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Abstract

Mapping the orbital obliquity distribution of young planets is one avenue toward understanding mechanisms that
sculpt the architectures of planetary systems. TOI-942 is a young field star, with an age of ~60 Myr, hosting a
planetary system consisting of two transiting Neptune-sized planets in 4.3 and 10.1 day period orbits. We observed
the spectroscopic transits of the inner Neptune TOI-942b to determine its projected orbital obliquity angle.
Through two partial transits, we find the planet to be in a prograde orbit, with a projected obliquity angle of
|A| = 1™} deg. In addition, incorporating the light curve and the stellar rotation period, we find the true 3D
obliquity to be 23] deg. We explored various sources of uncertainties specific to the spectroscopic transits of
planets around young active stars, and showed that our reported obliquity uncertainty fully encompassed these
effects. TOI-942b is one of the youngest planets to have its obliquity characterized, and one of even fewer residing
in a multi-planet system. The prograde orbital geometry of TOI-942b is in line with systems of similar ages, none
of which have yet been identified to be in strongly misaligned orbits.
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1. Introduction

The characterization of a young planetary system gives us a
momentary window into the process of early planet evolution.
One indicator for the dynamical evolution history of planetary
systems is the angle between the stellar spin axis and the orbital
axes of the planets. This orbital obliquity angle is thought to be
a tracer for past planetary migration events. The Kepler mission
revealed the prevalence of Neptune-sized planets around Sun-
like stars (e.g., Latham et al. 2011), and measuring the orbital
obliquities of such planets early in their history is important to
mitigate confounding effects such as tidal interactions that
occur over longer timescales. Close-in planets forming in their
currently observed locations or migrating through the accretion
disk would maintain a low obliquity, while more chaotic
migration, such as planet—planet scattering, would result in
more dramatic obliquity distributions (see review by Dawson &
Johnson 2018).

One method to measure the obliquities of transiting planets is
the Rossiter-McLaughlin effect (McLaughlin 1924; Rossiter
1924), in which a transiting planet reduces the flux from the
redshifted and blueshifted portions of a rotating star, thereby
causing an apparent increase and decrease, respectively, in the
observed stellar radial velocity. Though the orbital obliquities
of ~150 planets have been measured to date, the sample largely
consists of close-in Jovian sized planets (see a review by
Triaud 2018).

* This paper includes data gathered with the 6.5 m Magellan Telescopes
located at Las Campanas Observatory, Chile.

Recent observations from the Transiting Exoplanet Survey
Satellite (TESS) revealed a system of Neptunes orbiting the star
TOI-942 (Carleo et al. 2021; Zhou et al. 2021). These studies
found that although the host star cannot be placed into known
moving groups or associations, it is extremely young in age,
estimated to be 30-80 Myr to 1o uncertainties (Carleo et al.
2021), and 20-160 Myr to 30 uncertainties (Zhou et al. 2021).
The system hosts two transiting planets, with TOI-942b
residing in a 4.3 day orbit with a radius of ~4.5 Rs, and
TOI-942 c residing in a 10.1 day orbit with a radius of ~ 5 R;.
Given the scarcity of young bright planet hosts, even at
V=11.98 TOI-942 presented itself as a new opportunity to
characterize the properties of a young planetary system. Only a
dozen young transiting planets have been confirmed to date,
and far fewer have received obliquity measurements (Addison
et al. 2020; Hirano et al. 2020; Mann et al. 2020; Martioli et al.
2020; Montet et al. 2020; Palle et al. 2020; Stefansson et al.
2020; Zhou et al. 2020). Thus, a new measurement of a multi-
planet system is a valuable addition to the effort to constrain
planetary formation mechanisms.

