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Abstract

The planets of the TOI-216 system have been previously observed to exhibit large transit-timing variations, which
enabled precise mass characterization of both transiting planets. In the first year of TESS observations, TOI-216 b
exhibited grazing transits, precluding a measurement of its radius. In new observations, we demonstrate the orbit of
the planet has precessed and it is now fully transiting, so we can accurately measure its radius. TOI-216 b is a puffy
Neptune-mass planet, with a much larger radius that is now well constrained to 7.84 0.19

0.21
-
+ R⊕ and a density of

0.201± 0.017 g cm−3. We numerically integrate the system across the TESS observations to update and refine the
masses and orbits of both planets, finding the uncertainty in the masses are now dominated by uncertainties in the
stellar parameters. TOI-216 b represents a growing class of super-puff planets in orbital resonances and with a
companion in a nearly circular orbit, suggesting the early evolution of these planets is driven by smooth disk
migration.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Transit photometry (1709); Transit timing variation
method (1710); Transit duration variation method (1707)

1. Introduction

Warm Jupiters are a class of gas-giant exoplanets with
10–100 day orbital periods. These planets orbit further from
their host star than hot Jupiters and are expected to have
somewhat differing migration methods to explain their location
(Dawson et al. 2015). The two main migration paths for hot
Jupiters are thought to be disk migration (Goldreich &
Tremaine 1980; Lin & Papaloizou 1986) and high-eccentricity
tidal migration (Fabrycky & Tremaine 2007). In warm-Jupiter
systems, Huang et al. (2016) argue that high-eccentricity
migration is less common, and in situ formation becomes an
alternative method of placing these large planets at the resulting
distance. Characterizing the radii and masses of such planets
provides information about their bulk composition (Chabrier
et al. 2009; Lopez & Fortney 2014), and dynamical modeling
allows for the orbital properties to be determined (Agol &
Fabrycky 2018).

The most prolific method of detecting exoplanets has been
the transit method (Deeg & Alonso 2018). Measuring the
transit depth allows for the radius of the planet to be
determined, but offers no direct information about the mass
of the planet (Winn 2010). In multiplanet systems, the
gravitational pull of the planets on each other perturb the
planets away from a simple Keplerian orbit. This can cause
transit-timing variations (TTVs) to be measured as the transit
arrives earlier or later than expected for a strictly periodic
signal (Agol et al. 2005), such as observed in Kepler-9
(Holman et al. 2010) and Kepler-11 (Lissauer et al. 2011). In
systems where the ratios of planet periods are near to a mean-
motion resonance the transits can be observed many hours
away from the expected transit time for a constant period
(Nesvorný et al. 2013; Hamann et al. 2019). The amplitudes of
the TTVs of each planet depend on the ratio of the masses of

the planets as they perturb each other (Nesvorný & Vokrouh-
lický 2016). The presence of TTVs in the light curve of a
particular planet allows for constraints on the masses of other
planets in the system (Hadden & Lithwick 2017). In a system
with multiple transiting planets, the TTVs observed in each
planet enable inference of constraints on the masses of each
other planet. If both the mass and radius of a planet are known
then the density can be calculated and the bulk composition
determined (Weiss & Marcy 2014).
For systems that are near mean-motion resonance, the

variation in transit-timing changes sinusoidally in comparison
to the expected transit time according to a superperiod as
calculated by the periods of each planet (Lithwick et al. 2012).
If the resonance is closer to a small integer ratio, successive
conjunctions differ in mean longitude by a smaller amount,
leading to a longer superperiod and slower variations, as
determined by Equation (1) for planets in a 2:1 orbital
resonance. In this case, the superperiod P is given such that
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where Pb is the period of the inner planet and Pc the period of
the outer planet.
If the system is in a mean-motion resonance, rather than

