 2010). An initial limb-darkened transit model fit was
performed (Li et al. 2019) and the signature passed a suite of
diagnostic tests (Twicken et al. 2018) but for the difference
imaging centroid test, which located the source of the transit-like
signal 1072 + 3”1 from the target. As the data accumulated for
this target, the difference imaging centroid test results improved,
shrinking the maximum deviation from the known target star’s
location to 0”9 43”5 in the analysis of the data from sectors 14
through 26. The TESS Science Office reviewed the vetting results
and issued an alert to the community on UT 2019 October 17
(Guerrero et al. 2021).

We accessed the Pre-search Data Conditioning Simple
Aperture Photometry (Stumpe et al. 2012, 2014; Smith et al.
2012) through the Mikulski Archive for Space Telescopes
(MAST), stitching together the light curves from individual
TESS sectors into a single time-series using Lightkurve
(Lightkurve Collaboration et al. 2018). We cleaned the TESS
photometry by keeping only points with quality_flag =0 and
excluding outliers beyond 100 from the baseline flux. We
divided out the median background flux of the time-series data
to normalize the light curve then searched for transits using a
box least squares (BLS; Kovécs et al. 2002) transit search to
recover the same planetary signal detected by SPOC with
SNR =29.6. We subtracted the known transits and applied the
BLS search again but identified no additional periodic transit
events.

With the measured transit midpoint 7y and period P of the
transiting planet, we masked out all transit events to detrend the
light curve without obscuring the signal. We do note some
photometric variability in the Simple Aperture Photometry
(SAP) light curve, which we discuss in brief in Section 5.1.
Interpolating over the masked transits, we fit a smoothed curve
to systematics in the photometry with a Savitzky—Golay filter
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Figure 2. TESS photometry of HIP-97166. The data has been processed following the procedures discussed in Section 2.1. Transits of HIP-97166b are indicated by

blue triangles and are 0.8 ppt.

then subtracted out such additional structure to produce the
flattened and normalized final light curve seen in Figure 2.
Before unmasking the transit events, we clipped any individual
outliers whose residuals to the smoothed fit were greater than
So discrepant.

2.2. Photometric-transit Model

The standard Mandel-Agol transit model can be specified by
five transit parameters {P, o, R,/Ry, b, a/R..} in addition to stellar
limb darkening (Mandel & Agol 2002). Eccentricity e and
longitude of periastron w can also be directly sampled by such
models, but including these dynamical parameters can significantly
increase model run time. Before devoting extensive computation
time to every TOI system, a faster calculation involving transit
duration can serve as a prefilter for planets with potentially eccentric
orbits.

While a planet on a circular orbit has a constant velocity, an
eccentric planet will move faster when closer to its host star
according to Kepler’s 2nd Law. As a result, an observer viewing
an eccentric planet transiting at periastron (wy =90° see
Figure 1(b)) would see a shorter duration while another observer
viewing this transit at apastron (w, = 270°, see Figure 1(c)) would
see a longer duration. Thus, the ratio between a planet’s observed
transit duration and its duration if it were on a circular orbit
depends on the eccentricity and orbital orientation. The true
duration (midingress to midegress) can be computed using the
geometric relation given in Winn (2010):

T= (R*P\/l - bz)i”l_ez (1)
a

1+ esinw

We modeled this effect by reparameterizing the standard
transit model to sample duration rather than a/R,. Our fitting
basis included {P, 1o, R, /Ry, b, T, 11, u, v}, where p was mean
out-of-transit stellar flux and u, v were quadratic limb-
darkening parameters. We fit the transit photometry of HIP-
97166 using the statistical transit modeling package exopla-
net (Foreman-Mackey et al. 2021), which generates samples
from the posterior probability density for these parameters
conditioned on the observed TESS light curve. To generate
these samples, exoplanet uses a gradient-based MCMC
algorithm that is a generalization of the No U-Turn Sampling
method (Hoffman & Gelman 2014; Betancourt 2016). The
versatility of exoplanet allowed us to build a model that
best suited our goal here of obtaining a rapid transit duration fit.
The sampled model produced a set of parameter posterior

distributions from which we identified a median observed
transit duration of T,,s = 0.06 days.

To calculate the theoretical “circular” transit duration 7.
that the planet would have had given e =0, we first point out
that a/R,. in Equation (1) maps to stellar density p, through
Kepler’s 3rd Law (assuming m << M):

a _(PGp, )"’ )
R* 3w .