In this Letter, we present a measurement of the obliquity for
TOI-942b. We obtained two partial transit spectroscopic
observations using the Planet Finder Spectrograph (PES) on
the 6.5 m Magellan II telescope, used the Rossiter—McLaughlin
effect to measure the projected obliquity, and modeled the
system to derive a full 3D orbital obliquity for the planet. In
the remaining sections, we proceed as follows. In Section 2, we
describe the observational techniques used to acquire the data.
In Section 3, we describe the data analysis, as well as the
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Figure 1. TESS photometry of the TOI-942 system. Top panel: TESS light curves of TOI-942, with Sector 5 full-frame images at 30 minute cadence on the left and
Sector 32 2 minute cadence observations on the right. Data points corresponding to a transit of TOI-942b are shaded in light blue, while those corresponding to a
transit of TOI-942 c are in pink. Bottom-left panel: detrended, phase folded transits of TOI-942b. 30 minute data points are in black, while 2 minute data points are in
gray. The best-fit short cadence model is in red. Bottom-right panel: detrended and phase folded transits of TOI-942 c, along with the best-fit model.

consideration of possible confounding effects. In particular, we
present an inferred Doppler image of the stellar surface from
one of the transit observations from the iodine-free regions of
the observed spectra, and though we do not directly detect the
planetary shadow, we make use of it to estimate the influence
of stellar activity on the Rossiter-McLaughlin effect. In
Section 4, we present and discuss our results.

2. Observations
2.1. 6.5m Magellan II—PFS

Transits of TOI-942b were observed with the PFS (Crane
et al. 2006, 2008, 2010) on the 6.5m Magellan I (Clay)
Telescope, located at Las Campanas Observatory, Chile. PFS is
a high-resolution slit-fed echelle spectrograph covering the
wavelength range of 3910-7340 A. Our observations utilized
the 0”3 slit, with the detector sampled in 3 x 3 binning mode,
with the corresponding effective spectral resolving power of
R~ 110,000. The transit sequence was observed through the
iodine gas cell to allow for modeling of the instrument profile,
achieving ~5m s~ precision velocities in this mode.

We obtained two partial transits of TOI-942b on the nights
of 2020 October 28 and 2021 January 1 UTC. A total of seven
observations were obtained on 2020 October 28, covering 1.0
hr pre-ingress to 1.0 hr post-ingress, with the sequence cut
short due to poor weather. Twelve observations were obtained
on 2021 January 1, spanning most of the transit, from 0.3 hr
post-ingress to 0.7 hr post-egress. Each observation was
obtained with an integration time of 1200s. An iodine-free
template observation was obtained on the night of 2020
December 27 UTC.

The velocities were derived from each observation using a
custom IDL pipeline as per Marcy & Butler (1992) and Butler &
Marcy (1996). The velocities are shown in Figure 2. In addition,
we made use of the iodine-free template to derive a rotational
broadening velocity of vsin/, = 14.26 = 0.5kms~!' and
macroturbulent broadening v, =4.1 £ 0.5 km s~ for TOI-942,
measured from a fit to the line profiles via a least-squares
deconvolution of the observation against a non-rotating spectral
template (Donati et al. 1997).

2.2. Updated TESS Observations

TOI-942 received continuous monitoring from TESS over
two separate sectors of observations. Discovery light curves
were obtained during the primary TESS mission in Sector 5,
between 2018 November 15 and December 11. These
observations were obtained in the 30 minute cadence full-
frame images, and light curves were extracted via the MIT
quicklook pipeline (Huang et al. 2020).

TOI-942 was also observed during Sector 32 of the extended
TESS mission, between 2020 September 22 and October 21.
Sector 32 observations were obtained at 2 minute cadence via
target pixel stamps, with light curves made available through
the Science Processing Observation Center (SPOC; Jenkins
et al. 2016) analysis and via the Mikulski Archive for Space
Telescopes (MAST). As these observations were obtained
after the publication of the discovery papers, they are shown in
Figure 1.

In particular, we note the presence of at least two flare events
during the extended mission observations. Flares were not seen
during the primary mission longer cadence observations, and
would have been detectable in the long cadence data should
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they have occurred. Frequent flares are expected for late-type
stars exhibiting significant stellar activity, which further
corroborates the youth of the system.