near, the largest effect on TTVs will be due to the libration of
the system around this resonance (Deck & Agol 2015).
Libration occurs over a different period which scales with the
mass of the planets (Nesvorný & Vokrouhlický 2016). In order
to best characterize the TTVs and the planets that create them,
transits must be observed over a large enough portion of the
dominant period such that the trend can be seen (Hirano et al.
2018; Hamann et al. 2019). If only a portion of the TTV cycle
is observed the amplitude of the TTVs may not be apparent as
the best fitting period to the available data may not be the best
period over a longer timescale.
One system in which this is evident is TOI-216, which

contains a transiting warm Jupiter and warm Neptune (Dawson
et al. 2019; Kipping et al. 2019). This system is located close to
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the south ecliptic pole, allowing it to be observed for nearly all
of the first and third years of the TESS mission (Ricker et al.
2015), as well as the second half of the fifth year. TOI-216 was
initially characterized using TTVs measured from half a year of
TESS data, resulting in two solutions that differed in planetary
masses, eccentricities, and orbital resonances (Dawson et al.
2019). This system was followed up when additional transits
had been observed by TESS at the start of the third year of the
mission, along with ground-based transits and measurements of
radial velocity. The additional data allowed one solution to be
chosen, that of a warm Neptune, TOI-216 b, in a 2:1 resonance
with a warm Jupiter, TOI-216 c (Dawson et al. 2021). This
solution precisely characterized the masses of each planet and
radius of TOI-216 c, but the measured radius of TOI-216 b had
a large uncertainty due to the grazing nature of the inner
planet’s transits.

The TESS mission has now observed TOI-216 across a four
and a half year baseline, including two years of near continuous
coverage. The addition of more transits to the data set allows
for the uncertainties on the characterization of the system to be
narrowed. These new transits provide a longer TTV baseline to
assist in determining masses, and carry information about
transit depths that characterize radii. TOI-216 b was previously
noted to have grazing transits (Dawson et al. 2019; Kipping
et al. 2019), where the depth of the transit is very sensitive to
changes in impact parameter (Miralda-Escude 2002). Grazing
transits are V shaped and present a degeneracy between impact
parameter and radius (Gilbert 2022). Fitting the change in
impact parameters as seen in depth and duration variation adds
another factor to confine the orbital elements of the system
(Masuda 2017; Mills & Fabrycky 2017; Dawson 2020). This
system was previously investigated for changes in impact
parameter by Dawson (2020) using year 1 of TESS data, where
no significant change was detected. A later study by Dawson
et al. (2021) tentatively identified changes in the impact
parameter of the inner planet using early year 3 TESS data and
ground-based observations. We have seen in the most recent
transits of TOI-216 b that the transit depth has increased to a
point where the planet is fully transiting, allowing for precise
calculation of its radius.

In this paper we use the TESS light curve data to characterize
the TOI-216 system, measuring the masses and radii of the two
planets and inferring their densities. The increased observa-
tional baseline reveals that the inner planet is now fully
transiting, confining its radius, with the change in impact
parameter placing additional limits on the dynamics of the
system. We achieve a precision in mass and radius that is
limited by the uncertainty in stellar parameters. The calculated
orbital geometry is used to make predictions about future
transit times and changes in impact parameter that can be
observed in future TESS Sectors. The rest of this paper is
organized as follows. In Section 2 we analyze and process the
TESS data to fit the transits in the light curves. In Section 3 we
fit the transit-timing variations and the variations in the impact
parameter of the planets. We then examine the dynamics of the
system in Section 4 to explore future changes in observable
quantities. In Section 5 we present our conclusions.