Since p, can be directly measured through independent
observations (see, e.g., Section 4), a more useful parameteriza-
tion of Equation (1) is obtained by substituting in Equation (2),
yielding

1 — &2

T o P1/3(1 — p2)\/2,-1/3 _
( Vs 1 4+ esinw

3)

Assuming one has an independently measured value for p,,
reliable estimates for » and P, and ¢ =0, Equation (3) can be
used to compute the expected transit duration of a planet if it
were on a circular orbit (all else equal). For HIP-97166b, we
found T, =0.12£0.02 days, for which a representative
simulated transit curve can be seen in Figure 3. This calculation
demonstrated that T, is significantly shorter than T, with
Tobs/ Teire ~ 0.5, implying a potential highly eccentric orbit
transiting near periastron.

Although each of the variables in our transit duration model
represented a unique transit property, they were not completely
independent. In particular, there is significant e-w-b degeneracy
for moderate-to-low S/N transits (Petigura 2020). For example,
observed transit durations that are shorter than the expected
duration for an edge on, circular orbit can be caused by higher
b and/or higher e (Moorhead et al. 2011; Dawson &
Johnson 2012). On the other hand, this degeneracy is not a
concern when modeling transits that are longer than expected
since only eccentricity can have such an effect.

Given the short transit duration and these degeneracy
concerns, we followed up our initial transit fit with a more
detailed exoplanet model sampling 10 variables, {P, t,,
R,/Ry, b, py, € sinw, e cosw, p, u, v}, each with weakly
informative priors similar to those used by Sandford & Kipping
(2017). We refit the TESS transit photometry of HIP-97166
with this model using 8000 tuning steps and 6000 sampling
steps over four parallel chains, measuring an autocorrelation
length of ~8. We find that the largest Gelman—Rubin statistic
among the sampled parameters is R =1.0004, suggesting
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Figure 3. Top: transit models (orange; 50 samples) drawn from parameter posterior distributions fit from phase-folded TESS photometry of HIP-97166b. A simulated
transit curve (blue) is shown for a theoretical circular orbit of HIP-97166b, modeled using median posterior distribution values for all other parameters. Details
regarding fitting procedure are discussed in Section 2.2. Bottom: residuals to our maximum a posteriori model.

convergence of the posterior chains according to Gelman &
Rubin (1992). Figure 3 shows the final transit model sampled
from the posteriors.

2.3. Eccentricity Constraints from Photometry

The photometrically-constrained eccentricity posterior dis-
tribution that we modeled for HIP-97166b was consistent with
our initial high-eccentricity hypothesis, yielding a 1o range of
e =0.52-0.86. While w is loosely constrained from this
method, this analysis favors that the transit occurs closer to
periastron. The joint 2D posterior for ¢ and w is shown in
Figure 4, with the 10 and 20 credible regions shown in shades
of blue.

We note, however, that our impact parameter distribution
remains loosely constrained as well, with a lo range of
b =0.28-0.79, peaking in density toward the upper end of this
range. Due to this high variance in the posterior distributions of
both b and e, we required additional observations to break the
e-w-b degeneracy of our transit model.

3. Spectroscopic Follow Up
3.1. HIRES RVs

We collected 44 spectra of HIP-97166 with the HIRES
instrument at the Keck Observatory (Vogt et al. 1994) between
UT 2020 May 30 and UT 2021 April 9 (Table 1). On average,
the observations have a spectral resolution of R = 50,000, using
a median exposure time of 900 s at 5500 A. We also obtained a
high-SNR template spectrum on UT 2020 June 27 with 400
SNR pixel " at 5000 A.

For such observations, a heated cell of gaseous iodine was
included along the light path just behind the entrance slit of the
spectrometer, imprinting a dense forest of molecular absorption
lines onto the observed stellar spectrum (Marcy & Butler 1992).
These lines served as a wavelength reference for measuring the
relative Doppler shift of each spectrum and tracking variations
in the instrument profile using the standard forward-modeling

e=0.68+018

—— w=71%

NS SN

Figure 4. 2D joint posterior distribution of e and w for HIP-97166b, showing
1o and 20 credibility intervals. Best-fit values for both parameters are given:
e = 0.68101% and w = 71°%8L°.

procedures of the California Planet Search (Howard et al.
2010). Along with the measured RVs and corresponding
uncertainties, the stellar activity S index was computed for all
43 Keck/HIRES observations using the observed strengths of
the Call H and K lines in our template spectrum, following the
methods of Isaacson & Fischer (2010).