3. Analysis and Modeling

We performed a joint modeling of the Rossiter-McLaughlin
observations and all available TESS photometric observations
for both TOI-942b and TOI-942c. The in-transit velocities
were modeled as per the Hirano et al. (2011) approximation.
The photometric transits were computed using the Mandel &
Agol (2002) model, implemented via BATMAN (Kreidberg
2015). The free parameters for the light curve model for each
planet are the times of transit center f, the orbital periods P, the
planetary radius ratios R,/R,, and the eccentricity parameters
Je cosw and /e sinw, where e is the eccentricity and w is the
longitude of periastron. Specifically for the Rossiter—McLaugh-
lin model of TOI-942b, there is also the projected orbital
obliquity angle )\, as well as the host star rotational broadening
v sin/, and the macroturbulent broadening vy,,.. We employed
the use of a jitter term to characterize and account for overall
uncertainty due to stochastic stellar noise. A linear polynomial
was fit to the first partial transit on 2020 October 28, and
a quadratic polynomial to the second on 2021 January 1, to
correct for the hours-timescale effects of stellar activity on the
observed velocities. Because of the low number of data points
for the first transit, we found too high a degree of degeneracy if
a quadratic polynomial were to be used.

The stellar mass and radius were simultaneously modeled via
the MIST isochrones (Dotter 2016), and constrained by
photometric magnitudes and parallax priors from Gaia G, Bp,
Rp (Gaia Collaboration et al. 2018), HIPPARCHUS THYCHO
B- and V-bands (Perryman et al. 1997), 2MASS J-, H-, and Ks-
bands (Skrutskie et al. 2006). We also apply a Gaussian prior of
50+ 30 Myr for the age of TOI-942 to the fitting to help
restrict the parameter space of the isochrone interpolation. In
addition, Gaussian priors, derived from the spectrum in
Section 2, were adopted for vsin/, and v, and the limb-
darkening coefficients were held fixed to their theoretically
interpolated values (Claret & Bloemen 2011; Claret 2017).
The TESS photometric transits and the stellar isochrones
co-constrain the critical transit parameters to help better
propagate the uncertainties of the system, especially for the
fo, P, R,, R,, M,, and i parameters. This ensures that we
encompass the critical sources of uncertainty in our obliquity
measurement for TOI-942b.

We perform the global modeling using a Monte Carlo
Markov Chain (MCMC) analysis, implemented via the
ensemble sampler emcee (Foreman-Mackey et al. 2013). The
results are shown in Table 1. Typical draws from the posterior
and the best-fit velocity curve are shown in Figure 2, and the
best-fit light curve is shown in Figure 1.

Finally, we make use of the prominent rotational signal seen
in the light curves to derive the 3D obliquity angle of TOI-
942b. Following Masuda & Winn (2020), and adopting a
rotation period of 3.40 £ 0.37 days from Zhou et al. (2021), we
find the stellar inclination I, to be constrained to >72°5 at 1o
significance. Together with the projected obliquity measured
from the Rossiter—McLaughlin effect, we find an overall 3D
obliquity for the orbital plane of TOI-942b to be 273} degrees.

Wirth et al.