2. Data

TOI-216 was observed in TESS Sectors 1 to 9 and 11 to 13
from 2018 July 25 to 2019 July 18 and Sectors 27 to 39 from
2020 July 4 to 2021 June 24, where it was positioned on

Camera 4. We used the two-minute-cadence data as reduced by
the Science Processing Operations Center pipeline (Jenkins
et al. 2016). We use the presearch data conditioning simple
aperture photometry light curves (Smith et al. 2012; Stumpe
et al. 2014). A one-day-long section around each transit was cut
out from the data to separate the transits and allow them to be
fit individually.
TOI-216 was also observed in TESS Sectors 61 and 62,

spanning 2023 January 18 to March 10.3 To produce a light
curve for data from these sectors we downloaded the TESS
Image CAlibrator Full-Frame Images as described by Faus-
naugh et al. (2020), which represent observations of the field
obtained at a 200 s cadence. We produced a light curve using a
3× 3 pixel aperture centered on the target itself, with the least
illuminated pixels from a larger 31× 31 region centered on the
target used to estimate the background flux levels, and we
estimate the flux uncertainty from the scatter in the out-of-
transit flux on transit timescales. In these data, two transits of
planet b and one of transit c are visible and used in this
analysis.
We fit the light curves using the python exoplanet

package (Foreman-Mackey et al. 2021a). Each transit was fit
using common limb-darkening coefficients u1 and u2 for both
planets (Kipping 2013), while each planet was modeled using
independent radii Rb and Rc. The mass Må and radius Rå of the
star was allowed to vary following priors from Dawson et al.
(2021) inferred from stellar spectroscopy. In each transit the
value of the impact parameter is allowed to vary, to investigate
any changes in impact parameter over the observing period, as
tentatively identified by Dawson et al. (2021). We model the
impact parameters with a prior following Dawson (2020),
where they are drawn from a Cauchy distribution with mean b
and change scale γ. To account for precession, we fix a
different period, eccentricity, and argument of periapsis for
generating the light curve model for transits in year 1, 3, and 5
based on the best fit to the transit times in each year. We sample
each posterior distribution with PyMC3 (Salvatier et al. 2016),
with 8000 tuning steps and 40,000 draws. The reduced chi-
squared value for the best fitting model is 0.95.
The fitted light curves are displayed in Figures 1 and 2. It is

particularly clear for TOI-216 b that the transits are deeper and

Figure 1. Light curves of TOI-216 b divided between year 1 (left) and year 3
onward (right) of TESS observations, phase aligned to the center of the transit.
The best fitting model is shown in black for each individual transit. Binned data
for each time interval is shown as white points.

3 The target will continue to be observed throughout Cycle 5, appearing in
every sector from 61 to 69, inclusive.
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wider in year 3 of the data. This is due to the impact parameter
decreasing so that the planet is closer to fully transiting the star,
crossing a longer chord and blocking more light. In the two
transits from year 5, TOI-216 b is fully transiting. The stellar
and planetary parameters derived from the light curve fit are
displayed in Table 1. As we are investigating changes to the
impact parameter of the planets, we chose to only use TESS
data in order to provide a consistent data set with respect to
photometric noise properties and instrumental bandpass.

3. Analysis

We jointly fit the transit times and impact parameters for
each planet using the python TTVFast package (Deck et al.
2014). For each planet, we assign a mass M, period P,
eccentricity e, inclination i, longitude of the ascending node Ω,
argument of periapsis ω, and mean longitude λ. We fix the
longitude of the ascending node for the inner planet, TOI-
216 b, as Ωb= 0, as only the difference in angle between the
nodes of the two planets can be inferred. To account for the
possibility that the uncertainties in the times of transit have
been underestimated, we fit a “jitter” parameter that is added in
quadrature to the uncertainties in transit times themselves. We
also allow the stellar mass and radius to vary following
Gaussian priors derived from the analysis described in
Section 2. For all other parameters we apply a uniform prior.
We set the time of the initial epoch to 1325.31 days,
commensurate to the analysis in Dawson et al. (2021).
TTVFast returns calculated times of transits, in addition to
the on-sky separation between the planet and the center of the
star, allowing the impact parameter to be determined. We
sample with emcee (Foreman-Mackey et al. 2013), an
implementation of the affine invariant MCMC sampler of
Goodman & Weare (2010), with the maximum-likelihood
sample used as starting conditions for an N-body integration.
The sampling used 500 walkers and 15,000 steps, with the first
10,000 discarded as burn in.