3.2. APF RVs

In addition to the Keck /HIRES follow up, we also collected
124 iodine-in spectra of HIP-97166 with the Levy
spectrograph on the Automated Planet Finder (APF) telescope
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Table 1
RV Measurements

Time Tele. RV RV Unc. SHK
(BID) (msh (m s

2458978.987 APF 0.549 3.407 0.202
2458979.905 APF 3.990 3.534 0.201
2458980.841 APF —1.571 4.051 0.212
2458980.863 APF —5.655 3.644 0.236
2458996.786 APF 5.818 3.092 0.278
2458996.807 APF 10.543 3.434 0.246
2459000.034 HIRES —2.029 1.013 0.185
2459004.053 HIRES —2.293 1.544 0.179
2459007.975 HIRES —0.449 1.378 0.173
2459008.015 HIRES —0.165 1.477 0.172

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

(This table is available in its entirety in machine-readable form.)

(Vogt et al. 2014) between UT 2020 May 9 and UT 2021 April
11 at a spectral resolution of R = 100,000. For a majority of
these, two observations were taken roughly 30 minutes apart
over 70 separate nights. We also obtained seven iodine-free
template spectra using APF/Levy on UT 2020 May 26 with an
average SNR pixel ' of 102 at 5100 A.

The APF/Levy Doppler code was developed based on the
Keck/HIRES Doppler code and therefore follows a similar
process for reducing spectra to RVs. However, this target
is close to the APF/Levy magnitude limit with V=9.85,
contributing to a high cosmic-ray rate that ultimately rendered
the APF/Levy template unusable. Fortunately, we were able to
substitute this with the the Keck/HIRES template to extract
APF RVs, which has been successfully done in previous
studies (see, e.g., Dai et al. 2020).

4. Stellar Characterization

We searched for nearby stars to rule out any contamination
scenarios that would dilute the transit depth and, therefore,
underestimate the planet size. We note that the star has a single
neighbor listed in Gaia Data Release 2 (DR2) within 30"
which, at AG=28.75, contributes negligible dilution (Gaia
Collaboration et al. 2018). Although Gaia is capable of
spatially resolving sources down to ~0”5 separation in some
instances, this still leaves a small region around our target star
in which additional contaminating sources could exist.

We used Gemini/NIRI adaptive optics imager (Hodapp et al.
2003) to collect high-resolution images of HIP-97166 on UT
2019 December 4. We collected nine images in the Bry filter,
each with exposure time 1.75 s, in a grid dither pattern. We also
collected flat frames and used the median-combined, dithered
science frames as a sky background frame. For each frame we
removed bad pixels, flat-fielded, and subtracted the sky
background. We then aligned each image to the position of
the frame and coadded the stack of images. We searched for
companions visually, and did not detect companions anywhere
in the field of view (26”7 x 26”7, centered on the target). To
assess the sensitivity of these observations, we injected fake
PSFs at a number of position angles and separations from the
host star and scaled the brightness of these such that they could
be detected at 50. We reached a contrast of 5 mag relative to
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the host star beyond 270 mas and of 7.3 mag in the background
limited regime beyond ~1”1. We were thus able to rule out
close-in diluting sources with high certainty.

We sought to further characterize HIP-97166 by inferring
Tegr and [Fe/H] from our Keck/HIRES template spectrum
using SpecMatch-Synth, as described in Petigura et al.
(2017a). Following the methodology of Fulton & Petigura
(2018), we then used these values as priors for stellar
isochrone modeling with isoclassify (Berger et al. 2020;
Huber et al. 2017). Our model also incorporated 2MASS K-
band magnitude and Gaia parallax to identify the best-fit
stellar properties according to the MESA Isochrones and
Stellar Tracks models (Dotter 2016; Choi et al. 2016). We
characterized p, and several other stellar parameters using
this method, accounting for model grid uncertainties accord-
ing to Tayar et al. (2020), and we present these values in
Table 2.

Based on the solar-like values measured for log(g), Syk, and
logRyx, HIP-97166 places among the bottom quartile of
expected activity-induced RV jitter, according to Luhn et al.
(2020). The minimum jitter of similar stars in this study is
<2.5ms ', which is consistent with a jitter measurement of
~2.5ms~" from our RVs.

5. Keplerian Modeling
5.1. RV Detection of Planets b and c

A preliminary search of our RV data for periodic signals
using RVSearch (Rosenthal et al. 2021) revealed a Keplerian
signal that matched the period of the transiting planet, with a
false-alarm probability FAP < 0.001 and a Doppler semiam-
plitude of K~ 6.6 ms '. After subtracting, we identified an
additional signal at 16.8 days, with K~2.8 ms~' and FAP ~
102 (Figure 5).

