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Abstract

Obliquity measurements for stars hosting relatively long-period giant planets with weak star-planet tidal
interactions may play a key role in distinguishing between formation theories for shorter-period hot Jupiters. Few
such obliquity measurements have been made to date due to the relatively small sample of known wide-orbiting,
transiting Jovian-mass planets and the challenging nature of these targets, which tend to have long transit durations
and orbit faint stars. We report a measurement of the Rossiter–McLaughlin effect across the transit of K2-140 b, a
Jupiter-mass planet with period P= 6.57 days orbiting a V= 12.6 star. We find that K2-140 is an aligned system
with projected spin–orbit angle λ= 0.5° ± 9.7°, suggesting a dynamically cool formation history. This observation
builds toward a population of tidally detached giant planet spin–orbit angles that will enable a direct comparison
with the distribution of close-orbiting hot-Jupiter orbital configurations, elucidating the prevalent formation
mechanisms of each group.

Unified Astronomy Thesaurus concepts: Planetary alignment (1243); Exoplanet dynamics (490); Star-planet
interactions (2177); Exoplanets (498); Planetary theory (1258); Exoplanet astronomy (486); Exoplanet formation
(492); Exoplanet systems (484); Exoplanet detection methods (489); Exoplanet evolution (491); Extrasolar
gaseous giant planets (509); Planetary system formation (1257)

1. Introduction

The obliquity of a star, or the degree of alignment between
the star’s spin axis and its companion planets’ net orbital
angular momentum axis, provides crucial insights into the
dynamical evolution of the surrounding system. Trends in
stellar obliquity can constrain the prevalence of various
processes crafting the observed distribution of extrasolar
planets (e.g., Winn et al. 2010; Albrecht et al. 2012; Winn &
Fabrycky 2015).

While the obliquities of many hot-Jupiter-hosting stars have
been determined through measurements of the Rossiter–
McLaughlin effect (McLaughlin 1924; Rossiter 1924), only a
handful of these measurements have been made for systems
with planets orbiting at larger distances from their host star,
where star-planet tidal interactions are too weak to significantly
influence the planets’ orbital alignment. We refer to these wide-
orbiting planets as “tidally detached.” Because the probability p
of transit for a given planet with semimajor axis a falls as
p∝ 1/a, fewer tidally detached transiting giant planets have
been discovered to date as compared with closer-in hot
Jupiters. Due to the volume-limited sample of bright stars,
those tidally detached Jupiters that have been discovered are
often challenging Rossiter–McLaughlin targets, orbiting stars
too faint to obtain a sufficient number of high-resolution
spectroscopic observations across a single transit with any but
the largest existing ground-based telescopes.

The vast majority of spin–orbit angle measurements have,
consequently, been made for planets on tight orbits with
a/R* 12. However, the obliquities of stars hosting wider-
separation giant planets may provide the evidence necessary to
distinguish between the various proposed formation mechan-
isms for hot Jupiters (Winn & Fabrycky 2015; Dawson &
Johnson 2018). Furthermore, in the classical quiescent
formation framework for hot and warm Jupiters, the long tidal
realignment timescales of these systems enable a direct
measurement of the primordial dispersion in protoplanetary
disk misalignments.
We present a Rossiter–McLaughlin measurement across the

transit of K2-140 b with the High Resolution Echelle
Spectrometer (HIRES; Vogt et al. 1994) on the 10 m Keck I
telescope. K2-140 (EPIC 228735255) is a V= 12.6 G5 star
hosting a 1.019±0.070 MJ planet, K2-140 b, with a P= 6.57
day orbital period (Giles et al. 2018). With a/R* = 12.88, K2-
140 b is one of the widest-separation tidally detached planets
to date with a measured spin–orbit angle. This is the first
measurement in our Stellar Obliquities in Long-period
Exoplanet Systems (SOLES) survey designed to expand the
sample of Rossiter–McLaughlin measurements for wide-
separation exoplanets.
K2-140 b was first characterized using photometry from the

K2 mission (Howell et al. 2014), a repurposed extension of the
Kepler mission (Borucki et al. 2010), after two of its reaction
wheels failed. Giles et al. (2018) used radial-velocity (RV)
observations from CORALIE (Queloz et al. 2000) and the High
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Accuracy Radial velocity Planet Searcher (HARPS; Pepe et al.
2000) to confirm the planetary nature of K2-140 b and to
constrain its physical and orbital properties.