Table 1

Derived Parameters for TOI-942b
Parameter Joint Model Priors
TOI-942b
T, (BJD) 2458441.5790700031 Uniform
P (days) 4324215950019 Uniform
R,/R, 0.03995+5:00062 Uniform
i (deg) 89.966+0:039 Uniform
[\l (deg) 14 Uniform
Ve cosw —0.56470032 Uniform
Je sinw 0.164939 Uniform
e 0347919 Derived
w (deg) —16128 Derived
3D Obliquity (deg) 23; Derived
Ry(R<) 3.8979% Derived
a (au) 0.04866 390018 Derived
TOI-942¢
T, (BID) 2458447.05637090% Uniform
P (days) 10.15627213-9900% Uniform
R,/R. 0.0479730018 Uniform
i (deg) 89.167038 Uniform
Je cosw —0.535+39%3 Uniform
Je sinw —0.187930 Uniform
e 0.3240% Derived
w (deg) 20783 Derived
R,(Rs) 4.677038 Derived
a (au) 0.08598+0:00033 Derived
Stellar
Mass (M) 0.822050:0004 Uniform
Radius (R) 0.894+0:038 Uniform
Rotational Broadening v sin Z,(m s7h 14240f§§8 G(14260, 500)
Macroturbulence vy (m s~ ') 40504499 G(4100, 500)
Radial Velocity Jitter (m s ') 15.17$2 Uniform
Age (Myr) 5372 G(50, 30)
Parallax (mas) 6.6057001% G(6.6, 0.015)
Limb-darkening Coefficients (R-M) (0.5751, 0.1961) Fixed
Limb-darkening Coefficients (TESS) (0.4006, 0.2243) Fixed
Polynomial Coefficients"
Transit 1 Linear (b;) — 14007155 Uniform
Transit 1 Constant (c;) 2739 Uniform
Transit 2 Quadratic (a,) —3000+48500 Uniform
Transit 2 Linear (b,) 20607599 Uniform
Transit 2 Constant (c,) —21.4779 Uniform
Spot Modeling Parameters
Spot 1 Radius (deg) 2449 Uniform
Spot 1 Contrast” 122792 Uniform
Spot 1 Latitude (deg) 46775 Uniform
Spot 1 Longitude (deg)* —60713 Uniform
Spot 2 Radius (deg) 63 Uniform
Spot 2 Contrast 11455908 Uniform
Spot 2 Latitude (deg) 38 Uniform
Spot 2 Longitude (deg) —2.7%1% Uniform
Spot 3 Radius (deg) 1553 Uniform
Spot 3 Contrast 119033 Uniform
Spot 3 Latitude (deg) 4943, Uniform
Spot 3 Longitude (deg) 724 Uniform

Notes.

(2020 October 28 transit radial velocity) = b; (Phase)+c; (2021 January 01 transit
radial velocity) = a, (Phase)*+b, (Phase) +cs.

® Inferred contrast indicate bright surface features.

¢ The meridian at the start of the observations is defined as having 0° longitude.
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Figure 2. Radial velocities during the transits of TOI-942b as measured by
PFS, with error bars incorporating the measurement uncertainties and the fitted
radial velocity jitter. The data behind this figure is available in the online
version of this publication. Top panel: observations from 2020 October 28.
Samples are drawn from the posterior and the corresponding models shown in
red to demonstrate the constraints that the data set places on the resulting
Rossiter-McLaughlin models. Top-middle panel: observations from 2021
January 1, with models drawn from the posterior shown in red. Bottom-middle
panel: detrended combined velocity data for both observations (black) and the
best-fit model for the Rossiter—McLaughlin effect (red). Bottom panel: residual
plot for the best-fit model in the panel above.

(The data used to create this figure are available.)

We note that our stellar and transit modeling using the joint
Sector 5 and 32 observations suggest non-circular orbits for
TOI-942b and c. The possibility of non-circular orbits was
originally raised by the discovery papers (Carleo et al. 2021;

Wirth et al.

Zhou et al. 2021), inferred via analyses of the original single-
sector 30 minute cadenced observations. We compared the
transit density resulting from our global fit incorporating stellar
models to that resulting from a fit forcing circular orbits, and
found them to be inconsistent at the 30 level. We note that
inferences from the photo-eccentric effect depend strongly on
our understanding of the stellar properties. We derive a stellar
mass of 0.822010997M.., and radius of 0.894J335R .., for TOI-
942, based on its spectral energy distribution, age constraints
described in the discovery papers, and the MIST isochrones. To
check these results, we followed additional techniques to check
our stellar parameters independent of the transit light curve. We
followed the My relationship in Mann et al. (2019) to derive a
stellar radius of 0.89 % 0.04, fully consistent with our analysis.
Similarly, we also modeled the spectral energy distribution
with interpolated isochrones using the EXOFASTvV2 suite
(Eastman et al. 2019), finding TOI-942 to have a mass of
0.83170933 M., and radius of 0.8767303% R, which is fully
consistent with our global model fit. Future works can explore
the possible scenarios that might have led to the eccentric orbits
of these young Neptunes.