We also searched for planets using the /; periodogram described
in Hara et al. (2017), designed to reduce periodogram noise for
unevenly sampled data as compared to the Lomb—Scargle method
by solving the Basis Pursuit minimization problem (Chen et al.
2001). In our implementation, we used jitter term o =2.5ms "',
correlation time 7= 0, and maximum frequency of 1.5 cycles d~".
Within the period range of 1.1 to 1000 days, the only clear
detections in the /;-periodogram occurred near the known period of
10.3 days and within 1o of the suspected period of 16.8 days, with
FAP values of ~10~° and ~10~ , respectively.

To confirm the significance of the 16.8 day period relative to
other plausible signals that could be achieved by random
fluctuations in noise, we resampled 10° synthetic data sets from
the original RV data (Howard et al. 2010). We found that the
16.8 day signal was consistently the next strongest signal found
in [;-periodogram searches of the synthetic data, with the
10.3 day period always being the most significant.

While the 16.8 day RV signal was statistically significant, we
did not identify a corresponding transit in Section 2.1. We
confirmed this by phase folding the detrended TESS photometry
according to the RV-constrained period P and time of conjunction
T, for the outer RV signal, detecting no evidence for a transit
event at this period. We therefore considered the possibility that
this signal was stellar activity induced. We searched for trends in
the Syk activity time-series described in Section 4 and shown in
Table 1. Similar to the RV data, we processed the nightly Syx
measurements using an /;-periodogram, showing no indication of
stellar activity with a 16.8 day period nor any other statistically
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Table 2

HIP-97166 System Properties
Parameter Value Notes
Stellar
RA. (°) 296.24462 A
decl. (°) 74.06286 A
m (mas) 15.134 £+ 0.023 A
mg 7.92 £0.02 B
my 9.92 +0.03 C
Ter (K) 5198 £+ 100 D
[Fe/H] (dex) 0.27 +0.09 D
log(g) 441 £0.10 D
age (Gyr) 333 +£328 E
M, (M) 0.898 £ 0.054 E
R, (R>) 0.836 £+ 0.036 E
ps (gcc™h 2.154 +£0.312 E
Sux 0.182 F
logR; —5.01 F
u, v 0.47 £ 0.05, 0.10 + 0.05 G
Planet b
P (days) 10.28891 =+ 0.00004 H
T. (BID-2457000) 1691.6486 + 0.0007 H
b 0.836 £+ 0.027 H
R, (Rg) 2.74 £ 0.13 HE
M, (Mz) 200+ 1.5 I
pp (gcc™h) 53409 I
a (au) 0.089 £ 0.001 I
w (°) 1209 £ 15.5 I
e 0.16 £ 0.03 J
Toq (K) 757 + 25 K
Planet ¢
P (days) 16.84 £+ 0.22 I
T. (BID-2457000) 19884 £ 1.6 I
M, gn i (Mz) 99+ 1.8 I
a (au) 0.124 £ 0.002 I
w (°) 178.2 £53.0 I
e <0.25 J
Teq (K) 642 + 22 K

Note. A: Gaia DR2 (Gaia Collaboration et al. 2018); B: 2MASS (Skrutskie
et al. 2006); C: TESS Input Catalog (TIC; Stassun et al. 2019); D: Derived with
SpecMatch-Synth; E: Derived with isoclassify; F: Measured from
Keck/HIRES template; G: Derived with LDTK (Parviainen & Aigrain 2015);
H: Constrained from exoplanet transit model; I: Best-fit RV model with
RadVel; J: Dynamically constrained with rebound; K: Derived.

significant periodicity (FAP < 10~°). Applying a similar approach
to the SAP photometry of HIP-97166, we identified a significant
l;-periodogram signal at a period of 27.2 days, which was
inconsistent with the 16.8 day RV signal. This periodicity in the
SAP photometry is likely a systematic effect associated with the
orbital period of the TESS spacecraft which has been seen in other
TESS light curves as well.

To further test if the Keplerian signal was driven by stellar
variability, we looked for a correlation between the Sy index time
series and the RV residuals after removing the 10.3 day planet
signal. Using the Spearman rank-order correlation test (Press et al.
1992), however, we found only a tenuous correlation with
coefficient pgpe,r = 0.12 (Figure 6). We, therefore, conclude that
the 16.8 day periodicity is planetary in origin.