The planet was independently characterized in Korth et al.
(2019), which incorporated RV data from the FIbre-fed Échelle
Spectrograph (FIES; Telting et al. 2014) within their analysis.
While Giles et al. (2018) found a low but nonzero eccentricity
for the planet ( = -

+e 0.120 0.046
0.056), Korth et al. (2019) found that

the planet was consistent with e= 0. Data from both of these
past studies is incorporated within our joint analysis.

2. Observations

We obtained 18 RV measurements of K2-140 with the
Keck/HIRES instrument from 9:25-15:40 UT on Feb 24,
spanning a full transit of K2-140 b. Conditions were favorable
throughout most of the observing period, with typical seeing
ranging from 1 0–1 3. A spike in humidity during the post-
transit baseline observations led to a telescope dome closure at
14:40 UT, resulting in a ∼40 minute gap in data before the last
RV measurement.

All RV observations were obtained using the C2 decker
(14″× 0 861, R= 60, 000) and an iodine absorption cell,
which imprints a dense forest of molecular iodine features onto
each spectrum to enable high Doppler precision (Butler et al.
1996). The 14″ length of the C2 decker allows for direct sky
subtraction, improving RV precision for faint stars such as K2-
140. The median exposure time was 1, 119 s, with ∼34 k
exposure meter counts per spectrum.

Our data set was reduced using the California Planet Search
pipeline outlined in Howard et al. (2010), and we obtained a
typical signal-to-noise ratio of 71 per pixel from the reduced
spectra. The HIRES RV results and uncertainties can be found
in Table 1 and are shown in the rightmost panel of Figure 1.
We include the S-index and associated uncertainty at each
observation in Table 1 for reference.

We also obtained a 45 minute iodine-free HIRES exposure
of K2-140 using the B3 decker (14 0× 0 574, R= 72,000)
two nights after the measurement of the Rossiter–McLaughlin
effect, during UT Feb 26. This template observation was used
to calibrate our RVs and to precisely determine stellar

parameters (see Section 4). Conditions were favorable during
this measurement, and seeing was 1 2. Our reduced template
had a signal-to-noise ratio of 123 per pixel (106 k exposure
meter counts).

3. Obliquity Modeling

To determine the sky-projected spin–orbit angle λ for K2-
140 b, we used the allesfitter Python package (Günther &
Daylan 2021) to jointly model the in-transit HIRES RV data
together with photometry from K2 and archival RV data sets
available from the FIES, CORALIE, and HARPS spectrographs.
All fitted parameters listed in Table 2 were allowed to vary,

and each parameter was initialized with uniform priors. Initial
guesses for P, T0, icos , Rp/Rå, (Rå+ Rp)/a, K, we cos , and

we sin were obtained using values from Giles et al. (2018).
The two limb-darkening coefficients q1 and q2 were each
initialized with values of 0.5. We accounted for potential RV
offsets between each separate spectrograph, with priors bounded
by±1000m s−1. Jitter terms were modeled separately for each
instrument and added in quadrature to the instrumental
uncertainties. λ was allowed to vary between −180° and +180°.
We ran an affine-invariant Markov-chain Monte Carlo

analysis with 100 walkers to sample the posterior distributions
of all model parameters. The best-fit model parameters and
their associated 1σ uncertainties were extracted after obtaining
500,000 accepted steps per walker. Our results are listed in
Table 2 and are in good agreement with the associated values
obtained by Giles et al. (2018) and Korth et al. (2019).
The best-fit joint model is shown in Figure 1 together with each

data set included in the analysis, as well as the residuals of each fit.
The fitted and derived parameters corresponding to this model are
provided in Table 2. We obtain a low but nonzero eccentricity
= -

+e 0.069 0.028
0.042 for K2-140 b, in agreement with the value

derived by Giles et al. (2018). K2-140 is consistent with alignment,
with λ= 0.5°± 9.7° and = v isin 2.51 0.38* km s−1.