3.1. The Influence of Correlated Noise

Short-term correlated noise in the radial velocities has the
potential to greatly affect our obliquity measurement. These
can arise from spot-crossing events that were temporally
unresolved, granulation, or possible terrestrial atmospheric and
instrumental variations unaccounted for in our uncertainty
estimates. We performed a number of tests to examine for the
effects of such noise within our data set on our results. We took
the residuals from our best-fit model of the Rossiter—
McLaughlin effect, cyclically permuted them among the data
points of each transit, and added them back to the best-fit
model to create a new velocity data set. With each iteration, we
performed the same MCMC analysis as we did on the original
data. We repeated this for all possible permutations of the
residuals, each of which gave us a different best-fit value of A.
We found a mean obliquity value of 16°, with a scatter of 32°
about the mean, from this experiment. The scatter is less than
the reported posterior uncertainty in A of 41°. As such, we
conclude that our reported obliquity accounts for the presence
of short-term stellar activity via the jitter term. Beyond short-
term correlated noise, we also explore any systematic biases
that may exist in our derived obliquity measurements in the
discussion below.

3.2. The Influence of Spots and Active Regions in
Systematically Biasing the Rossiter—McLaughlin Effect

The presence of stellar activity and star spots can induce
systematic biases in the Rossiter—McLaughlin velocity anom-
aly that we observe. Standard models of the Rossiter—
McLaughlin effect assume a radially symmetric surface
brightness distribution for the host star. Young stars, however,
exhibit significant stellar activity in their light curves and
spectroscopic time series, and are thought to have stellar
surfaces with large star spots and active regions. The TESS
light curves of TOI-942 exhibits spot-modulated rotational
variability at the ~4% level, and subsequent radial velocity
follow-up found the star to exhibit long-term jitter variability at
the 65ms~" level (Carleo et al. 2021). When planets occult
these bright and dark regions, they induce bumps in the
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Figure 3. Our model interpretation for the spot configuration and resulting Rossiter—McLaughlin model for the transit of TOI-942b on 2021 January 1. Note that the
shadow cast by the planet is not visible at the signal-to-noise of this observation, and is not detectable in this figure. Left: illustration of the modeled stellar surface. The
path of the transiting planet is marked by the gray line. Middle column, top panel: the line profile residuals from which this model is derived, plotted as a color map as
a function of velocity and orbital phase. The diagonal stripes are interpreted as bright spots traversing the stellar surface. Middle column, center panel: model of the
line profile residuals from the spot model. Middle column, bottom panel: the line profile residuals after the subtraction of the best-fit spot model. Top-right panel: the
model Rossiter-McLaughlin curve expected for this starspot configuration. A long-term trend is induced by the rotating spotted star. We also model a hypothetical
spot-crossing event occurring ~30 minutes after mid-transit Bottom-right panel: the isolated effects of the star spots on the Rossiter—McLaughlin curve. The long-term
trend is removed with a polynomial. The starspot crossing event induces a 0.5 m s~ level bump on the observed velocities. The uneven illumination of the star
induces a bias on the in-transit velocities at the <0.5 m s~ level. Note that the PFS velocities that we obtained have per-point uncertainties of ~8 ms ™', so neither

effect would have been detectable, or strong enough to influence our analysis.

photometric transits and Rossiter—McLaughlin velocities that
we measure. These bumps in velocity can have an effect on the
derived projected obliquities (e.g., Oshagh et al. 2013, 2018).

