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Abstract

We introduce the OATMEAL survey, an effort to measure the obliquities of stars with transiting brown dwarf
companions. We observed a transit of the close-in (Porb= 1.74 days) brown dwarf GPX-1 b using the Keck Planet
Finder spectrograph to measure the sky-projected angle between its orbital axis and the spin axis of its early F-type
host star (λ). We measured λ= 6°.9± 10.°0, suggesting an orbit that is prograde and well aligned with the stellar
equator. Hot Jupiters around early F stars are frequently found to have highly misaligned orbits, with polar and
retrograde orbits being commonplace. It has been theorized that these misalignments stem from dynamical
interactions, such as von Zeipel–Kozai–Lidov cycles, and are retained over long timescales due to weak tidal
dissipation in stars with radiative envelopes. By comparing GPX-1 to similar systems under the frameworks of
different tidal evolution theories, we argued that the rate of tidal dissipation is too slow to have re-aligned the
system. This suggests that GPX-1 may have arrived at its close-in orbit via coplanar high-eccentricity migration or
migration through an aligned protoplanetary disk. Our result for GPX-1 is one of few measurements of the
obliquity of a star with a transiting brown dwarf. By enlarging the number of such measurements and comparing
them with hot-Jupiter systems, we will more clearly discern the differences between the mechanisms that dictate
the formation and evolution of both classes of objects.
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Unified Astronomy Thesaurus concepts: Brown dwarfs (185); Close binary stars (254); Exoplanet dynamics (490);
Star-planet interactions (2177); Exoplanet migration (2205)

1. Introduction

Historically, giant planets and brown dwarfs have been
delineated based on mass, with a dividing line at the deuterium-
burning limit (13MJ) (e.g., D. S. Spiegel et al. 2011). However,
some argue that it is more sensible to classify these objects based
on their formation mechanisms and subsequent orbital evolution.
While different formation mechanisms likely correlate with mass,
there is currently no theoretical prediction or empirical evidence
that 13MJ has any special significance in the process. For instance,
formation via core accretion (J. B. Pollack et al. 1996), which is
thought to create most Jupiter-size planets, is possibly capable of
forming objects 10–20 times more massive than Jupiter. Formation
via gravitational instability (A. P. Boss 1997), which is believed to
form very massive giant planets and low-mass stars efficiently,
may be able to form objects as low mass as 2MJ (e.g., T. Matsuo
et al. 2007). Postformation evolution mechanisms, such as
migration through the protoplanetary disk and high-eccentricity
migration, are also believed to depend on companion mass (e.g.,
R. I. Dawson & J. A. Johnson 2018). We can infer these histories
by statistically characterizing the occurrence rates and orbital
properties of giant planets and brown dwarfs.

The first studies of giant planet and brown dwarf demographics
came from radial velocity surveys of Sun-like stars. Early analyses
of their occurrence rates found a notable dearth of “brown-dwarf-
mass” (hereafter 13−80MJ, for the sake of convenience) objects
compared to “planetary-mass” (hereafter <13MJ) and “stellar-
mass” (hereafter >80MJ) objects at orbital separations less than
∼1 au (e.g., D. Grether & C. H. Lineweaver 2006). This dearth,
referred to by some as the brown dwarf “desert,” suggests that
brown dwarfs are either unable to form close to Sun-like stars as
efficiently as giant planets, or that they are rarely transported
inward from their birthplaces. B. Ma & J. Ge (2014) examined a
sample of brown dwarfs detected via transit and radial velocity to
explore the orbital properties of those in the desert, finding that
those with masses below 42.5MJ have orbital eccentricities
resembling giant planets and those with masses above about
42.5MJ have orbital eccentricities resembling stellar companions,
potentially suggesting that this mass divides planet-like and star-
like formations. K. C. Schlaufman (2018) used a similar sample to
inspect how the occurrences of giant planets and brown dwarfs
depend on host star metallicity, finding evidence that objects with
masses <4MJ tend to orbit metal-rich stars and more massive
objects tend to orbit stars with a wide range of metallicities, hinting
that the lower-mass objects preferentially form via core accretion.