4. Stellar Parameters

An understanding of host star properties can help to
contextualize the evolutionary pathways through which a
system may have reached its current state. We extracted stellar
parameters from our Keck/HIRES template spectrum of K2-
140 using the data-driven spectroscopic modeling program The
Cannon (Ness et al. 2015; Casey et al. 2016), following the
methods of Rice & Brewer (2020).
Given a set of uniformly processed input training spectra and

associated stellar “labels”—that is, stellar parameters and
elemental abundances—The Cannon constructs a generative
model describing the probability density function of flux at
each wavelength as a function of the labels. The model can
then be applied to a new set of spectra, uniformly processed in
the same manner as the training set, to obtain the associated
stellar labels.
We trained The Cannon using the uniformly analyzed

Spectral Properties of Cool Stars (SPOCS) catalog (Brewer
et al. 2016) of 18 stellar labels, including 3 global stellar
parameters (Teff, glog , v isin *), and 15 elemental abundances:
C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni, and Y. The
sample of 1202 Keck/HIRES spectra vetted in Rice & Brewer
(2020) was applied as our training/test set.
The continuum baseline of each spectrum was uniformly fit

and divided out using the iterative polynomial fitting procedure

Table 1
HIRES Radial Velocities for the K2-140 System

Time (BJD) RV (m s−1) σRV (m s−1) S-index σS

2459269.903807 17.62 2.48 0.165 0.001
2459269.917697 1.43 2.59 0.166 0.001
2459269.931633 17.18 2.55 0.160 0.001
2459269.944029 23.36 2.58 0.168 0.001
2459269.956264 23.63 2.38 0.161 0.001
2459269.968059 22.22 2.47 0.166 0.001
2459269.978707 14.54 2.35 0.159 0.001
2459269.989634 11.66 2.34 0.160 0.001
2459270.000977 −2.85 2.31 0.165 0.001
2459270.013142 −15.76 2.19 0.167 0.001
2459270.026233 −14.19 2.41 0.163 0.001
2459270.040065 −18.89 2.45 0.160 0.001
2459270.054024 −23.71 2.41 0.159 0.001
2459270.069384 −10.01 2.63 0.161 0.001
2459270.083054 2.645 2.96 0.155 0.001
2459270.097753 −20.13 2.85 0.152 0.001
2459270.110694 −14.47 3.08 0.147 0.001
2459270.153058 −14.61 2.71 0.155 0.001
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outlined in Valenti & Fischer (2005). Then, we split the
SPOCS sample into an 80%/20% training/test split, applied
the telluric mask from Rice & Brewer (2020) to all spectra, and

trained the model, using the scatter of the test set results to
determine the uncertainties of each extracted parameter.
Finally, the trained model was applied to the newly acquired

Figure 1. Joint fit to photometry, out-of-transit RV data, and the in-transit Rossiter–McLaughlin RV data obtained for K2-140 b. The model is shown in gray, while
data is provided in color with modeled constant offsets and jitter terms included. The associated residuals are provided below each panel.

Table 2
System Properties Derived for K2-140

Parameter Description Priors Value +1σ −1σ

Fitted parameters:
Rp/RåK Planet-to-star radius ratioK  0; 1( )a 0.1163 0.0012 0.0011
(Rå + Rp)/aK Sum of radii divided by the orbital semimajor axisK  0; 1( ) 0.0960 0.0043 0.0039

icos K Cosine of the orbital inclinationK  0; 1( ) 0.0518 0.0053 0.0048
T0K Mid-transit epoch (BJD)K 2458435.7138b 2458429.1426 0.0015 0.0015
PK Orbital period (days)K  5.569188; 7.569188( ) 6.569199 1.2e-05 1.2e-05
KK RV semi-amplitude (m/s)K  0; 1000( ) 106.5 4.7 4.7