To estimate the magnitude of the influence of stellar activity
on the observed Rossiter—McLaughlin velocities of TOI-942,
we can create models of the stellar surface from the PFS
spectral line profiles. We derive line broadening profiles via a
Least-Squares Deconvolution (Donati et al. 1997) of the
iodine-free regions of the PFS spectra (4000-4900 A). The
deconvolution is performed against a non-rotating synthetic
spectrum of TOI-942, generated using the ATLAS9 model
atmospheres with stellar parameters matching that of TOI-942
(Castelli & Kurucz 2004). We averaged all the line profiles
measured using PFS on the night of 2021 January 1 to form a
master line profile. From which, we subtract each individual
observation to visualize the line profile variations over the
course of the ~4 hr observations on 2021 January 1. The line
profile variations are shown as a function of time in Figure 3.

We model the line profile variations by creating a model of
the spot distribution on the stellar surface. The full model and
its free parameters are described in Zhou et al. (2020). Briefly,
we generate a set of circular spots, with free parameters
describing each spot’s radius, contrast, longitude, and latitude,
about the stellar surface. We then model the influence of these
spots on the line profiles, and match them against the
observations. The model is compared via a series of MCMC
analyses (using emcee; Foreman-Mackey et al. 2013), with the
number of spots required determined by an examination of the
Bayesian Information Criteria of the fit.

We found that the 2021 January 1 observations can be fit
with a set of three bright regions on the stellar surface of TOI-
942, each with radii ~15°, and contrast of ~1.2 with respect to
the unspotted stellar surface. This spot configuration, and the
modeled line profile variations, are shown in Figure 3, and the
spot parameters shown in Table 1. This configuration includes
two spots near the polar regions of the star, responsible for the
near-vertical bright trails seen in the Doppler tomographic
mapping. The model also includes a single near-equatorial spot
responsible for the diagonal bright trail.

Note that the inferred influence of the star spots on the line
profiles is more than an order of magnitude larger than that
expected to be induced by the transit of TOI-942b. At the
noise-level of these observations, the actual planetary transit
was not recovered in the line profile residuals. The planets
shadow has an expected depth of 0.6%, the spot signal has a
depth of ~3%, while the per-exposure uncertainties are at the
0.9% level. As such, even if the star lacked any activity, we
would still have had trouble identifying the transiting planet
from the iodine-free regions of the PFS observations.

Figure 3 shows the modeled Rossiter—McLaughlin effect for
this starspot model. The top panel shows the Rossiter—
McLaughlin model, with a smoothly varying trend at the
10m s~ level due to the rotating spotted star. This trend can be
satisfactorily removed at the <.1 ms~' level by simultaneously
fitted a low order polynomial to the velocities. From our
observations, a trend of similar magnitude was observed on
both nights, and its effect accounted for via a linear and
quadratic model (Section 3).
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The unspotted Rossiter—McLaughlin model is plotted for
comparison. When we subtract a polynomial from this spotted
Rossiter—McLaughlin model, and then remove the unspotted
model, the resulting residuals isolate the effect of spots on the
transit velocities. The bottom-right panel of Figure 3 shows the
magnitude of these effects.

Within the spot model, there is a degeneracy for spots being
present in the Northern or Southern hemispheres of the star. We
chose to place our spots in the same hemisphere as the
planetary transit, so to contrive a scenario where the planet
crosses directly in front of one of the spots. This model
configuration allows us to test the effects of such “spot-
crossing” events would have on our Rossiter-McLaughlin
observations. We do not know if spot-crossing events occurred
during either of our observations.

Our simulations reveal that a spot crossing induces a
~0.5ms 'level sharp bump. The simulations also show
another subtle ~0.5 m s~ effect throughout the transit, which
is due to one hemisphere of the star being brighter than the
other as a result of the spot configuration. Our per-point
uncertainty is at the 8 m s !level, and as such the effect of the
spot crossing and the uneven illumination are too small to
influence our eventual analysis of the Rossiter-McLaughlin
effect.

