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Abstract

We report the discovery of TOI-4127 b, which is a transiting, Jupiter-sized exoplanet on a long-period
(P = 56.39879 330019 days) and a high-eccentricity orbit around a late F-type dwarf star. This warm Jupiter was
first detected and identified as a promising candidate from a search for single-transit signals in TESS Sector 20
data, and was later characterized as a planet following two subsequent transits (TESS Sectors 26 and 53) and
follow-up ground-based RV observations with the NEID and SOPHIE spectrographs. We jointly fit the transit and

RV data to constrain the physical (R, = 1.096 0033 Ry, M, = 2.3001{My) and orbital parameters of the exoplanet.

Given its high orbital eccentricity (¢ = 0.7471739328), TOI-4127 b is a compelling candidate for studies of warm

Jupiter populations and of hot Jupiter formation pathways. We show that the present periastron separation of TOI-
4127 b is too large for high-eccentricity tidal migration to circularize its orbit, and that TOI-4127 b is unlikely to be
a hot Jupiter progenitor unless it is undergoing angular momentum exchange with an undetected outer companion.
Although we find no evidence for an external companion, the available observational data are insufficient to rule

Gupta et al.

out the presence of a perturber that can excite eccentricity oscillations and facilitate tidal migration.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Exoplanet dynamics (490); Transit
photometry (1709); Radial velocity (1332); Elliptical orbits (457)

1. Introduction

One plausible explanation for the origin and existence of
hot Jupiter exoplanets, or Jovian exoplanets with orbital
periods P < 10 days, is high-eccentricity tidal migration. In
this scenario, giant exoplanets form at large orbital separa-
tions, analogous to the Jovian planets in our own solar
system, and then migrate inward to their present close-in,
circular orbits following eccentricity excitation and subse-
quent tidal dissipation (Wu & Murray 2003). However, this
process cannot be responsible for the origins of all hot Jupiter
exoplanets because it would preclude the population of
systems with nearby companions (e.g., Becker et al. 2015;
Caiias et al. 2019; Huang et al. 2020a; Hord et al. 2022; Sha
et al. 2022; Wu et al. 2023) but it is likely to be one of several
formation mechanisms at play (Nelson et al. 2017; Dawson &
Johnson 2018). The high-eccentricity tidal migration path-
way makes several accurate predictions about the observed
hot Jupiter population, including the pile-up of hot Jupiters
with orbital periods of 3—4 days (Wright et al. 2009; Santerne
et al. 2016; Nelson et al. 2017), with the caveat that this may
be partially attributable to selection effects (Gaudi et al.
2005), as well as the relative dearth of systems with nearby
companions (Steffen et al. 2012).

The transition from distant Jupiter analogs to close-in hot
Jupiters via high-eccentricity tidal migration is not instanta-
neous. Although multiple studies have demonstrated that this
process can be accelerated in certain scenarios, leading to rapid
migration for eccentric Jupiters with close periastron distances
(Wu 2018; Rozner et al. 2022), others show that we should
expect to observe an intermediate, progenitor population of
moderately to highly eccentric warm Jupiters, with orbital
periods between 10 and 200 days (Socrates et al. 2012; Dawson
et al. 2015; Jackson et al. 2021, 2023).

The observed warm Jupiter eccentricity distribution
extends out to the tidal limit (e.g., Huang et al. 2016; Dong
et al. 2021a), which suggests that the present orbits of some
of these exoplanets have been shaped by the same types of
excitations that lead to high-eccentricity tidal migration.
However, only two warm Jupiters, HD 80606 b (Naef et al.
2001) and TOI-3362 b (Dong et al. 2021b), have orbits that
are sufficiently eccentric to ensure future tidal circularization
and an ultimate fate as hot Jupiters. For the remainder, the
present, observed orbital architectures result in pericenter
distances that are too great for tidal dissipation to be

effective. However, these orbital architectures need not be
static. Several studies have shown that the orbital eccentricity
of a planet can be excited to higher values via interactions
with an external companion (e.g., a wide stellar binary;
Holman et al. 1997; Innanen et al. 1997; Mazeh et al. 1997).
This idea has been explored thoroughly in the context of hot
and warm Jupiter formation. Socrates et al. (2012) and
Petrovich & Tremaine (2016) find that warm Jupiters may
spend a fraction of their lives on a high-eccentricity tidal
migration track if they are subject to secular eccentricity
oscillations, through which they exchange angular momen-
tum with a distant perturber to periodically reach higher
eccentricities and tighter pericenter distances than presently
observed. Whether these eccentricity oscillations will be
induced, and whether a given warm Jupiter can thus be
classified as a hot Jupiter progenitor, hinges on the presence
of a perturber. Perturbers have yet to be identified or ruled out
in the majority of warm Jupiter systems. In addition, for
systems that have undergone high-eccentricity tidal migra-
tion, the dynamics of the migration pathway would preclude
the existence of low-eccentricity warm Jupiters with small,
nearby companions on co-planar orbits. Yet many such
systems have been discovered (e.g., Tran et al. 2022), which
suggests that a significant number of warm Jupiters comprise
a distinct population with a separate formation pathway. For
warm Jupiters for which neither small, nearby companions
nor distant, massive perturbers have been detected, it is as-yet
undetermined which population they belong to. This clouds
our understanding of the frequency and demographics of hot
Jupiter progenitors. As such, further studies of eccentric
warm Jupiters remain valuable because they will allow us to
better discern how some of these exoplanets reached their
observed orbital states and where they might be headed in the
future.