Direct imaging surveys have also provided insight into the
differences between giant planet and brown dwarf formation. For
instance, E. L. Nielsen et al. (2019) showed that for orbital
separations of 10–100 au, the occurrence rate of brown dwarfs is
lower than that of giant planets by a factor of ∼10, suggesting that
the efficiencies of brown dwarf and giant planet formation
mechanisms differ dramatically. B. P. Bowler et al. (2020, 2023)
showed that wide-separation brown dwarfs tend to have orbits that
are more eccentric and more misaligned with the equators of their
host stars compared to wide-separation giant planets32 M. L. Bryan
et al. (2020, 2021) showed through measurements of the stellar

spin axes, inclinations of the orbit normals, and brown dwarf
spin axes of multiple systems that both the spins and orbits of
wide-separation brown dwarfs are often misaligned with the
spins of their stars. In general, these observations support the
notion that wide-separation brown dwarfs frequently form via
fragmentation of the protoplanetary disk or molecular cloud
core (e.g., R. H. Durisen et al. 2007; M. R. Bate et al. 2010;
M. R. Bate 2012; S. S. R. Offner et al. 2016).
Analogous experiments can be carried out for transiting giant

planets and brown dwarfs in close-in orbits. Because these
close-in objects are thought to form farther from their stars than
the locations in which they are observed today, their occurrence
rates and orbits are likely linked more closely to their orbital
evolutions than their formation (R. I. Dawson & J. A. John-
son 2018). Several calculations of the hot-Jupiter occurrence
rate around Sun-like stars have been conducted using data from
the Kepler (W. J. Borucki et al. 2010) and K2 (S. B. Howell
et al. 2014) missions, revealing a frequency of ∼1% (e.g.,
A. W. Howard et al. 2012). More recently, TESS (G. R. Ricker
et al. 2015) has enabled investigations of hot-Jupiter occurrence
rate as a function of stellar mass. These studies have hinted that
these planets may be less common around A-type and M-type
stars than around G-type stars (G. Zhou et al. 2019b; M. Bel-
eznay & M. Kunimoto 2022; E. M. Bryant et al. 2023; T. Gan
et al. 2023), although the underlying cause of this trend is
unknown. Similarly reliable occurrence-rate calculations have
yet to be performed for transiting brown dwarfs because
relatively few have been found.
Stellar obliquity measurements that leverage the Rossiter–

McLaughlin effect (D. B. McLaughlin 1924; R. A. Rossiter 1924)
and the Doppler shadow technique (A. Collier Cameron et al.
2010) have also provided a window into the dynamical histories
of hot Jupiters. J. N. Winn et al. (2010) first identified a trend in
the obliquities of stars with hot Jupiters, noting that stars with
effective temperatures above the Kraft break (Teff 6250 K) tend
to have spin axes that are misaligned with the orbital axes of their
planets, whereas cooler stars generally exhibit spin–orbit align-
ment. This finding led to two key hypotheses: (1) the processes
that transport hot Jupiters from their formation locations to their
current close-in orbits often leave them in orbits that are
misaligned with the equators of their host stars; and (2) the
ability of a star to tidally realign with the orbit of a hot Jupiter
depends on Teff. In relation to the former, several mechanisms
have been proposed that are capable of tilting the orbit of a hot
Jupiter, although the data seems most consistent with scattering or
secular interactions with a massive outer companion followed by
high-eccentricity migration (R. I. Dawson & J. A. Johnson 2018;
M. Rice et al. 2022). In relation to the latter, it is believed that stars
with radiative envelopes (Teff 6, 250 K) are far less efficient at
damping tides excited by their close-in planets than cool stars,
causing a drastic discrepancy in the tidal realignment timescale
and creating the dichotomy in stellar obliquities observed today.
Stellar obliquity measurements for transiting brown dwarf

systems are much less common than those for transiting planet
systems, largely due to the rarity of transiting brown dwarfs.
However, this limitation is being lifted thanks to TESS, which
has significantly increased the number of known transiting
brown dwarfs around relatively bright (V< 13) stars (e.g.,
T. W. Carmichael et al. 2020; T. W. Carmichael et al. 2021;