We note that many degeneracies exist when interpreting
Doppler imaging results, and the model presented is only one
interpretation of the observed line profile variations, presented
to test the effects of star spots on the interpretation of the
Rossiter—McLaughlin observation. In particular, we choose the
minimal number of spots that may satisfactorily fit the line
profile variations, but the true configuration likely involves
numerous additional features. However, as the number of spots
increase, their respective sizes and contrasts should decrease,
and their distribution across the stellar surface should become
more uniform, as to sustain the same levels of photometric and
spectroscopic variations. As such, transits across a larger
number of smaller spots should yield similar, or smaller
deviations. The interpretation we present here should be taken
as an upper limit on influence of stellar spots on the Rossiter—
McLaughlin model. In addition, we also note that Doppler
imaging has been shown to infer bright spots, as is the case
here, while interferometric images have shown otherwise. As
such, the true spot configuration may be very different to those
presented here (e.g., Roettenbacher et al. 2017).

4. Conclusion

TOI-942b is among the youngest planets to have its orbital
obliquity measured, and one of only a few planets in multi-
planet systems with obliquity measurements. Using two PFS
partial transits over the course of a few months, we observed
the Rossiter-McLaughlin effect and measured a projected
obliquity (|A|) for TOI-942b to be within 50° of its host star’s
plane of rotation. Further incorporation of the host rotation
period allows us to place a limit on the true 3D obliquity of the
orbital plane of TOI-942b, finding it to be prograde to
within 50°.

Most significantly, we can likely reject the possibility of
dramatic dynamical interactions between the orbiting planets
playing a role in the past history of the TOI-942 system, as these
would have likely resulted in misalignment. We can also rule out
the mechanisms that resulted in oblique orbits for compact
planetary systems, such as Kepler-56 (Huber et al. 2013) and
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Figure 4. Distribution of planets for which there are both age estimates and
obliquity measurements. Planets that are younger than 500 Myr are labeled,
and the 30 age range for TOI-942 is shown in a lighter orange. Planets smaller
than 6Ry are shown in purple, while larger planets are shown in gray. Note the
rarity of misaligned planets around young stars measured to date.

K2-290 (Hjorth et al. 2021). Kepler-56 is a red giant hosting two
coplanar misaligned planets in 10.5 and 21.4 day orbits, and
radial velocity measurements of the system revealed a third
companion that likely provided a torque on the planets shortly
after their formation. The K2-290 system contains two coplanar
planets, these ones in 9.2 and 48.4 day orbits, believed to have
been formed from a protoplanetary disk tilted by a wide stellar
companion. These are mechanisms acting on the Myr timescale
(Becker & Adams 2017; Huang et al. 2017), in the presence of
external companions, and would have tilted TOI-942 within its
~60 Myr lifetime.

Figure 4 shows all of the planets for which we have both age
estimates and obliquity measurements. We can see that there
are no strongly misaligned systems younger than 100 Myr.
These include au Mic b (Addison et al. 2020; Hirano et al.
2020; Martioli et al. 2020; Palle et al. 2020), DS Tuc Ab
(Montet et al. 2020; Zhou et al. 2020), and HD63433 b (Mann
et al. 2020). We also note that recent observations of 24 Myr
old 8 Pictoris b measured with VLTI/GRAVITY spectro-
interferometry showed that the planet is well aligned to the disk
(Kraus et al. 2020), though not marked in Figure 4 due to
significant differences between [ Pictoris b and the other
systems investigated.

While the youngest small planets are so far found to be in
prograde orbits, there is evidence for misalignment within the
broader population of small planets. Rubenzahl et al. (2021)
demonstrated that misaligned small planets (M, < 100 M)
around cool stars (7. < 6250 K) are commonplace, with eight
of the 19 such systems investigated so far exhibiting orbital
obliquities inclined to >30°. With mechanisms such as disk
dispersal, Kozai-Lidov oscillations, and nodal precession all
occurring on extremely fast timescales (~10°-10° yr), the
current lack of misalignment among the youngest small planets
is noteworthy. Further investigation of these planets around
young stars will help test the timescales of these tilting
mechanisms, and help explain the origins of misaligned
Neptune-sized planets around mature stars (e.g., Sanchis-Ojeda
& Winn 2011; Bourrier et al. 2018; Yee et al. 2018; Kamiaka
et al. 2019).
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