The planetary parameters and orbital elements derived from
the fitting are presented in Table 2. We calculate the mutual
inclination imut following

i i i i icos cos cos sin sin cos , 2b c b c b cmut ( ) ( )= + W - W

and determine the density of the planet ρ is from the mass and
radius as inferred by the TTVFast fitting and light curve

fitting, respectively. The “jitter” term added an extra 1.7
minutes of uncertainty in quadrature to the transit times.

4. Results and Discussion

The two planets have very large TTV amplitudes: the TTV
amplitude of TOI-216 b is approximately 3200 minutes, and
the amplitude for TOI-216 c is approximately 540 minutes. We
show the measured TTVs for the two planets in Figure 3. The
TTVs are anticorrelated and vary with a period of 1500 days
due to resonant libration. There is an additional component
over 8900 days due to apsidal precession of 1100 minutes for
TOI-216 b and 10 minutes for TOI-216 c.

4.1. Change in Impact Parameter of Planet b

We show a comparison between the measured impact
parameters for both planets and model predictions for in
Figures 4 and 5. TOI-216 b shows a large change in impact
parameter between year 1 and year 3, changing from around
0.98 to 0.92 and continuing to decrease to 0.88 in year 5. As
the radius ratio of planet b to the star is 0.0949 0.0019

0.0021
-
+ , transits

Figure 2. Light curves of TOI-216 c divided between year 1 (left) and year 3
onward (right) of TESS observations, phase aligned to the center of the transit.
The best fitting model is shown in black for each individual transit. Binned data
for each time interval is shown as white points.

Table 1
Planetary Parameters Derived from Light Curve Fit

Parameter Value 68% Confidence Interval

Må (Me) 0.763 ±0.021
Rå (Re) 0.757 ±0.007
ρå (ρe) 1.76 ±0.06
u1 0.48 ±0.06
u2 0.04 ±0.13
Rb/Rå 0.0949 0.0019

0.0021
-
+

Rc/Rå 0.1222 ±0.0008
Rb (R⊕) 7.84 0.19

0.21
-
+

Rc (R⊕) 10.09 0.13
0.15

-
+

bb 0.946 0.010
0.011

-
+

bc 0.19 0.09
0.06

-
+

γb 0.024 0.005
0.006

-
+

γc (95% upper limit) <0.0006

Table 2
Planetary Parameters at 1325.31 Days For TOI-216 b and TOI-216 c

Parameter Value 68% Confidence Interval

Må (Me) 0.763 ±0.021
Rå (Re) 0.757 ±0.007
Mb (MJup) 0.0554 ±0.0020
Pb (days) 17.0988 0.0006

0.0007
-
+

eb 0.1593 0.0019
0.0021

-
+

ib (°) 88.554 ±0.020
Ωb (°) 0
ωb (°) 292.0 ±0.7
λb (°) 82.18 0.16

0.17
-
+

Mc (MJup) 0.525 ±0.019
Pc (days) 34.5508 ±0.0003
ec 0.009 0.003

0.004
-
+

ic (°) 89.801 ±0.019
Ωc (°) −0.80 ±0.12
ωc (°) 236 11

7
-
+

λc (°) 27.50 ±0.18
imut (°) 1.49 ±0.07
ρb (g cm

−3) 0.201 ±0.017
ρc (g cm

−3) 0.89 ±0.05
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with impact parameter larger than 0.91 are grazing, while
impact parameters below that level suggest fully transiting
events. In year 1 and 3 the transits are grazing, and the impact

parameter is relatively constant throughout year 1, which is
why no change was detected by Dawson (2020). At the start of
year 5 we infer the outer planet has a 95% probability of being
fully transiting, which increases throughout the year. We
conclude that in these data the impact parameter has decreased
to a point where TOI-216 b is now fully transiting.
TOI-216 c exhibits little change in impact parameter over the

observed period, with an upper limit on the scale of the change
calculated from the Cauchy distribution placed at 0.0006. We
find from the light curve fit there is no detectable change across
the observation period, although there is a large uncertainty in
the mean impact parameter. There is greater uncertainty in
measuring the transit impact parameter when it is lower
(Pál 2008). From fitting the model to transit times and impact
parameters we find that the spread of possible impact
parameters is narrower than from the light curve alone. The
model suggests that there should be an increase in impact
parameter of ∼0.01 Rå across the 4 yr observing baseline. The
changes in impact parameter are due to interactions between
the two planets, so the more massive planet c is expected to be
perturbed less than the lighter planet b.
We project the future impact parameter of both planets in