32 Although we note that the analysis of orbital eccentricities has been shown
to be highly sensitive to the choice of priors (e.g., C. R. Do Ó et al. 2023;
V. Nagpal et al. 2023).
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N. Grieves et al. 2021; T. W. Carmichael et al. 2022; A. Psaridi
et al. 2022; Z. Lin et al. 2023; N. Vowell et al. 2023). These
discoveries provide the exciting opportunity to investigate the
stellar obliquity distribution of stars with close-orbiting brown
dwarfs and compare it to that of hot Jupiters. If close-in brown
dwarfs tend to have orbits that are aligned with the equators of
their host stars—especially when the stars are hot or the brown
dwarfs orbit their stars at distances large enough for tides to be
negligible—it would suggest that brown dwarfs spiral inwards
via disk-driven migration (e.g., C. Baruteau et al. 2014;
A. Tokovinin & M. Moe 2020) or coplanar high-eccentricity
migration (e.g., C. Petrovich 2015). If these systems instead
have a wide range of stellar obliquities, it would point to
noncoplanar forms of secular excitation followed by high-
eccentricity migration (e.g., D. Fabrycky & S. Tremaine 2007)
or dynamical capture (e.g., J. Dorval et al. 2017) as the primary
migration mechanisms.

As of today, obliquities have been published for only five of the
roughly fifty stars known to have transiting brown dwarfs:
CoRoT-3 (A. H. M. J. Triaud et al. 2009), KELT-1 (R. J. Siverd
et al. 2012), WASP-30 (A. H. M. J. Triaud et al. 2013), HATS-70
(G. Zhou et al. 2019a), and TOI-2533 (T. Ferreira et al. 2024). Of
these four, three orbit stars hotter than the Kraft break (the
exceptions being WASP-30 and TOI-2533), and they are all
consistent with good alignment (i.e., all have sky-projected stellar
obliquities 45°). These three results hint that transiting brown
dwarf systems may generally have lower stellar obliquities than
transiting hot-Jupiter systems, but the sample size is too small to
reliably probe the underlying obliquity distribution. Here, we
introduce the OATMEAL (Orbital Architectures of Transiting
Massive Exoplanets And Low-mass stars) survey, a coordinated
effort to increase the number of transiting brown dwarf systems
with stellar obliquity measurements. We report the first result of
this survey: the stellar obliquity of the early F-type star GPX-1,
which hosts a 19.7± 1.6MJ brown dwarf with a 1.74 days orbital
period (P. Benni et al. 2021).

This paper is structured as follows. In Section 2, we describe
our observations collected with the Keck Planet Finder (KPF)
spectrograph and the related data reduction. In Section 3, we
outline our analysis of the data and report the stellar obliquity.
In Section 4, we examine the possibility that the system could
have undergone spin–orbit realignment and discuss plausible
formation and migration scenario for the brown dwarf. Lastly,
in Section 5, we provide concluding remarks.

2. Observations

We observed a transit of GPX-1 b on 2023 September 25 UT
using the KPF spectrograph on the 10 m Keck I telescope
(S. R. Gibson et al. 2016, 2018, 2020). We took 29 500 s
exposures between 10:28 and 15:10 UT, achieving signal-to-
noise ratios between 80 and 90 within 500–600 nm after
stacking the three slices of the science fiber. These observations
spanned of the brown dwarf, which took place between
11:05 UT and 13:10 UT, and approximately 2 hr of posttransit
baseline. Every 60 minutes, we acquired a calibration exposure
using a Fabry–Pérot etalon in order to track and correct for
intranight instrumental drift. The data was reduced using the
publicly available KPF pipeline,33 which produces wavelength-
calibrated and barycentric-corrected spectra for each order on
the CCD.