5.2. RV-only Constraints

We fit our complete RV data set using a two-planet model with
Radvel, a Python package that applies maximum a posteriori
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Figure 5. Iterative Keplerian periodogram search of HIP-97166 RVs using
RVSearch, confirming the 10.3 day transiting planet and identifying a
significant nontransiting companion with a 16.8 day period. ABIC is used to
discriminate between models with Keplerians at varying periods (Bayesian
Information Criterion; Schwarz 1978), corresponding to a significance
threshold of FAP = 0.001 at the yellow dashed line. Monthly and yearly
aliases are shown with in green and red dashed lines, respectively.
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SCOTE Pypears SUggesting that no significant relationship exists between the
observed RV signals and stellar activity.

model fitting and parameter estimation via MCMC to characterize
planets from Keplerian RV signals (Fulton et al. 2018). The model
that we selected consisted of the following free parameters for both
planets: P, T, K, /e cosw, and /e sinw. We also included RV
offsets v and RV jitter terms o for each instrument, accounting for
other astrophysical and instrumental uncertainty that are not
already included in the model. Figure 7 shows the best-fit two-
planet model as determined by the posterior distributions for each
parameter shown in Figure 11.
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Our best-fit model confirms the existence of two eccentric
sub-Jovians orbiting HIP-97166, with a summary of planet
properties provided in Table 2. Notably, the mass constraints
for both planets b and c are significant, at the ~100 and ~50
levels, respectively. We also constrained the eccentricity of the
transiting planet, e, = 0.26 + 0.07, which was ~2.50 below the
median e, value of our transit model posterior distribution.

5.3. RV-photometry Joint Model

While the RV-measured eccentricity was lower than
expected, our RV and photometric posterior distributions on
e, remained consistent at the 20 level. The degeneracy between
e and b in our transit model was likely the source of this high
spread, so we sought to build a complete model that more
accurately accounted for this degeneracy. We performed a joint
RV-transit fit of the data, using the posteriors on e and w from
our RV fit as priors in a transit model to determine the
combination of e and b needed to account for both the
anomalously short transit duration and the RV signal.

In addition to e and w priors, we also placed a Gaussian prior
on p, in our RV-informed transit model, informed by our
isoclassify stellar characterization. All other aspects of
the model remained the same from the earlier implementation
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of exoplanet in Section 2.2. These RV-derived priors
allowed us to constrain impact parameter to b =0.84 0.03,
significantly more constrained than our initial model fit and
more consistent with what we observed in our RV-derived
eccentricity posterior. Due to the covariance between b and
R, /R, a higher b also meant a higher R,/R,, and subsequently
resulted in our final planet radius measurement of
R,=2.74+0.13 R,

6. System Dynamics
6.1. Eccentricity Constraints from Stability Requirements

The best-fit RV model suggested a significant (>30) nonzero
eccentricity for the inner transiting planet but had only limited
constraints for the eccentricity of the outer planet. Given this
dynamical assessment and the relative proximity of these orbits
(Aa=0.035 au ~30 Ag;y), orbit crossing constraints revealed
that the best-fit ¢;, and e, values existed in an unstable region of
parameter space. We subsequently evaluated the long-term
stability and effects of planet—planet interactions within this
system. We applied dynamical constraints on the orbital
properties of both planets using N-body code rebound (Rein
& Liu 2012), initializing 10,000 orbital simulations of the HIP-
97166 system with properties drawn from our joint model
posterior distributions.

For each simulation, we randomly drew the various system
parameters (M, M, M., P, P., wp, w.) from the posterior
distributions of our joint model. For ¢, and e., we performed a
similar random sampling but with conditions that prevented
orbit crossing at the initial state of the system based on derived
values of b and a.. We ran the simulations for up to 10* yr
(~3x 10° orbits of planet b) and found that only ~33% of
credible models were stable (Figure 8).

There is a region of e,-e. parameter space where orbital
stability is preferred that is consistent within ~1.5¢ of the values
derived from the best fit RV model. Simulations that successfully
completed the 10* yr run had overall eccentricity distributions
given by e, =0.16 & 0.03 and e, < 0.25. Although the best-fit e
values from our RV model are within the upper tail of the
dynamically constrained distributions, it is clear that our Radvel
model posteriors, which do not account for orbit crossing, skew
toward higher values than allowed by stability criteria. None-
theless, we confirmed that HIP-97166b can maintain a moderate
eccentricity over long timescales even with a mildly eccentric,
nearby companion.