In this work, we present the discovery of a high-eccentricity
warm Jupiter transiting the star TOI-4127. In Section 2, we
describe the photometric and spectroscopic data sets with
which the exoplanet signal is detected and confirmed. We
characterize the physical and orbital parameters of TOI-4127 b
through joint analysis of TESS, NEID, and SOPHIE data in
Section 3. Finally, we discuss the implications of these results
for the dynamical origins of the system, as well as prospects for
future characterization efforts, in Section 4.


http://astrothesaurus.org/uat/486
http://astrothesaurus.org/uat/490
http://astrothesaurus.org/uat/1709
http://astrothesaurus.org/uat/1709
http://astrothesaurus.org/uat/1332
http://astrothesaurus.org/uat/457

THE ASTRONOMICAL JOURNAL, 165:234 (13pp), 2023 June

Gupta et al.

1.01
x
= . .
1,00  cavmmdntenis oAl mm s A oier RN D IO WA i
(0] .
=
3 0.99- ?
Q
< Sector 20 — TESS-SPOC t.=1862.72816
0.98 T T T T T T
1845 1850 1855 1860 1865 1870
1.01
X
] . .
100  ‘usRonnemeriinsmd i ol i AR e el ettty dangleu i sde
(]
= 3
1 0.99-
()
< Sector 26 — TESS-SPOC t.=2031.92448
0.98 T T T T T T
2010 2015 2020 2025 2030 2035
1.01
X
=
L 1.004
(0]
2
5
© 0.994
(0]
o Sector 40 — SPOC
098 T T T T T T
2390 2395 2400 2405 2410 2415
1.01
X
5
L 1.004
()
2
© 0.99
& Sector 47 — SPOC 3
0.98-— T T T T T
2580 2585 2590 2595 2600 2605
1.01
x
=
L 1.004
[0
2
© 0.99 !
& Sector 53 — SPOC t.=2765.10848
0.98

2745 2750 2755

2760
BJD - 2457000

2765 2770

Figure 1. TESS PDCSAP photometry for TOI-4127. From top to bottom, we show long-cadence (30 minutes) TESS-SPOC data for Sectors 20 and 26, and short-
cadence (2 minutes) SPOC data for Sectors 40, 47, and 53. We report the transit time in the lower right-hand corner of each panel for the sectors in which high-quality
transits were detected (Sectors 20, 26, and 53), and we show the SAP data for the low-quality Sector 47 transit in gray.

2. Observations and Data Collection
2.1. TESS Photometry

TESS (Ricker et al. 2015) observed TOI-4127 (TIC
141488193, Gaia DR3 1111639314047794944, 2MASS
JO7013709+47224538) in five non-contiguous sectors from
2019 December 19 (Sector 20) through 2022 July 9 (Sector
53). TOI 4127 was observed at a 30 minutes cadence during the
TESS primary mission in Sectors 20 and 26, and at a 2 minutes
cadence during the extended mission in Sectors 40, 47, and 53.
We show the pre-search data conditioned simple aperture
photometry (PDCSAP; Smith et al. 2012; Stumpe et al.
2012, 2014) light curves from the Science Processing
Operations Center (SPOC; Jenkins et al. 2016) for the extended
mission TESS sectors and the TESS-SPOC (Caldwell et al.
2020) light curves for the primary mission sectors in Figure 1.

A single transit was detected in the Sector 20 Quick Look
Pipeline (QLP; Huang et al. 2020b, 2020c) extraction light
curve by the TESS single-transit planet candidate working
group using a custom search algorithm in May 2020. A second
transit with matching depth was detected in Sector 26 QLP data
shortly thereafter. Pixel-level light curves were generated using
eleanor (Feinstein et al. 2019) and analyzed to confirm that the

transits were indeed associated with TOI-4127 and not a
background or nearby source. The separation between the two
transit midpoints in Sectors 20 and 26 was Af= 169 days.
However, due to the gap in coverage between the two sectors,
several period aliases were initially plausible until TESS
returned to this star in Sectors 40, 47, and 53. Only the period
alias at 56.4 days remained consistent with the photometry
following a third transit detection in Sector 53 and a non-
detection in Sector 40.

Although no transit is present in the PDCSAP light curve for
Sector 47, we note that a transit would be expected to occur
during the TESS observing baseline for this sector. In
examining the light-curve metadata, we find that the data in
the expected transit window were flagged as low quality due to
scattered light, and were thus excluded from analysis with the
PDCSAP module. Using the simple aperture photometry (SAP)
light curve, we confirm that a transit-like feature is indeed
observed at a time consistent with the expected period of
56.4 days (Figure 1). However, given the poor quality of the
data and the presence of uncharacterized light-curve systema-
tics, we restrict our analysis to the high-quality transits detected
in Sectors 20, 26, and 53.
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Figure 2. Reconstructed NESSI speckle images and 5o contrast curves for
TOI-4127. Observations were taken simultaneously at 532 nm with the blue
camera (left-hand inset image) and at 832 nm with the red camera (right-hand
inset image). The contrast curves indicate the limiting magnitude difference at
which bound or background stars could be detected for separations up to 172.

2.2. NESSI Speckle Imaging

We observed TOI-4127 with the NN-Explore Exoplanet
Stellar Speckle Imager (NESSI; Scott et al. 2018) on the
WIYN*® 3.5 m telescope at Kitt Peak National Observatory on
the night of 2021 April 1. Simultaneous 1 minute sequences of
40 ms diffraction-limited exposures were taken in the 832 and
532 nm narrowband filters. The speckle images were recon-
structed using the procedures outlined in Howell et al. (2011).
We show the reconstructed images and accompanying So
contrast curves for both filters in Figure 2. Our achieved
contrast limits rule out the presence of faint stellar companions
or background eclipsing binaries with Amag <3.3 at 532 nm
and Amag <3.9 at 832 nm for separations >0”2.