we cos K Eccentricity parameter 1K - 1.0; 1.0( ) −0.156 0.067 0.053
we sin K Eccentricity parameter 2K - 1.0; 1.0( ) 0.189 0.098 0.15

q1K Quadratic limb-darkening coefficient 1K  0.0; 1.0( ) 0.74 0.15 0.14
q2K Quadratic limb-darkening coefficient 2K  0.0; 1.0( ) 0.175 0.072 0.055
ΔRV,FIESK RV offset, FIES (m/s)K - 1000.0; 1000.0( ) 1.1287 0.0044 0.0042
ΔRV,CORALIEK RV offset, CORALIE (m/s)K - 1000.0; 1000.0( ) 1.2141 0.0083 0.0083
ΔRV,HARPSK RV offset, HARPS (m/s)K - 1000.0; 1000.0( ) 1.2459 0.0053 0.0053
DRV, HIRESK RV offset, HIRES (m/s)K - 1000.0; 1000.0( ) 0.0051 0.0034 0.0034

λK Sky-projected spin–orbit angle (°)K - 180.0; 180.0( ) 0.5 9.7 9.7
v isin *K Sky-projected stellar rotational velocity (km/s)K  0.0; 20.0( ) 2.51 0.38 0.38
Derived parameters:
Rp Planetary radius (RJ) L 1.203 0.076 0.076
Mp Planetary mass (MJ) L 1.13 0.12 0.11
b Impact parameter L 0.574 0.022 0.022
T14 Transit duration (h) L 3.946 0.016 0.016
δ Transit depth L 0.015490 4.2e − 05 4.2e − 05
a Semimajor axis (au) L 0.0575 0.0046 0.0043
i Inclination (°) L 87.03 0.27 0.30
e Eccentricity L 0.069 0.042 0.028
ω Argument of periastron (°) L 131 38 20
u1 Limb-darkening parameter 1 L 0.300 0.088 0.080
u2 Limb-darkening parameter 2 L 0.56 0.15 0.16

Notes.
a  a b;( ) is a uniform prior with lower and upper limits a and b, respectively.
b We provided a reference value for T0. During the fit, allesfitter can shift epochs to the data center to derive an optimal T0.
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K2-140 Keck/HIRES template spectrum. A segment of the
obtained model spectrum is shown in comparison with the
HIRES template data in Figure 2.

Our results are provided in Table 3 together with estimates
from previous works for reference. Our values for Teff, glog , and
[Fe/H] are in agreement with those acquired in previous studies.
The v isin * value obtained using The Cannon is lower than
previous estimates but is in agreement with the RM joint fit
results and Korth et al. (2019) within 1σ. We find that K2-140 is
metal enriched relative to solar abundances, consistent with past
evidence showing that short-period giant planets are more
common around metal-rich stars (Fischer & Valenti 2005).

5. Discussion

5.1. Implications of the Low λ of K2-140 b

At Teff= 5585 K, K2-140 should have a convective
envelope. In the framework of equilibrium tides, the planet’s
timescale for realignment from turbulent friction would thus
follow

t =
M M

a R10 yr

40
, 1CE

p

10

2

6

*

*⎛
⎝

⎞
⎠( )

( )

where τCE is the realignment timescale for host stars with
convective envelopes, and Mp/M* is the planet-to-star mass
ratio (Zahn 1977; Albrecht et al. 2012). For K2-140 b,
τCE= 1.2× 1013 yr, longer than the age of the Universe. As
a result, we conclude that K2-140 b was likely aligned at the
time of protoplanetary disk dispersal.