6.2. Secular Eccentricity Variability

For simulations that experienced orbit crossing prior to 10* yr,
significant exchanges between ¢;, and e, drove the system toward
the instability region of e,—e,. parameter space. Stable systems, on
the other hand, exhibited Laplace—Lagrange oscillations that
remained stable long-term with a secular timescale on the
order of ~107 yr (Figure 9). While neither planet’s eccentricity
is expected to reach exceptionally high values during such
oscillations, it is interesting to consider which formation scenarios
could have led to this compact, excited orbital architecture. We
note that these orbits are near 5:3 second-order mean-motion
resonance (MMR), P./P,~ 1.64 £0.02, but only in rare cases
did we observe an impact of this resonance on the long-term
stability of our simulations (see Figure 9, middle row). Although
we cannot confirm the existence of MMR in this system, we
cannot rule this scenario out either given the uncertainty on P,
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6.3. TTV Analysis

Through our dynamical simulations, we also computed the
expected magnitude of the TTVs experienced by the inner planet
due to interactions from the outer planet in the HIP-97166 system
(Figure 9; third column). Evaluating the rms of these simulated
TTVs over the same baseline as our TESS photometry, we found
that stable simulations had a TTV rms distribution of 1.8 1.8
minutes. We also measured the magnitude of any observed TTVs
from the transit photometry using exoplanet, finding an O-C
rms of ~2.9 minutes. This agreement between the simulated and
empirical TTV rms values demonstrated a consistency between
the photometry and our proposed dynamics in which neither
detected a significant TTV signal.

7. System in Context
7.1. Bulk Density and Core-envelope Fraction

HIP-97166b is a sub-Neptune, a class of planets with radii
~2-4 R, that have been the subject of numerous studies
in recent years (Marcy et al. 2014; Weiss & Marcy 2014;

TTV vs. transit

2 .
. .
= .
w 1 .
= . .
-E- e ® L
0 .
2 ; . ;
" .
- . -
-1 . P
- o . .
.
planet b - b
planet ¢ e s = 1.33 min
-30 =20 20 40 0 5 10 15 20 25 30
Aw Transit number
eEgETEs—————— * r
8 .
.
6 . .
= . .
g4 - "
£ .
g | ’
of e .
. .
.
-2 . L
.
. -
—— planetb -4 Tey R
e
planet ¢ *ent e rms = 4.33 min
-6 ;
-60 ~40 -20 20 40 60 [ 5 10 15 20 25 30
Aw Transit number
.
[ 20

planet c

-150 =100

. .
10 *
. .
g ) .
E © o .
- . .,
E Cean
-10 . .
.
.
.
-20{ e
. e s =11.12 min
50 100 150 [ [ 10 15 20 % E7)
Aw Transit number

Figure 9. Three different dynamical scenarios of HIP-97166 b and ¢ eccentricities and TTVs simulated using rebound and sampled from our previous results as
described in Section 6.2. Rows: stable eccentric scenario with negligible TTVs (top). Stable eccentric scenario with periods oscillating about 5:3 MMR, displaying
nonnegligible TTVs (Middle). Unstable eccentric scenario lasting only ~800 yr with moderate TTVs (Bottom). Columns: e as a function of time over final 500 yr of
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Figure 10. Left: mass-radius distribution of known sub-Neptunes (Akeson et al. 2013) with 20% measurement precision or better in both mass and radius (gray),
shown with HIP-97166b (green). Planetary interior composition curves for various two-component models (no atmosphere) from Zeng et al. (2016) are shown as
dashed colored lines. Composition curves which include H, envelopes of varying size on top of an Earth-like core are given by faded blue dotted—dashed lines (Zeng
et al. 2019), assuming an equilibrium temperature of 700 K. Weiss & Marcy (2014) model shown as red dotted line (note the log-log axes). Right: eccentricity
distribution of planets with o, < 0.1 (sub-Neptunes in red, other known planets in gray) as a function of orbital separation, showing HIP-97166 b and c in green and
blue, respectively. While the eccentricity constraints of both planets place their upper bounds toward the eccentric tail of the sub-Neptune distribution, they are
consistent with overall suppressed dynamical temperatures of sub-Neptunes relative to other planet populations. Periastron distance of 0.03 au is also shown.

Lopez & Fortney 2014; Wolfgang et al. 2016). Sub-Neptunes
display a wide range of characteristics and compositions
but tend to have densities lower than that of Earth, suggesting
H/He envelopes of a few percent (see, e.g., Rogers &
Showman 2014; Owen & Wu 2017). With respect to the
Weiss & Marcy (2014) relation, HIP-97166b is an outlier in the
mass—radius parameter space, with bulk properties that place it
among the denser and more massive planets in this class like
K2-110b (Osborn et al. 2017).