2.3. Spectroscopic Follow-up Observations

Following the identification of transit signals in the first two
sectors of TESS data for TOI-4127, we observed the star with
the NEID (Schwab et al. 2016) and SOPHIE (Bouchy &
Sophie Team 2006; Perruchot et al. 2008) spectrographs to
measure the mass and orbit of the transiting exoplanet
candidate. Additional reconnaissance data from the Tillinghast
Reflector Echelle Spectrograph (TRES; Fiirész 2008) were
used to constrain the projected rotational velocity of the star.

2.4. TRES Spectroscopy

Four reconnaissance spectra were obtained with TRES,
which is mounted on the 1.5 m Tillinghast Reflector telescope
at the Fred Lawrence Whipple Observatory (FLWO) atop
Mount Hopkins, Arizona. TRES is an optical, fiber-fed echelle
spectrograph with a wavelength range of 390-910nm and a
resolving power of R ~ 44,000. The TRES spectra were first
extracted and processed following the methods described in
(Buchhave et al. 2010) and the Stellar Parameter Classification
(SPC; Buchhave et al. 2012, 2014) tool was then used to derive

46 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, the University of Mis-
souri, the University of California-Irvine, and Purdue University.
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Table 1
NEID Radial Velocity Measurements for TOI-4127

Epoch (BJD) RV (ms ") ory (M s ")
2459251.69708 83.3 7.6
2459256.70358 21.0 10.6
2459273.67464 —-10.5 5.9
2459481.94283 35.0 6.3
2459489.94638 —-104.8 6.2
2459538.99180 —0.8 6.4
2459539.72756 —118.7 6.1
2459568.02393 16.9 6.1
2459586.98356 76.7 6.1
2459596.66628 —189.4 6.1
2459597.62913 -230.8 5.9

stellar parameters from the data. SPC cross correlates an
observed stellar spectrum against a grid of spectra synthesized
from Kurucz atmospheric models (Kurucz 1992) to derive the
effective temperature, surface gravity, metallicity, and rota-
tional velocity of the star.

2.4.1. NEID Spectroscopy

NEID is a fiber-fed, red-optical (380-930 nm), environmen-
tally stabilized (Robertson et al. 2019) echelle spectrograph on
the WIYN 3.5 m telescope at Kitt Peak National Observatory.
We obtained 12 NEID observations of TOI-4127 between 2021
February 6 and 2022 January 18 in the high resolution mode
(resolving power of R ~113,000), with a median per-
resolution-element S/N of 26.8 at 550 nm. These data were
processed with version 1.1.2 of the NEID Data Reduction
Pipeline’’ (DRP), which calculates RVs using the cross-
correlation function (CCF; Baranne et al. 1996) method.
Following the removal of one outlier point with S/N =6.22,
the CCF NEID RVs have a median single measurement
precision of 8.09 ms~'. We also independently derive the RVs
using a modified version of SpEctrum Radial Velocity
AnalLyser (SERVAL; Zechmeister et al. 2018), which is a
template-matching analysis method. Our modified SERVAL
reduction follows the procedures described in Stefansson et al.
(2022), with the spectral range restricted to echelle orders
69-153 (398 nm < A < 895 nm). In Table 1, we list the NEID
RVs from SERVAL (median single measurement precision
6.13 ms™"), which performs slightly better than the DRP.

2.4.2. SOPHIE Spectroscopy

Spectroscopic follow-up observations were also conducted
with SOPHIE, which is a fiber-fed echelle spectrograph on the
1.93m telescope at the Observatoire de Haute-Provence,
France. A total of 21 high resolution (R ~ 75,000) SOPHIE
observations on the wavelength range 387-694nm were
obtained between 2021 September 27 and 2022 December 7,
with a median single measurement precision of 8 ms '. We
removed two of the exposures that were noisy due to weather
conditions (S/N per pixel at 550 nm below 20). The 19
remaining exposures have S/N between 20 and 36. As with
NEID, the SOPHIE pipeline (Bouchy et al. 2009) calculates
RVs using the CCF method and using a G2-type numerical
mask (Heidari 2022). Seven of the SOPHIE exposures were
corrected for spectral contamination from scattered moonlight,

M https://neid.ipac.caltech.edu/docs /NEID-DRP/
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Table 2
SOPHIE Radial Velocity Measurements for TOI-4127
Epoch (BID) RV (ms ) ory (M s ')
2459485.64778 —213 7
2459501.60591 —49 10
2459505.63623 18 9
2459524.64269 48 9
2459524.70562 69 8
2459562.49480 =5 6
2459567.45250 22 9
2459569.49023 44 8
2459603.44302 —86 8
2459604.35637 —60 7
2459609.38166 -33 11
2459620.42060 —6 9
2459628.36524 23 10
2459648.46673 66 7
2459662.45629 -52 7
2459663.42345 —69 8
2459686.38970 74 9
2459894.59742 —6 7
2459920.53907 78 7

which has the potential to distort the CCF and shift the
measured RV (Roy et al. 2020). Following the methods
described in Hébrard et al. (2008) and Pollacco et al. (2008),
we calculate the CCF of both the stellar spectrum and a
background sky spectrum, which were obtained simultaneously
using a second fiber separated on sky by 2. We then scale the
CCFs by the relative throughputs of the two fibers and correct
for scattered moonlight by subtracting the sky CCF from the
stellar CCF. We also calculate the CCF bisectors for each
spectrum and find no correlation with the measured RVs, which
further supports our argument that the transit signals in the
TESS data were not due to blending with a background source.
The SOPHIE RVs are shown in Table 2.

As we show in Figure 3, the NEID and SOPHIE RV
measurements vary in phase with the TESS photometric
ephemeris. In addition, the semi-amplitude of the signal is
consistent with that induced by a Jupiter-mass exoplanet. We
conclude that the observed RV variations and transit signals for
TOI-4127 are due to the presence of an eccentric giant
exoplanet, TOI-4127 b.