The theory of equilibrium tides presented in Equation (1) is
employed as a simplified heuristic for a broader theoretical
framework that has substantially advanced over recent years
(Ogilvie 2014). A key problem in the equilibrium tides
framework is that, under standard assumptions, hot Jupiters
should experience rapid orbital decay. Lai (2012) demonstrated
that one component of the tidal potential (the “obliquity tide”)
can excite inertial waves in the convective envelopes of cool
stars, which, when damped, can enhance dissipation of the

stellar obliquity without shrinking the companion’s orbit.
Obliquity tides have been further explored in additional work
(Ogilvie 2013; Lin & Ogilvie 2017; Anderson et al. 2021).
While obliquity tides are not included in our analysis, previous
work has demonstrated that Equation (1) is a useful heuristic
revealing that low-obliquity systems tend to have shorter tidal
timescales than high-obliquity systems (Albrecht et al. 2012).
K2-140 b is one of only 13 giant planets with a measured

spin–orbit angle at a/R* > 12, as shown in the left panel of
Figure 3. Of these planets, it is one of only a few with an
aligned orbit despite its long tidal realignment timescale. The
alignment of K2-140 b suggests that at least some hot Jupiters
form through quiescent pathways, such as in situ formation or
disk migration in an initially aligned disk.
The highly misaligned planets at large a/R* each have high

eccentricities (right panel of Figure 3), indicative of strong
dynamical interactions that may have produced both elevated
obliquities and eccentricities. The coexistence of this popula-
tion with the dynamically quiescent K2-140 system at large
a/R* suggests that there are multiple hot-Jupiter formation
channels.

Figure 2. Sample segment of the model spectrum returned by The Cannon,
shown alongside the K2-140 HIRES template spectrum in the vicinity of the
Mg Ib triplet (lines at 5167, 5172, and 5183 Å).

Table 3
Stellar Parameters for K2-140

Parameter Unit The Cannon RM Joint Fit Giles+ 2019 Korth+ 2019
(This Work) (This Work)

Teff K 5610 ± 59 L 5654 ± 55 5585 ± 120
logg cm/s2 4.4 ± 0.1 L -

+4.452 0.009
0.010 4.4 ± 0.2

v isin * km/s 2.31 ± 1.07 2.51 ± 0.38 3.8 ± 0.2 3.6 ± 1.0
[Fe/H] dex 0.18±0.04 L 0.12 ± 0.045 0.10 ± 0.10
[C/H] dex 0.14 ± 0.08 L L L
[N/H] dex 0.05 ± 0.09 L L L
[O/H] dex 0.06 ± 0.09 L L L
[Na/H] dex 0.13 ± 0.07 L L 0.12 ± 0.10
[Mg/H] dex 0.12 ± 0.04 L L 0.27 ± 0.10
[Al/H] dex 0.22 ± 0.13 L L L
[Si/H] dex 0.18 ± 0.05 L L L
[Ca/H] dex 0.24 ± 0.04 L L 0.12 ± 0.10
[Ti/H] dex 0.24 ± 0.05 L L L
[V/H] dex 0.17 ± 0.06 L L L
[Cr/H] dex 0.19 ± 0.05 L L L
[Mn/H] dex 0.18 ± 0.06 L L L
[Ni/H] dex 0.18 ± 0.05 L L 0.20 ± 0.10
[Y/H] dex 0.23 ± 0.12 L L L
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No neighboring planets have yet been found in the K2-140
system, despite previous observations showing that inner,
coplanar companions are common for slightly longer-period
warm Jupiters (10< P< 200 days; Huang et al. 2016) and
predictions that outer, mutually-inclined companions with
P 100 days should be regularly produced by in situ
hot-Jupiter formation via core accretion (Batygin et al. 2016).
However, additional low-mass or distant planets in the system
cannot be ruled out by the existing observations, with RV
residuals of tens of m s−1 and an observing baseline of only
∼4 yr.

5.2. Motivation for Additional Obliquity Measurements in
Tidally Detached Systems through SOLES

Existing Rossiter–McLaughlin measurements of wide-orbit-
ing planets suggest that this population may have an
intrinsically different spin–orbit angle distribution from the
shorter-period hot-Jupiter population. In particular, the trend of
systematically lower obliquities observed for stars at tempera-
tures below the Kraft break (Teff≈ 6100 K; Kraft 1967;
Schlaufman 2010; Winn et al. 2010), which may result from
tidal damping (e.g., Wang et al. 2021), is not immediately
evident at longer orbital periods, as shown in Figure 4.