We investigated the composition of HIP-97166b using a two-
component model, following the procedures of Petigura et al.
(2017b) to quantify the core and envelope fractions of this planet.
Assuming an Earth-like core composition and a solar-composition
H/He envelope, we interpolated over a 4D grid of planetary and
stellar parameters to quantitatively derive an estimate of the
envelope mass fraction using Lopez & Fortney (2014) planet
structure models. We identified an envelope fraction of
1.4% =+ 0.4%, giving a core mass of ~19.6 M, (see Figure 10).

As for the outer planet, it is difficult to comment on its
composition without a detectable transit. In the event that the
outer planet is indeed transiting but below the detection threshold
(SNR < 8), we could place an upper limit on the radius of planet
c. Assuming a transit duration of 0.1 days and no inclination, we
find that R, . < 1.5 Rg. A high-density planet of this size with
expected mass ~10 Mg, would be an outlier in M,, — R, space,
but it cannot necessarily be ruled out. A sufficiently inclined
orbit, however, could allow nearly any planet size, so we are left
with only a minimum mass measurement at this time.

7.2. Weak Eccentricity Damping

While we found no indication of eccentricity decay in this
system during our 10,000 yr simulations, we considered the
extent of tidal circularization on longer timescales following the
procedure of Petigura et al. (2017b). Goldreich & Soter (1966)

give the timescale for tidal eccentricity damping:

’ 5
S
63\ n J\ M. J\ Rp

The mean motion and the reduced tidal quality factor are
given by n = GMy/a* and Q' = 3Q/2k,, respectively,
where Q is the specific dissipation function and k, is the
tidal Love number (Goldreich & Soter 1966; Murray &
Dermott 1999; Mardling & Lin 2004). While Q' is highly
uncertain even for solar system planets, we estimated its value
for the sub-Neptune HIP-97166b based on the range of values
associated with Earth (~10°-2 x 10?) and Uranus (~10°—6 x
105), drawn from Lainey (2016) and Petigura et al. (2017b).
Assuming an Earth-like Q' = 10 from the lower end of this
range, we calculated 7, &~ 5 Gyr. This was a similar timescale to
the expected age of the system (3.3731 Gyr) based on our
isoclassify model, implying that significant eccentricity
decay was unlikely to have occurred so far in this scenario.
Since 7, scales linearly with Q’, larger values of Q' would only
continue to inflate 7,. Thus, we conclude that the observed
eccentricity of HIP-97166b is, at most, susceptible only to
weak tidal damping over large timescales.

7.3. Sub-Neptune Eccentricity

To date, sub-Neptunes make up 29% of all planet discoveries,
but only 6.4% of planets with eccentricity constraints of o, < 0.1
fall within this radius range (Akeson et al. 2013). In Figure 10, we
show HIP-97166 b and ¢ in context with other sub-Neptunes with
well-constrained eccentricities. The small sample size makes it
difficult to characterize the underlying eccentricity distribution of
sub-Neptunes. Nevertheless, current observations suggest sup-
pressed dynamical temperatures among this population, including
the system presented in this paper. While our RV fit showed a 1o
eccentricity range of ¢, = 0.19-0.33, our dynamically constrained
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Figure 11. Posterior distributions of parameters from two-planet RV-only model with Radvel.

N-body model lowered this 1o range to e, =0.13-0.19. We
display the latter result in Figure 10, adopting this as our final
characterization. This finding is consistent with that of Correia
et al. (2020), which suggests that warm Neptune-mass planets
tend to present moderate, nonzero eccentricities.

Van Eylen & Albrecht (2015) also carried out an invest-
igation into the eccentricity distribution of small planets using a
sample of Kepler multiplanet systems. The eccentricity
measurements in this study were performed using similar
methods as we employed in our work in Section 2. The authors
found that the overall eccentricity distribution was consistent
with a Rayleigh function with dispersion o, = 0.049 £ 0.013,
which indicated that smaller planets (R, ~ 2.6 Rz) generally
had lower eccentricities when in the presence of planetary
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companions. A follow-up study investigating both multiplanet
and single-planet transiting systems implemented a different
distribution parameterization but still found that small planets
in multisystems had lower eccentricities (Van Eylen et al.
2019). The modeled distributions for multi and single-planet
systems in this work were consistent with half Gaussians with
dispersions o, =0.083 £ 0.018 and o, =0.32 £ 0.06.