3. Analysis.
3.1. Host Star Characterization

We run a first order derivation of the stellar parameters using
SpecMatch-Emp (Yee et al. 2017), comparing the observed
NEID spectra to a library of High Resolution Echelle
Spectrometer (HIRES; Vogt et al. 1994) reference spectra of
well-characterized stars. We first shift the observed NEID
spectra to the barycentric rest frame and co-add these to
produce a high-S/N master spectrum. We then run Spec-
Match-Emp over the wavelength range 5052-5807 A, broken
up into ~50 A chunks across the free spectral ranges of echelle
orders 106-121. SpecMatch-Emp calculates the best-fit
stellar parameters using a linear combination of the closest
matching spectra in the library, with coefficients determined by
a x> minimization of the composite library spectrum and target
spectrum. We achieve a good fit to the target spectrum across
all orders. The derived stellar parameters, 7.z, logg, and

[Fe/H], are found to be consistent with the median values
derived from the TRES spectra with SPC. The SpecMatch-
Emp values are listed in Table 3, along with the median
TRES v sini.

As an independent determination of the basic stellar
parameters, we performed an analysis of the broadband spectral
energy distribution (SED) of the star together with the Gaia
EDR3 parallax (with no systematic offset applied; see, e.g.,
Stassun & Torres 2021) to determine an empirical measure-
ment of the stellar radius, following the procedures described in
Stassun & Torres (2016) and Stassun et al. (2017, 2018). We
pulled the B7V; magnitudes from Tycho-2 (as reported by
Stassun & Torres 2018), the JHKg magnitudes from 2MASS
(Cutri et al. 2003), the W1-W3 magnitudes from WISE
(Wright et al. 2010), and the GgpGrp magnitudes from Gaia
(Gaia Collaboration et al. 2022). Together, the available
photometry spans the full stellar SED over the wavelength
range 0.4—10 pym (see Figure 4).

We performed a fit using Kurucz stellar atmosphere models
(Kurucz 1993), with the effective temperature (T.s) and
metallicity ([Fe/H]) adopted from the spectroscopically
determined values. The remaining free parameter is the
extinction Ay, which we limited to the maximum line-of-sight
value from the Galactic dust maps of Schlegel et al. (1998).
The resulting fit (Figure 4) has a reduced x> of 1.1, with
Ay =0.02+0.02. Integrating the (de-reddened) model SED
gives the bolometric flux at Earth, Fjo =6.289 4+0.073 x
107'% ergs ' cm % Taking the Fy, with the Gaia parallax
gives the bolometric luminosity directly as Ly, = 2.074 £
0.028 L., and that together with T.; gives the stellar radius,
R, =1.293 £ 0.050 R.... In addition, we can estimate the stellar
mass from the empirical relations of Torres et al. (2010), giving
M,=1.234+0.07 M.

3.2. Joint transit + RV modeling.

We use the exoplanet package (Foreman-Mackey et al.
2021a) to jointly model the measured photometric and radial
velocity signals for TOI-4127, with Gaussian priors on the
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Figure 3. NEID and SOPHIE RV data for TOI-4127. We show the NEID data in blue and the SOPHIE data in red, as well as the median orbit fit, as determined in
Section 3, as a solid black line. We also highlight the times during which TESS was observing the target in Sectors 40 and 47, with colors matching the light curves in

Figure 1.

stellar mass and radius imposed by the results of our
SpecMatch-Emp and SED analysis, and flat priors on the
exoplanet orbital period (P), transit depth (), and transit impact
parameter (b). We model the orbit using a full Keplerian with
uniform priors on exoplanet mass (M,,), orbital period (P), and
transit impact parameter (b), and we sample the eccentricity
and argument of periastron on the unit disk in
Je sinw — /e cosw space. We elect not to place informative
priors on the eccentricity because previous work has shown
that there is no strongly favored eccentricity distribution for the
known warm Jupiter population (Dong et al. 2021a). The
orbital parameters are fitted simultaneously to both the RV and
photometric data sets. For the photometry, we also place
uniform priors on the transit depth (6) and we include a
quadratic limb darkening law, which is re-parameterized as in
Kipping (2013), and a Matern-3/2 Gaussian process kernel
(Foreman-Mackey et al. 2017; Foreman-Mackey 2018) for the
variability of the underlying light curve. We fit separate jitter
terms (o) and offset terms () for NEID and SOPHIE, and we
allow for a long term, linear background trend.

From the best-fit solution, we confirm that TOI-4127 b is a
warm Jupiter on an eccentric orbit. The fitted orbital period is
P = 56.39879700%019 days, which is in good agreement with
the initial estimate from observed transit separation, and we
report a relatively high eccentricity of e = 0.7471 33008, The
best-fit companion mass and radius are M, = 2.307011M; and
R, = 1.096709% Ry, which are consistent with a gas giant
exoplanet. The transit and phase-folded orbit are shown in
Figures 5 and 6, respectively, and we list the fitted parameters
in Table 4.

We compute the generalized Lomb—Scargle (Zechmeister &
Kiirster 2009, 2018) periodogram of the RV time series and
residuals (residual rms =13.8 m sfl) to explore whether the
data might contain evidence for additional non-transiting
planets or other periodic signals (Figure 7). Following the
removal of the 56.4 days signal for TOI-4127 b, no significant
periodic signals emerge. In addition, we find no evidence for
any long-term trends. The best-fit RV slope from the joint fit is

0.001 £0.025m s~ day ', or 0.45+895m s yr . We
discuss additional constraints on the presence of external
companions in Section 4.1.2.