We note that there is a gap in the data between 12:18 and
12:52 UT, which was due to a software malfunction related to
the tip-tilt mirror used for guiding. However, as we show
below, this gap in the data did not significantly impact our
ability to measure the stellar obliquity of the system.

3. Analysis and Results

The goal of our observations were to measure the sky-
projected obliquity (λ) of the star GPX-1, or the sky-projected
angle between its spin axis and the orbital axis of its transiting
brown dwarf companion. For each spectrum, we calculated the
stellar line profile using the least-squares deconvolution (LSD)
method (J.-F. Donati et al. 1997). Calculation of the profile
via LSD required a binary mask of stellar lines, which we
obtained from version 3 of the Vienna Atomic Line Database
(T. Ryabchikova et al. 2015) for a star with properties matching
those of GPX-1 reported in P. Benni et al. (2021). Next, we
narrowed down this line list by inspecting the collected spectra
for lines that are deep enough to see visually, are relatively free
from blends arising from rotational broadening, and are
uncontaminated by strong telluric features (e.g., the molecular
oxygen A and B bands). These 184 lines provided the best
characterization of the stellar line profile.
We examined the Doppler Shadow of GPX-1 using the

method described in F. Dai et al. (2020). In short, we subtracted
the average out-of-transit line profile from the in-transit line
profile. Figure 1 shows the line profile residuals as a function of
time and stellar-centric velocity. The Doppler shadow of GPX-
1 is the blue diagonal feature in the lower half of the diagram.
The flux deficit in the line profile moves from the blueshifted to
the redshifted limb of the host star. This is expected if the BD is
on an aligned orbit around the host star. The star is assumed to
have solid-body rotation, while GPX-1 is assumed to have a
circular orbit (P. Benni et al. 2021) with elements fixed at the
median values reported by (P. Benni et al. 2021). The only
exceptions are the impact parameter and sky-projected
obliquity of the BD which were allowed to vary freely in our
Doppler shadow model. In the model, we synthesized line
profiles by pixelating the host star. Each pixel is assigned a
line-of-sight rotational velocity, limb darkening, and macro-
turbulence, all of which are nuisance parameters that are
marginalized in posterior sampling. Our posterior sampling is
performed with nested sampling code using DYNESTY
(J. S. Speagle 2020) using the default sampling settings. We
found λ= 6°.9± 1°.7 and v isin 50.77 2.62

2.27= -
+ km s−1, suggest-

ing a prograde orbit that is well aligned with the stellar equator.
We note that this uncertainty on λ is likely underestimated as it
does not include any systematic errors associated with various
above-mentioned assumptions and additional effects not
included in the model, such as instrumental line profile
variations. We predict the true uncertainty to be 3–6 times
higher than that provided by our fit. To err on the conservative
side, we instead report an obliquity of λ= 6°.9± 10°.0. Lastly,
we stress that because we do not know the inclination of the
stellar spin axis, the true 3D stellar obliquity may be higher.
GPX-1 likely has a fully radiative exterior and a spotless
surface, making it challenging to determine the rotation period
(and therefore inclination) of the star. Indeed, we found no
evidence of starspot modulation in the TESS data.33 https://github.com/Keck-DataReductionPipelines/KPF-Pipeline
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4. Discussion

We display GPX-1 in the context of other transiting hot
Jupiter and brown dwarf systems with λ measurements in the
top panel of Figure 2. Like other stars with massive hot Jupiters
and close-in brown dwarfs for which λ is known, GPX-1 is
consistent with spin–orbit alignment. This measurement
contrasts with those of hot-Jupiter hosts with Teff� 7000 K,
for which the lowest measured λ is 21° 4