Given these past findings, we assert that HIP-97166b has a
typical eccentricity relative to other single transiting systems of
small planets. Similarly, the eccentricity of HIP-97166b is also
consistent within ~1c of the typical well-characterized sub-
Neptune. We do note, however, that in comparison to well-
characterized Jovian planets, sub-Neptunes display a trend of
suppressed eccentricities verified by a Kolmogorov—Smirnov
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test. The discovery of HIP-97166b is consistent with the
observed trend.

8. Formation Scenarios

Although past studies have shown that Kepler multiplanet
systems display no preference for being near mean-motion
resonances (Fabrycky et al. 2014), resonances may still play a
role in shaping some system architectures. One possible
formation pathway for the HIP-97166 system is convergent
migration, a process of interactions with smaller bodies in the
circumstellar disk that lowers the period ratio and often drives
planets into resonant configurations (Ford & Rasio 2008).
While it has been noted that 5:3 MMR is a poor configuration
for long-term stability (Lee & Thommes 2009), it is possible
that the presently observed 5:3 near-MMR is a result of the past
crossing of a stronger resonance. The dynamical instability and
subsequent scattering from this compact resonance would be
sufficient to excite the eccentricities that we observed for these
two planets (Chiang et al. 2002; Izidoro et al. 2017).

While the HIP-97166 system is <2% away from the 5:3 second-
order resonance, it is also only ~18% away from the stronger 2:1
resonance, making this a plausible source of a past dynamical
instability as well. A complication with this hypothesis, however, is
that convergent migration requires dissipation and is expected to
naturally damp eccentricities over time. While it is possible that the
free eccentricities of HIP-97166 b and ¢ may have been larger in
the past if the orbits were spaced further apart, we also consider
other possible explanations.

Another formation pathway for the HIP-97166 system is that
the eccentricities were excited as the result of dynamical
instabilities from planet—planet scattering and /or merger events
(see, e.g., Juri¢ & Tremaine 2008). Chiang & Laughlin 2013
demonstrated that in situ formation of close-in super-Earths and
sub-Neptunes can result in planet—planet mergers that lead to
more massive planets on compact orbits. This led us to suggest
that both the high density and moderate eccentricity of HIP-
97166b may be a consequence of a past merger event between
two ~10 M, planets. The occurrence of three or more planets
of similar size on evenly spaced, compact orbits like this is not
unheard of and has previously been referred to as the “peas in a
pod” effect (Weiss et al. 2018). An instability in the dynamics
of either inner planet in this proposed origin scenario could
have easily resulted in a merged ~20 M, planet with e ~ 0.2,
exciting the orbit of the outer planet in the process.

Finally, we considered the possibility that the observed
planetary orbits may have been excited by a distant giant
planetary companion. A giant perturber would have the capacity
to increase inner planet eccentricities through dynamical interac-
tions (Becker & Adams 2017; Hansen 2017; Pu & Lai 2018) or
complex resonance effects such as the Eccentric Kozai-Lidov
mechanism (Naoz 2016; Denham et al. 2019; Barnes et al. 2020).
Our RV observations presented only a marginal detection of
acceleration, which allowed us to place loose constraints on a
possible distant giant companion. With an observational baseline
of ~12 months, we computed that an unobserved Jupiter-mass
companion or larger could have a separation as low as a few au
but larger separations were more likely. These results indicated
that the distant giant excitation scenario could not entirely be
ruled out.

11

MacDougall et al.

9. Summary and Conclusions

In this work, we identified HIP-97166b as an eccentric sub-
Neptune candidate. This is the first in a series of investigations
into TOIs with transit durations that significantly differ from
expectations of a circular orbit. Combining our duration
prefilter and transit model with an analysis of follow-up RV
observations from Keck/HIRES and APF/Levy, we measured
the mass, radius, and moderate eccentricity of HIP-97166b.
This sub-Neptune is both denser (p,,=15.34+0.9 gcc ') and
more eccentric (e, = 0.16 £ 0.03) than is typical for planets of
similar size, making it an interesting find among the TESS
candidates. We also discovered a moderately eccentric outer
companion (e, < 0.25) from RV observations, with a minimum
mass of 10 M, and a 16.8 day orbit.

N-body simulations of these orbits over time revealed a narrow
region of dynamical stability that allowed us to measure the
eccentricity of the inner planet with high precision, excluding a
circular orbit to ~50. Our leading hypothesis is that this system
originally formed with a “peas in a pod” architecture, where the
inner two of three original planets merged after a dynamical
instability placed them on crossing orbits. The eccentricities that we
observed in this system could have resulted from such an event and
persisted on timescales of the age of the system. HIP-97166b is
now among a small group of sub-Neptunes with high-precision
eccentricity measurements.
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