4. Discussion.
4.1. Dynamical Evolution of the TOI-4127 System
4.1.1. High-eccentricity Tidal Migration

The relatively high eccentricity of TOI-4127 b places it in a
sparsely populated region of orbital parameter space.*® Fewer
than 10 other transiting warm Jupiters with >30 mass
measurements have eccentricities >0.5 (Figure 8). Of the four
planets in this class with higher eccentricities than TOI-4127 b,
two (HD 80606 b; Naef et al. 2001 and TOI-3362 b; Dong et al.
2021b) are expected to tidally circularize to become hot
Jupiters, though this depends on other factors such as the rate
of tidal dissipation in each system. Assuming a tidal dissipation
efficiency parameter of Q, = 10%3 (Jackson et al. 2008), both
of these exoplanets pass near enough to the tidal radii of their
host stars at perisatron for tidal dissipation to be strong enough
to induce inward migration. To explore whether TOI-4127 b
may also be a hot Jupiter progenitor en route to a tight, circular
orbit, we first consider the timescale for tidal circularization.
We calculate the circularization timescale as in Equations (2)
and (3) of Adams & Laughlin (2006),

-3/2
Teire 7 1.6 Gyr & np %
106 niy MC,

& _5 a _ 2 )13/2 231-1
X(RJ) (0.0Sau(l e”) [F (e)] (D

where we adopt the approximation F(e*)~ 1+ 6e*+ e*,
dropping higher order terms. Again assuming Q, = 1053, we
find 7. = 7807359 Gyr. Tidal dissipation would need to be

% Based on data taken from the NASA Exoplanet Archive (https://neid.
ipac.caltech.edu/docs/NEID-DRP/) on 2023 January 12.
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Figure 4. Spectral energy distribution of TOI-4127. Red symbols represent the
observed photometric measurements, where the horizontal bars represent the
effective width of the passband. Blue symbols are the model fluxes from the
best-fit Kurucz atmosphere model (black).
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Figure 5. In-transit TESS data for TOI-4127 b, folded to the fitted orbital
period. In the top panel, we plot the Sector 20 and Sector 26 data in green and
blue, respectively, and the Sector 53 data in pink, to match the light curves
shown in Figure 1. We include both the binned (30 minutes cadence) and
unbinned (2 minutes cadence) Sector 53 transit data. We show the best-fit
model in black and 3¢ uncertainties in gray, and we plot the residuals to this fit
in the bottom panel.

two orders of magnitude more efficient than the value assumed
here for the orbit to circularize before TOI-4127 evolves off the
main sequence. This is plausible given that Q, is difficult to
constrain for any individual system because this parameter
depends strongly on the physical parameters of the planet (e.g.,
Ogilvie & Lin 2004; Jackson et al. 2008).

Apart from adopting a different value of Q,, one way to
significantly increase tidal dissipation efficiency is through tidal
interactions that lead to energy exchange between the orbit and
the exoplanet’s f-mode (Wu 2018). This effect requires that, at
pericenter, the exoplanet comes within 4 times the tidal radius
of the host star, r,:

A peri < 4Rp(M*/Mp)1/3~ (2)

For TOI-4127 b, we find that ape; ~ 18r,, which is much too
large for f~mode dissipation to take effect.

Gupta et al.

Table 3
Summary of Stellar Parameters for TOI-4127

Parameter Value Description Reference

Alternate Identifiers:

TIC 141488193 TESS Input Catalog Stassun

Gaia DR3  1111639314047794944 . Gaia DR3

2MASS J07013709+-7224538 2MASS

Coordinates and Parallax:

1016 07:01:37.09 R.A. (RA) Gaia DR3

by016 +72:24:53.75 decl. (decl.) Gaia DR3

w 3.07 £0.02 Parallax (mas) Gaia DR3

Broadband photometry:

Br 12.020 £ 0.151 Tycho—Br Stassun

Vr 11.441 £0.010 Tycho—Vy Stassun

TESS 11.0383 £ 0.0061 Stassun

G 11.4090 £ 0.0003 Gaia Gaia DR3

B, 11.6841 £ 0.0003 Gaia Gaia DR3

R, 10.9814 + 0.0004 Gaia Gaia DR3

J 10.538 £ 0.023 2MASS

H 10.308 £ 0.023 2MASS

K, 10.245 £ 0.016 . 2MASS

VA 10.206 £ 0.022 WISE

W, 10.249 £ 0.020 WISE

W3 10.277 £ 0.051 WISE

W, 8.921 WISE

Derived Stellar Parameters:

Tets 6096 + 115 Effective Temper- This Work?®
ature (K)

logg 4.26 £0.14 Surface Gravity (log ~ This Work®
(em s72)

[Fe/H] 0.14 +0.12 Metallicity (dex) This Work?®

vsini 7.7+0.5 Projected Rotational ~ This Work”
Velocity (km s~ ")

M, 1.230 + 0.070 Stellar Mass (M) This Work®

R, 1.293 + 0.050 Stellar Radius (Rz) ~ This Work®

L, vol 2.072 £ 0.028 Bolometric Lumin- This Work®
osity (L)

F, bol 6.289 +0.073 x 1071 Bolometric Flux This Work®
(erg s7! cm’z)

Age 48+2.1 Stellar Age (Gyr) This Work®

Ay 0.02 +£0.02 Extinction (mag) This Work®

Notes.

 Parameters from SpecMatch-Emp analysis of NEID spectra.

® Parameters from SPC analysis of TRES spectra.

¢ Parameters from SED analysis.

References: Stassun (Stassun & Torres 2018), Gaia DR3 (Gaia Collaboration
et al. 2022), 2MASS (Cutri et al. 2003), WISE (Wright et al. 2010).

We also consider the final orbital parameters of TOI-4127 b
in the case that the orbit does ultimately circularize. If we
assume that the angular momentum of the exoplanet is
conserved during high-eccentricity tidal migration (i.e., no
mass loss and no angular momentum exchange), then the final
semimajor axis is given by

2 2
apresent(l - epresem) = afinal(l - eﬁna_l)s (3)

and for a circular orbit with egny = 0, dfing = 0.136170059 au.