Conversely, Figure 4 reveals tentative (2.79σ) evidence that
relatively long-period planets (P> 5 days) around hot stars are
preferentially less misaligned than their shorter-period counter-
parts. Furthermore, the most misaligned P> 5 day planet in the
middle panel, KELT-6 b (P= 7.8 days, |λ|= 36° ± 11°; Damasso
et al. 2015), orbits a star directly bordering the nominal Kraft
break (Teff= 6102 K; Collins et al. 2014), making it an
ambiguous member of its group. We note that hot stars typically
have larger radii and thus stronger tidal dissipation at a given
orbital period; however, a similar trend has also been previously
suggested for a smaller population of planets at large a/R*
(Yu et al. 2018).

Longer-period planets have comparatively long tidal align-
ment timescales, especially around hot stars. The small spin–
orbit angles observed for exoplanets around hot stars, therefore,
may suggest that protoplanetary disks tend to be aligned at the
time of gas dispersal (in contrast with a primordial spin–orbit

misalignment from a tilted disk; Batygin 2012; Spalding &
Batygin 2015). In this case, hot Jupiters would need to obtain
their misalignments after the protoplanetary disk has dispersed,
favoring high-eccentricity migration as an important formation
mechanism (e.g., Wu & Murray 2003; Fabrycky & Tremaine
2007). Most of the misaligned planets at P> 5 days are on
eccentric orbits, suggesting that interactions with stellar or
planetary companions in the systems may have induced both
elevated obliquities and eccentricities.
If a growing sample of spin–orbit angles at P> 5 days

reveals that cool stars below the Kraft break are preferentially
more misaligned than hotter stars above the Kraft break, this
may also be suggestive of interactions with additional
companions. In the presence of an external, inclined Jovian-
mass companion, spin–orbit misalignments can be excited
preferentially in cool-star systems due to a secular resonance
between the host star’s spin axis precession frequency and
nodal precession induced by interactions with the companion
(Anderson & Lai 2018). Cool stars spin down over time due to
magnetic braking, enabling this resonant excitation. Hot stars,
by contrast, lack a convective envelope and continue to rapidly
rotate over their lifetimes. As a result, irrespective of the
external giant planet companion rate around hot stars, this
mechanism should occur only in cool-star systems.
The substantially inclined companions necessary to induce

this mechanism would also be capable of exciting the inner
planet’s orbital eccentricity. This may be reflected by the
apparent increase in both misalignments and eccentricities for
long-period planets around cool stars, shown in the top panel of
Figure 4. Conversely, the alignment of K2-140 b and similar
planets on low-eccentricity orbits indicates that they should not
have nearby giant planet companions with large (>10°) mutual
inclinations within ∼2 au.
If the trend of large misalignments for cool stars hosting

tidally detached planets persists, while misalignments remain
small for their hot-star counterparts, further monitoring would
be warranted to constrain the long-period giant planet
companion rate for misaligned cool-star systems. Additional
observations are needed to parse the emerging relationship

Figure 3. Left: K2-140 b relative to other Rossiter–McLaughlin measurements of giant planets (M > 0.3MJ) in the TEPCat catalog (Southworth 2011), with a and R*
obtained through cross matching with the NASA Exoplanet Archive and missing values filled in from the Extrasolar Planets Encyclopaedia. In a/R* space, K2-140 b
lies just exterior to most planets with measured spin–orbit angles. This makes it one of only a handful of planets with a tidal realignment timescale τ? stellar age,
such that it would not have had time to realign if it had been misaligned at the time of protoplanetary disk dispersal. Right: distribution of measured obliquities as a
function of eccentricity for planets with e > 0. The range of measured λ values is larger at high e for planets orbiting stars both above and below the Kraft break.
Planets with |λ| > 40° and e > 0.01 are outlined in red in both panels. Among the planets with e ≠ 0, the spread in misalignments is larger at higher eccentricities.
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between stellar temperature, eccentricity, and obliquity for
wide-separation planets.
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