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Tilting Gas Giants: A New Window into
Planet Formation
Thematic Areas (Check all that apply):

⊠ (Theme A) Key science themes that should be prioritized for future JWST and
HST observations
□ (Theme B) Advice on optimal timing for substantive follow-up observations
and mechanisms for enabling exoplanet science with HST and/or JWST
□ (Theme C) The appropriate scale of resources likely required to support
exoplanet science with HST and/or JWST
⊠ (Theme D) A specific concept for a large-scale (∼500 hours) Director’s
Discretionary exoplanet program to start implementation by JWST Cycle 3.

Summary: When we look at how planetary spin axes are tilted relative to their
orbits in the solar system, we see a range of orientations that tell us stories of
major past events and give us unique insight into climate. For example, Uranus
is famously spinning on its side due to a past major collision, and our Earth’s 23
degree tilt is why we have seasons. For exoplanets, measuring this spin axis tilt,
or “planetary obliquity”, is observationally intensive, requiring the combination
of a planet’s projected rotation rate from high-resolution spectra, rotation period
from time-series photometry, and orbit from astrometry. To date only three plan-
etary obliquities have been measured outside the solar system. Here we propose
a large survey of giant planets and brown dwarfs to measure their obliquities,
leveraging critical JWST observations with NIRSpec, NIRCam, and MIRI. While
challenging, these measurements enable new, powerful, and unique insights
into planet formation. This survey will enable novel constraints on planetary
evolutionary histories, testing scenarios like giant impacts, stellar fly-bys, secular
spin-orbit resonances, accretion histories, formation via gravitational instability,
as well as probing climates on these other worlds.
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Anticipated Science Objectives: We aim to measure planetary obliquities for a
sample of ∼30 gas giants and brown dwarf companions (Fig. 1) [1]. We will
combine key rotation period measurements from JWST with projected rotation
rate (v sin i) measurements from ground-based high-resolution spectrographs such
as KPIC/Keck and HIRISE/VLT to measure the companion’s spin axis inclination
ip (Fig. 2) [e.g. 1, 2, 3]. Long-baseline low-cadence astrometry will trace out
the orbits of the few companions without orbital constraints [4, 5]. With these
obliquities, we will look for trends with 1) planet mass; 2) semi-major axis; and
3) planet/star mass ratio. With these we can test the feasibility and frequency of
key formation and evolutionary processes, such as giant impacts, stellar fly-bys,
secular spin-orbit resonances, accretion histories, and formation via gravitational
instability [6, 7, 8, 9, 10]. For example, the likelihood of a giant impact, like the
one we think tilted Uranus, depends on planet mass, separation, and stellar mass.

Urgency: Conclusions from this survey will impact our expectations for other
key science endeavors exploring the timing of formation, anticipated atmospheric
compositions, and more. In addition, the proposed combination of JWST time-
series photometry and ground based high-resolution spectroscopy can impact fu-
ture observational strategies with JWST.

Risk/Feasibility: This program requires coordination with ground based ob-
servations, namely measuring v sin i’s with high-resolution spectroscopy. We do
not anticipate challenges acquiring these complementary data given past success-
ful proposals and oversubscription rates.

Timeliness: In the past, the only planets amenable to obliquity measurements
were a handful of (≲100 Myr old), massive (∼10-20 MJup), and distant (≳50 AU)
super-Jupiters discovered by direct imaging campaigns [11]. It was exceptionally
rare to obtain all three observables (Prot, v sin i, orbit) for a single object in this
limited population [1, 12, 13]. The advent of JWST combined with new ground-
based implementations of high-dispersion coronagraphy (KPIC/Keck, HIRISE/VLT),
yields the instrumental capability to target planets closer in to their host stars where
gas giants are more common, increasing the amenable sample. Critically, the com-
bination of JWST’s photometric stability and coronagraphic imaging dramatically
improves our ability to measure rotational modulations and thus Prot.

Cannot be accomplished in the normal GO cycle: This is an observationally
expensive proposal. Rather than accumulating one obliquity at a time we seek to
turbocharge our science gains from this new observable by increasing the sample
by an order of magnitude.
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Figure 1: 3D angular momentum architecture of a planetary system. The 3D geometry of our
sample of systems can be described by three angular momentum vectors: Lo for the orbit, Lp for the
planet spin, and Ls for the stellar spin. Observations allow us to measure line-of-sight inclinations
for all three vectors: io, is, and ip. The goal of this proposal is to measure the rotation periods
of a sample of ∼30 gas giant and brown dwarf companions with JWST, combining this with a
vsinip from ground-based high-resolution spectroscopy to obtain ip. Long-baseline low-cadence
precision astrometry will trace out the orbits of the few companions without orbital constraints,
yielding io. The angle between Lp and Lo is the planetary obliquity that we are after. Most systems
will also have constraints on is, allowing us to place additional constraints on the evolutionary
histories of these systems using stellar obliquities as well.

Example of Previously Measured Obliquity with HST
2M0122-2439 b 
(Bowler et al. 2013)

HST/WFC3 Rotation Period 
(Zhou et al. 2019)

Keck/NIRSPEC vsini 
(Bryan et al. 2020)

Companion inclination 
(Bryan et al. 2020)

Prior  
(random orbits)

Observed

Example of Previously Measured Obliquity with HST and NIRSPEC

Figure 2: First measurement of ip for a planetary-mass companion. HST observations of the
directly imaged planet 2M0122b detected photometric modulations with amplitude ∼0.5% cor-
responding to a rotation period of 6.0 hours. A high-resolution spectrum from NIRSPEC/Keck
yielded a vsini of 13.4 (+1.4 -1.2) km/s for this object. Combined, these observables yielded the
posterior distribution shown on the right, corresponding to companion spin axis inclinations of
33 (+17 -9) degrees or 147 (+9 -17) degrees (the distribution is bimodal because we cannot tell
from our observations whether this vector is pointing towards us or away from us) [1, 2, 3]. The
unprecedented sensitivity and photometric stability of JWST has unlocked an order of magnitude
larger sample of potential targets for these measurements.
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