5
-
+ (HAT-P-69; G. Zhou

et al. 2019b).
The observation of good alignment raises the question of

whether GPX-1 b arrived at its close-in orbit on an already-
aligned orbit or if the system was able to achieve spin–orbit
realignment on a shorter timescale than systems with hot
Jupiters. On one hand, GPX-1 b is more massive

(m= 19.7± 1.6MJ; P. Benni et al. 2021) than most hot
Jupiters, which should correspond to a faster tidal realignment.
On the other hand, GPX-1 is hot enough to have a fully
radiative outer envelope and is estimated to be relatively young
(Age 0.27 0.15

0.09= -
+ Gyr; P. Benni et al. 2021), meaning that tidal

damping in the star may not have been efficient enough to
realign the system to its current orientation. Here, we consider
whether or not enough time has transpired for the GPX-1 to
have realigned tidally, assuming the reported age is accurate.
A common method of determining if a system has previously

undergone significant tidal evolution is by assessing whether
the system has reached tidal equilibrium, which is characterized
by a circular orbit, spin–orbit alignment, and synchronous
rotation (P. Hut 1980). In general, a tidal equilibrium state is

Figure 1. Left: residuals of the stellar line profile across the transit of GPX-1 b. The dotted lines indicate the confines of the transit and the v isin of the star. The
transit occurs between −1 and 1 hr from midtransit. The diagonal blue line is visible in transit is the Doppler shadow of the brown dwarf. The gap in the data near
transit egress was due to a guiding malfunction that temporarily prevented data acquisition. Right: the best-fit model of the line profile residuals, which are consistent
with a sky-projected stellar obliquity of λ = 6°. 9 ± 1°. 7. However, we ultimately adopted λ = 6°. 9 ± 10°. 0 to account for systematic uncertainty in the model.

Figure 2. Sky-projected stellar obliquity (|λ|) vs. stellar effective temperature (Teff) for systems with low-mass hot Jupiters (light gray dots), massive hot Jupiters (dark
gray squares), and close-in brown dwarfs (blue circles). GPX-1 is the yellow star. The dashed vertical red line and surrounding shaded area is the Kraft break regime
(we adopt TKraft = 6250 K). The data for the hot Jupiters were taken from Tables A1 and A2 of S. H. Albrecht et al. (2022), which were originally sourced from
TEPCat (J. Southworth 2011). The four previously characterized transiting brown dwarf systems are WASP-30 (Teff = 6208 ± 85 K, |λ| = 7° ;27

19
-
+ A. H. M. J. Triaud

et al. 2013), KELT-1 (Teff = 6471 ± 50 K, |λ| = 2 ± 16°; R. J. Siverd et al. 2012), CoRoT-3 (Teff = 6558 ± 50 K, |λ| = 38° ;22
10

-
+ A. H. M. J. Triaud et al. 2009),

HATS-70 (Teff = 7930 ± 180 K, |λ| = 8°. 9 ;4.5
5.6

-
+ G. Zhou et al. 2019a), and TOI-2533 (T 6183eff 84

16= -
+ K, |λ| = 7 ± 14°; T. Ferreira et al. 2024). Note that WASP-30

and TOI-2533 are overlapping. GPX-1 contributes to growing trend for hot stars with close-in brown dwarfs and massive hot Jupiters to have lower values of λ than
hot stars with low-mass hot Jupiters, although the sample size is still too small to claim that these populations differ in a statistically significant way.
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achieved if the total angular momentum of the system Ltot is
larger than some critical value Lcrit, where

( ) ( )  L L M R mr n 1tot orb
2 2a a= + +

and

⎡
⎣⎢

⎤
⎦⎥

( ) ( )


  L

G M m

M m
M R mr4

27
. 2crit

2 3 3
2 2

1 4

a a=
+

+

Here, ( )