Both the final semimajor axis and the corresponding orbital
period (Pina = 16.56°0/% days) are inconsistent with the
population of hot Jupiters, which exhibit a pile-up at semimajor
axes a < 0.1 au and orbital periods of 3—4 days (Wright et al.
2009; Santerne et al. 2016).
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Figure 7. Generalized Lomb-Scargle periodograms for the full RV data set
(top) and residuals (bottom). We mark the best-fit orbital period with a dashed
red line. No periodic signals are prominent in the residuals.

TOI-4127 b does not presently have the characteristics of a
hot Jupiter progenitor in the same class as HD 80606 b and
TOI-3362 b. This will remain true if the present eccentric orbit
is the result of a one-time excitation event with no avenue for
future angular momentum exchange, such as planet—planet
scattering (Rasio & Ford 1996) in which the second body is
ejected from the system. As Ford et al. (2001) show, a
scattering event in which one planet is ejected can excite the
eccentricity of the retained planet up to enux ~ 0.8 if the
planets are of equal mass. This scenario could plausibly explain
the observed eccentricity of TOI-4127 b (e = 0.74717599%8).
However, the high eccentricity may instead be a product of
ongoing interactions with an external perturber, such as
perturber-coupled eccentricity oscillation or a series of
planet—planet scattering events. If a distant, massive perturber
is present in a system with a warm Jupiter, then angular
momentum exchange with this perturber may periodically
place the inner planet on a high-eccentricity tidal migration
track (Dong et al. 2014).
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Figure 8. Eccentricities for all transiting exoplanets with >3 mass
measurements. We show Jupiter-sized exoplanets (R > 8R;) in blue and
smaller planets in gray. TOI-4127 b (red) has an eccentricity higher than all but
five exoplanets in this class. We also show the constant angular momentum
tidal circularization track for this planet. TOI-4127 b is not expected to tidally
circularize during the main-sequence lifetime of its host star, although we note
that the circularization timescale is highly sensitive to our choice of Q,, which
is not well constrained. Known planet parameters were taken from the NASA
Exoplanet Archive on 2023 January 12.

Table 4
Derived Parameters for TOI-4127 b

Parameter Value Description

Exoplanet Parameters:

P 56.39879793%010 Orbital Period (days)

Tc 2458862.728167090%¢  Time of Conjunction (BJD)

e 0.7471+3:5078 Eccentricity

w 129.6129 Argument of Periastron (°)

i 89.3070¢8 Inclination (°)

b 017591 Transit Impact Parameter

K 160.1437 RV Semi-amplitude (m s~ ")

a 0.30817030% Semimajor Axis (au)

uy 0.49791¢ Linear Limb

i, —0.05733§ Quadratic Limb

5 7.46°0% Transit Depth (ppt)

M, 2307911 Planet Mass (M)

R, 1.0967093 Planet Radius (R;)

op 2174933 Planet Density (g cm ™)

Ps 0.775%93¢ Stellar Density(g cm )

N 22.3%13 Insolation (Sg;)

Teq 605.119% Equilibrium Temperature (K)
Instrument and Model Parameters:

Ophot TESS 52018 TESS Photometric Jitter (ppm)
oGp 231f}§ Covariance Amplitude (ppm)
PGP 0.298%3%1 Covariance Timescale (days)
ORV.NEID 5.6133 NEID RV lJitter (ms™")

YRV .NEID —36.29167 59938 NEID Systemic Velocity (kms™ ')
ORV.SOPHIE 15.1*28 SOPHIE RV Jitter (m s~")
YRV.SOPHIE —36.81470004 SOPHIE Systemic Velocity (kms™")

4.1.2. Constraints on the Presence of an Undetected Perturber

We do not detect any additional stellar or planetary

companions to TOI-4127, but coupling with an undetected
perturber might still be responsible for the high eccentricity of
the detected warm Jupiter. We show in Section 2.2 using
NESSI speckle imaging data that TOI-4127 lacks any bright
neighbors, but the NESSI data alone do not constrain the
presence of low mass companions such as mid- to late-K
dwarfs and M dwarfs and substellar objects. We consider the
detectability of such an object given the available data here.
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First, we note that Gaia does not detect any sources within 25"
(projected separation ~6800 au) of TOI-4127 (Gaia Collabora-
tion et al. 2022), which is consistent with the absence of
sources detected with NESSI and the lack of contamination
observed in the pixel-level TESS light curves. In addition, the
Gaia astrometric solution for this star has a renormalized unit
weight error (RUWE) of 1.27 (Gaia Collaboration et al. 2022).
The RUWE quantifies how well the solution conforms to that
of a single star; while values significantly larger than 1 indicate
a preference for a multiple object astrometric solution, Penoyre
et al. (2020) suggest a threshold of RUWE > 1.4 for this to be
attributed to orbital motion induced by a bound companion.

Following the methods of Jackson et al. (2021), which we
summarize below, we next construct a population of perturbers
that is capable of exciting eccentricity oscillations in TOI-4127
b and facilitating migration to a final semimajor axis of
dfinal < 0.1 au. We then assess the detectability of members of
this population given the available observational data. We only
consider radial velocity and astrometric detectability in full,
and we comment briefly on transit timing variations. With only
three transits, the existing photometry is insufficient for robust
analysis of transit timing variations or transit duration
variations for this system.