L Ga e1M m

M morb
2= -

+
is the orbital angular

momentum, G is the gravitational constant, a is the semimajor
axis, e is the orbital eccentricity, Må is the mass of the host star, Rå
is the radius of the host star, m is the mass of the companion, r is
the radius of the companion, αå= 0.06 is the square of the radius
of stellar gyration, α= 0.26 is the square of the radius of
companion gyration, and n is the mean motion (S. Matsumura et al.
2010). We adopted parameters for the GPX-1 system
from P. Benni et al. (2021): a= 0.0338± 0.0003 au, e= 0,
Må= 1.68± 0.10Me, Rå= 1.56± 0.10Re, m= 19.7± 1.6MJ,
r= 1.47± 0.10RJ. Assuming iå= 90°, we calculated Ltot/Lcrit=
1.032± 0.024 for GPX-1. This represents the minimum possible
ratio, as lower values of iå correspond to faster stellar rotation
speeds and therefore higher values of Ltot. Assuming an isotropic
distribution of possible stellar spin vectors, we found the possible
system orientations divided roughly evenly between “Darwin
stable” (at higher iå; corresponding to a system where the orbit of
the companion no longer evolves tidally) and “Darwin unstable”
(at lower iå; corresponding to a system where the orbit of
the companion will eventually decay to within the Roche limit
of the star). By comparison, we calculated minimum values of
Ltot/Lcrit= 1.198± 0.034 for CoRoT-3 (A. H. M. J. Triaud et al.
2009), Ltot/Lcrit= 0.995± 0.011 for KELT-1 (R. J. Siverd et al.
2012), Ltot/Lcrit= 1.51± 0.09 for WASP-30 (A. H. M. J. Triaud
et al. 2013), Ltot/Lcrit= 0.951± 0.014 for HATS-70 (G. Zhou et al.
2019a), and Ltot/Lcrit= 2.09± 0.05 for TOI-2533 (T. Ferreira et al.
2024). Taken at face value, these numbers suggest that many close-
in brown dwarfs have reached, or are close to reaching, a state of
tidal equilibrium (e.g., N. Husnoo et al. 2012). However, we also
see that these ratios do not correlate with measured spin–orbit
angles. For example, CoRoT-3 should be in tidal equilibrium but
was measured to have a relatively high degree of misalignment
with λ= 38° 22

10
-
+ , indicating that tides have not yet fully realigned

the spin of the star with the orbit of its companion.34 Additionally,
over half of hot stars with known misaligned (λ> 30°) hot Jupiters
also have Ltot/Lcrit> 1. This tidal equilibrium metric therefore does
not appear to be a reliable predictor of spin–orbit realignment due
to tidal damping in hot stars.

Alternatively, we can estimate the timescale of spin–orbit
realignment predicted by different tidal damping frameworks.
Multiple theories have been proposed to explain the distribu-
tion of stellar obliquities for close-in exoplanet systems (we
refer the reader to Section 4 of S. H. Albrecht et al. 2022 for a
summary); we explore a few of these theories here.

First, we acknowledge that previous studies of spin–orbit
realignment have often utilized classical equilibrium-tide
theory (e.g., J. N. Winn et al. 2010; R. I. Dawson 2014;

M. Rice et al. 2022). However, as is discussed and
demonstrated in S. H. Albrecht et al. (2022), equilibrium tides
alone cannot reproduce the observed distribution of close-in
companions around hot stars. One major issue with equili-
brium-tide theory is that it predicts the obliquity realignment
timescale to be comparable to the orbital decay timescale of the
close-in companion. If this were the case, most hot Jupiters
around cool stars that have tidally realigned would have also
been engulfed, which is inconsistent with the data. In addition,
realignment via equilibrium tides is typically thought to be
dependent on interactions between the orbit of the close-in
companion and the convective envelope of the star (e.g.,
P. Hut 1980), which hot stars like GPX-1 do not have. We
therefore turn to other frameworks for estimating the realign-
ment timescale.
J. P. Zahn (1975, 1977) calculated the synchronization times

of F and A binary stars, assuming internal gravity waves tidally
excited at the base of the star’s envelope dissipate by radiative
diffusion. S. Albrecht et al. (2012) used this synchronization
time as a proxy for the obliquity realignment timescale for
substellar companions:

⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )
  

Q
m

M

m

M

a

R
1 , 3RA

2 5 6 17 2

t µ +
- -

where Qå is the stellar tidal quality factor. An honest
calculation of Qå is complex (see e.g., J. P. Zahn 1975;
J. R. Hurley et al. 2002; D. Kushnir et al. 2017; Y. Su &
D. Lai 2022). Instead, we compare the relative value of τRA for
stars with Teff> 6250 K, assuming a common value of Qå, in
order to search for trends with λ and put GPX-1 into context
with similar systems. The results of this calculation are shown
in Figure 3.
According to this relative timescale, GPX-1 should realign

quicker than most other hot Jupiters and brown dwarfs. The
brown dwarf with a smaller τRA than GPX-1 is KELT-1, which
R. J. Siverd et al. (2012) argued has likely synchronized with the
orbit of the close-in companion due to tidal interactions. This
argument was made by comparing the approximate equatorial
velocity of the star, calculated using v isin and assuming
iå= 90°, with the orbital velocity of the companion. G. Zhou et al.
(2019a) used the same reasoning to argue that HATS-70 is not
synchronized with the orbit of its brown dwarf companion and
therefore has not undergone significant tidal evolution. We can
say the same for GPX-1 and its companion, which have an
equatorial velocity of 50.77 2.62

2.27
-
+ km s−1 (assuming iå= 90°) and

an orbital velocity of 211± 2 km s−1, respectively.35 Indeed,
GPX-1 and HATS-70 have roughly equal values of τRA. This
suggests that either (1) the GPX-1 and HATS-70 systems have
not yet undergone significant tidal evolution, or (2) tidal
realignment occurs significantly faster than tidal synchroniza-
tion in hot stars.
Another popular driver of tidal evolution is resonance

locking, the process by which the orbit of the close-in
companion couples with the gravity mode of the star
(G. J. Savonije 2008; J. Fuller 2017; L. Ma & J. Fuller 2021;
J. J. Zanazzi & Y. Wu 2021). Recently, J. J. Zanazzi et al.
(2024) showed that resonance locking can explain the

34 Although we note that this measurement has relatively large error bars and
that more precise observations could plausibly yield a much smaller λ.

35 Of course, one could satisfy the synchronization condition with a smaller
value of iå, but a smaller iå would also result in a higher 3D stellar obliquity.
There is therefore no situation in which both synchronization and spin–orbit
alignment can be achieved.
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distribution of stellar obliquities as a function of stellar Teff. In
short, this mechanism can explain the low obliquities of cool
stars and the high obliquities of hot stars because g-mode
frequencies increase substantially over the main-sequence
phase in stars with radiative cores, whereas g-mode frequencies
remain relatively constant in stars with convective cores. For a
system in resonance lock, this frequency evolution drives
strong tidal evolution. Under this framework, the evolution of
the 3D obliquity (ψ) goes like

⎜ ⎟⎛
⎝

⎞
⎠

( )


d

dt

J

J t
cos

1

3 sin
4orb

ev

y
y

y
+

where tev is the timescale of g-mode frequency evolution,
Jorb=ma2Ω,    J M R0.04 2~ W for F and A stars,

GM a3W = , and Ωå is the stellar spin frequency. Here,
we estimate tev for the star as a function of age by interpolating
the data in Figure 6 of J. J. Zanazzi et al. (2024) and we assume
ψ≈ λ (i.e., iå≈ 90°). The evolution of λ for four different
initial misaligned orientations is shown in Figure 4. The model
predicts that for an initial misaligned orbit, very little λ

evolution would have occurred in the GPX-1 system thus far.
In other words, realignment via resonance locking cannot
explain the low obliquity of GPX-1 that we observe today.

These interpretations are compatible with a primordially
aligned system produced by inward migration via disk
migration (C. Baruteau et al. 2014; A. Tokovinin &
M. Moe 2020) or coplanar high-eccentricity migration (C. Pet-
rovich 2015). We note that the latter preferentially occurs in the
presence of a more massive outer companion responsible for
the excitation of the orbital eccentricity of the inner companion.
This would necessitate the existence of an additional
undetected brown dwarf or star in the outer system, which
may be detectable in upcoming Gaia data releases (e.g., Gaia
Collaboration et al. 2023). In either case, these migration
mechanisms require the brown dwarf to have formed near the
midplane of the protoplanetary disk, pointing to core accretion

or disk fragmentation as the most likely formation mechanisms
for GPX-1 b.

5. Conclusion

We reported a sky-projected obliquity of λ= 6°.9± 10°.0 for
the early F-type star GPX-1, which hosts a close-in transiting

Figure 3. Relative realignment timescales using the scaling relation from J. P. Zahn (1975, 1977; i.e., Equation (3)), normalized to that of GPX-1. Only hot Jupiters
and brown dwarfs orbiting hot (Teff > 6250 K) stars are included, with the exception of the transiting brown dwarf system WASP-30, which straddles the Kraft break.
From lowest to highest τRA, the brown-dwarf-hosting stars are KELT-1, HATS-70 (partially obstructed by GPX-1), WASP-30, CoRoT-3, and TOI-2533. We note that
the timescales for WASP-30 and TOI-2533 may not be fully representative of realignment in those systems because they likely have convective envelopes, but we
include them for the sake of completeness. GPX-1 has a predicted timescale roughly 100× longer than KELT-1, which is believed to have undergone significant tidal
evolution (R. J. Siverd et al. 2012), and roughly equal to HATS-70 (partially hidden underneath GPX-1 in the figure), which is thought to have undergone relatively
little tidal evolution (G. Zhou et al. 2019a).

Figure 4. Simulated evolution of λ in the GPX-1 system using the resonance
locking framework from J. J. Zanazzi et al. (2024) for four different initial
misaligned values of λ. These simulations assume that the orbit of the brown
dwarf begins close in and circular (i.e., we ignore the tidal evolution of
semimajor axis and eccentricity). The red dashed line is the approximate main-
sequence lifetime for GPX-1 and the blue dotted line is the reported age of
GPX-1 (with 1σ uncertainties; P. Benni et al. 2021). The model predicts that
GPX-1 has undergone negligible λ evolution during its lifetime, primarily
because the g-mode frequencies of GPX-1-like stars only evolve significantly
after the first Gyr. This supports the notion that GPX-1 b arrived at its short-
period orbit in an already-aligned state. We note that this simulation neglects
differences in internal stellar structure during the pre-main-sequence and post-
main-sequence phases, which are likely more conducive to rapid spin–orbit
realignment.
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brown dwarf. This measurement suggests that the orbit of the
brown dwarf is prograde and that the spin of the star and the
orbit of the planet are well aligned. This orientation is
consistent with other known transiting brown dwarf systems,
but is unlike the many hot Jupiters orbiting hot stars that
frequently have polar and retrograde orbits. We argued that, if
the relatively young reported age for the system (Age =
0.27 0.15

0.09
-
+ Gyr; P. Benni et al. 2021) is correct, the brown dwarf

is most likely primordially aligned due to inefficient tidal
damping in hot stars. We encourage the measurement of stellar
obliquity for more transiting brown dwarf systems, which
would allow for a statistically robust characterization of the
underlying obliquity distribution and provide novel clues for
the origins of elusive close-in brown dwarfs.
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