We first build a population of companion planets that is
capable of inducing strong eccentricity oscillations in TOI-
4127 b by drawing planetary masses and orbital parameters
from a set of analytical distributions that are informed by
observations of long-period giant planets. Although the
population of long-period giants is not well constrained by
observations, Jackson et al. (2021) show that their results are
robust to different choices for the underlying companion
distributions. For this work, we draw masses from a power-law
distribution set by Cumming et al. (2008) over the range of
0.1-20 Mj, orbital periods from a broken power-law distribu-
tion set by Fernandes et al. (2019) over the range of
200-100,000 days with a turnover in occurrence rate at 859
days, eccentricities from a beta distribution (a=0.74,
[ =1.61) fit to the set of confirmed long-period giant planets
on the NASA Exoplanet Archive, inclinations from an isotropic
distribution, and the remaining orbital angles from uniform
distributions. In order for perturber-coupled high-eccentricity
migration to occur in this system, TOI-4127 b and the
undetected companion must be long-term stable and the
precession induced by the outer companion must be much
faster than general relativistic precession. We apply these two
analytical cuts to our simulated population of potential
perturbers following Section 2.4 of Jackson et al. (2021).

Next, we assess the detectability of each perturber by
modeling the two-planet RV signal of the system. We draw
planetary parameters for TOI-4127 b from the best-fit posterior
distribution of the joint transit + RV fit in Section 3.2 and we
randomly draw a companion from our simulated perturber
population. Using the NEID and SOPHIE observation times
and measurement uncertainties, we calculate the RV signal that
would have been observed for this two-planet system. We then
fit and subtract the TOI-4127 b signal using the MPFIT IDL
package (Markwardt 2009), fixing the orbital period and time
of conjunction. This leaves us with the residual signal from the
perturbing companion. We repeat this process for 1000
perturbers and then determine the detectability of each residual
signal by measuring the ratio of the slope of the residual RV
signal to the estimated error in the slope (|slope|/egope). As in
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Figure 9. Simulated population of long-period perturbers capable of exciting
the eccentricity of TOI-4127 b to facilitate high-eccentricity tidal migration.
We show the perturbers that are detectable via available astrometric and radial
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velocity observations as pink “x” marks and blue circles, respectively, and the
perturbers that cannot yet be detected as black points.

Jackson et al. (2021), we consider the companion to be
detectable for each trial in which this metric is greater than 3.5
over the full RV baseline. To assess sensitivity to perturbers
with orbital periods shorter than the full RV baseline, we also
calculate the slope ratio for each of the following limited
baselines: (1) the full NEID baseline, including all overlapping
SOPHIE measurements, (2) the full SOPHIE baseline, includ-
ing all overlapping NEID measurements, and (3) BJD 2459450
through BJD 2459700 (i.e., all data excluding the earliest NEID
measurements and latest SOPHIE measurements).

Perturbing companions may also be detectable with Gaia
astrometry. For each of the above trials, we model the
transverse motion of the stellar host due to the gravitational
pull of the perturber following Quirrenbach (2010) and subtract
off a linear fit to account for proper motion. For each trial, we
sample the model at 473 points, corresponding to the number
of measurements used in the Gaia Data Release 3 astrometric
solution (Gaia Collaboration et al. 2022) for TOI-4127 and we
calculate the maximum angular distance, A#, between model
samples. We compare this value to a conservative detection
limit of 100 pas (Perryman et al. 2014), and we label trials with
A6 above this limit as detectable via Gaia astrometry.

We show the sample of potential perturbers in Figure 9.
While signals from most of these objects with RV semi-
amplitudes greater than ~10m s~ ' would have been detected
in the available RV or astrometric data sets, exoplanets with
masses K< 10 m s~ ' are overwhelmingly not detectable.
Therefore, we cannot rule out perturber-coupled eccentricity
oscillations as the source of the eccentric orbit of TOI-4127 b
and as a mechanism for future high-eccentricity tidal migration.
In addition, given that a fraction of potential perturbers shown
in Figure 7 have K<3 m s ', it is unlikely that RV
observations alone could definitely confirm or reject the
perturber-coupled eccentricity oscillation scenario without
increased significant observational expense. At the reported
NEID single measurement precision of 6.13m s ' for this
target, one would need more than 30 additional observations to
achieve even a 30 mass measurement of a perturber with
K=3ms "

To determine whether transit timing variations might be
detectable, we fit the observed transit midpoints and we
compare these to the expected transit ephemeris for each of the
three transits based on the best-fit period and time of
conjunction. We find that the transit midpoints deviate from
the best-fit ephemeris by 135+ 107 s, —246 4+ 136 s, and
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Year
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Figure 10. Projected transit ephemeris for TOI-4127 b for the 60 orbits
following the transit detected in Sector 20. The 1, 2, and 30 uncertainties on the
ephemeris are shown as progressively lighter, gray shaded regions. Past and
future transit times are indicated by vertical orange bars, and the observed
transits in Sectors 20, 26, and 53 are indicated in green, blue, and pink,
respectively, to match the light curves in Figure 1. We expect the ephemeris to
remain precise to better than 25 minutes, or 10% of the transit duration, through
early 2029.

125 £ 110 s for the transits in Sectors 20, 26, and 53,
respectively. Given the corresponding ephemeris uncertainties
of 86, 69, and +104 s, we find no evidence for significant
timing variations.

4.2. Prospects for Atmospheric Characterization

Under the naive assumption that the planetary surface
temperature responds instantaneously to changing irradiation
during its elliptical orbit, the equilibrium surface temperature of
TOI-4127 b during transit is Teq ¢ = 1145539 K for a surface
albedo of 1, and the corresponding transmission spectroscopy
metric (TSM; Kempton et al. 2018) is 15.371-3. On its own, this
modest TSM does not make TOI-4127 b an exceptional target
for atmospheric characterization with JWST because it falls
well below the threshold of TSM > 96 that is recommended by
Kempton et al. (2018). However, phase-curve observations
across different parts of the orbit are considerably more
compelling. The high orbital eccentricity will lead to extreme
temperature variations, exceeding 1200 K at pericenter and
dropping below 500 K at apocenter, and potentially changes in
the equilibrium chemistry of the atmosphere (Fortney et al.
2020; Mayorga et al. 2021). Even a pair of measurements
during transit and occultation (Tiqoc = 590113 K), if feasible,
would nearly capture the two temperature extremes and serve
as a powerful probe of the atmospheric chemistry of TOI-4127
b. We use the fitted orbital parameters to calculate the
secondary impact parameter as

_ bl + e sin(w)

by -
1 — esin(w)

= 0657433 @)
and find that an occultation is very likely, though not
guaranteed. Phase-curve measurements can also be used to
place constraints on the heat redistribution timescale, and thus
rotation period of TOI-4127 b (e.g., Lewis et al. 2014, 2017; de
Wit et al. 2016). In contrast to the fully tidally locked
synchronous rotation of short-period planets with circular
orbits, eccentric warm Jupiters are expected to exhibit pseudo-
synchronous rotation, in which their rotation rates are
approximately equivalent to the orbital frequency at periastron
(Hut 1981; Ivanov & Papaloizou 2007). Deviation from (or

10

Gupta et al.
Table 5
Ground-based Rossiter—McLaughlin Measurement Opportunities for TOI-
4127 b
UTC Date Transit Midpoint (BJD) Instrument
2023 Nov 24 2460272.69747 5993 HARPS-N
2024 Mar 15 2460385.49501009%2 HARPS-N,
SOPHIE
2024 Dec 22 2460667.48887 53938 HARPS-N
2025 Sep 30 2460949.4827+59933 SOPHIE
2025 Nov 26 2461005.881470:9033 NEID,
e e SOPHIE
2026 Dec 26 2461400.67297 5993 NEID,
HARPS-N,

SOPHIE
2027 Apr 17 2461513.47047 59041 SOPHIE
2027 Oct 4 2461682.66675-9042 HARPS-N
2027 Nov 29 2461739.06551 59048 KPF,
MAROON-X
2028 Jan 24 2461795.464215:0047 HARPS-N,
SOPHIE
2028 Nov 1 2462077.4581+3:9932 SOPHIE
2028 Dec 28 2462133.856975:99%3 NEID

adherence to) pseudo-synchronous rotation can shed light on
the tidal interaction timescale of the system.

4.3. Rossiter—-McLaughlin Effect

Using the fitted orbital period and time of conjunction, we
estimate the projected uncertainty on the TOI-4127 b transit
ephemeris for the next 40 orbits (~6 yr). As shown in
Figure 10, the ephemeris is expected to remain precise to better
than 25 minutes, or ~10% of the transit duration, over this time
frame. This is sufficient not only for the planning and execution
of atmospheric measurements during transit and eclipse but
also for measurements of the stellar obliquity via the Rossiter—
McLaughlin (RM) effect (McLaughlin 1924; Rossiter 1924).

Recent work by Rice et al. (2022b) has shown that warm
Jupiters are preferentially more aligned than hot Jupiters. These
findings have implications for the formation histories and
dynamical evolution of these systems (Wang et al. 2021; Rice
et al. 2022a). However, the Rice et al. (2022b) sample includes
only two warm Jupiters orbiting host stars with effective
temperatures above the Kraft break (Kraft 1967), defined as
Tt = 6100 K, which is important given observed correlations
between alignment and stellar temperature (Albrecht et al.
2012). Measurement of the RM effect for TOI-4127, which has
an effective temperature of T = 6096 £ 115 K, would add a
valuable data point to population-level studies of stellar
obliquities.

We calculate the expected semi-amplitude of the RM signal
as

quhﬂ = %;iv ShliV 1 — b2 (5)
which yields 37.7 + 1.3 m s~ ' for the vsini value of 7.7 km
s~! from SPC analysis of TRES data. Measurement of a RM
signal of this magnitude would be feasible with an instrument
such as NEID, for which we achieve ~6 ms~' RV precision on
this target with exposure times of 15 minutes. However, given
the long orbital period of TOI-4127 b, opportunities to observe
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a complete transit from the ground will be relatively rare. Using
the projected transit ephemerides shown in Figure 10, we
identify the set of viable RM opportunities through the end of
2028 for several ground-based telescopes and instruments with
the requisite aperture and precision RV measurement capabil-
ities. In addition to NEID and SOPHIE, we consider the Keck
Planet Finder (KPF; Gibson et al. 2016) and MAROON-X
(Seifahrt et al. 2018), both on Maunakea, and the HARPS-N
spectrograph (Cosentino et al. 2012) on the Telescopio
Nazionale Galileo on La Palma Island. Here, we define a
viable opportunity as one for which the solar altitude is
< — 18° and the target airmass is <2 for the duration of the
transit; the list of transit dates is shown in Table 5.

5. Summary

In this work, we present the discovery of the highly eccentric
warm Jupiter TOI-4127 b with TESS, and the confirmation and
characterization of the exoplanet signal with the NEID
and SOPHIE spectrographs. We jointly fit the transit and
RV data to constrain the physical (R, = 1.096 0039 Ry, M, =
2307010;)  and  orbital (P = 56.398797000104
0.7471705578 ) parameters of the exoplanet. The high orbital
eccentricity makes this rare system a compelling target for
dynamical studies. We comment on the potential for dynamical
evolution of TOI-4127 b in the context of hot Jupiter formation
pathways, and we find that TOI-4127 b may indeed be a hot
Jupiter progenitor but only if a perturbing companion is
present. While we find no evidence for additional bodies in this
system. We show that an undetected perturber could be capable
of exciting eccentricity oscillations and high-eccentricity
migration. Future RV follow-up observations with higher
measurement precision could shed light on this possibility. We
also comment on the feasibility of measuring the stellar
obliquity of TOI-4127 with Rossiter—McLaughlin observations
and on the importance of such a measurement for population-
level studies of warm Jupiter host stars.
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