Figure 6. It can be seen that the period over which TESS
observed the system covers a fortuitous time, as it captures
TOI-216 b progressing from partially to fully transiting. This
planet will continue to fully transit the star for the next 100 yr.
In doing so it will cross over to the opposite side of the star
than TOI-216 c. The outer planet’s impact parameter does not
have as drastic a change, always fully transiting and staying on
one side of the center of the star. The timescale over which the
impact parameter changes appears to be approximately 300 yr,
driven by a slow anticorrelated variation in the inclination of
the planets. Shorter timescale variations are caused by apsidal
precession, cyclic changes to the argument of periapsis of the
inner planet over an 8900 day period. As the orbit of the outer
planet is nearly circular (e 0.009 0.003

0.004= -
+ ), this effect is much

smaller, so no obvious short term variation is seen in its impact
parameter.
TOI-216 joins a small number of systems with observed

transit duration variations, including Kepler-46 (Dawson 2020),
Kepler-108 (Mills & Fabrycky 2017), Kepler-448 and Kepler-
693 (Masuda 2017), K2-146 (Hamann et al. 2019), and 15

Figure 3. Observed TTVs for TOI-216 b (blue) and c (pink) shown as points.
Error bars for b (∼3 minutes) and c (∼1 minute) are too small to be seen at this
scale. Narrow shaded regions indicate 68% and 95% credible intervals of fitted
models. The TTVs are anticorrelated with TOI-216 b having a larger amplitude
due to its lower mass and higher eccentricity. The TTVs change
quasisinusoidally over a period of ∼1500 days.

Figure 4. Measured impact parameters from the light curve fitting alone for
each transit of TOI-216 b are shown as black points. The spread of dynamical
models fit to the data is shown in blue, while the shaded regions mark 68% and
95% of n-body simulations. The light gray region indicates a grazing transit.
The impact parameter for TOI-216 b has changed from grazing to fully
transiting over the TESS observing baseline.

Figure 5. Measured impact parameters from the light curve fitting alone for
each transit of TOI-216 c are shown as black points, following the approach of
Dawson (2020). The spread of dynamical models fit to the data is shown in
pink, the shaded regions mark 68% and 95% of n-body simulations. The
individual transit impact parameters have highly correlated measurement
uncertainties. The impact parameter for TOI-216 c has no significant change
over the TESS observation baseline.

Figure 6. Impact parameters for TOI-216 b in blue and TOI-216 c in pink, with
shaded regions marking 68% and 95% of fitted models. A negative impact
parameter is used as TOI-216 b crosses over the face of the star to the opposite
side relative to TOI-216 c. The light gray shaded region marks a grazing transit
for TOI-216 b, the dark gray region indicates the planet has stopped transiting
entirely. TOI-216 b will fully transit for over 200 yr, TOI-216 c is always fully
transiting.
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KOIs identified by Shahaf et al. (2021). Future observations of
known exoplanet systems will increase this population, with
longer-term dynamics and the presence of non-transiting
planets able to be explored in other Kepler systems (Christ
et al. 2019; Goldberg et al. 2019).

4.2. Synodic Chopping

The n-body integrations of the TOI-216 system reveal
synodic chopping in the transit times of planet b. As described
by Deck et al. (2014), chopping occurs where the size of the
TTVs jumps between successive transits. In the case of this
system, the chopping signal is much smaller than the TTVs: it
is on the order of a few minutes at its largest point during year 3
and around 1 minute in year 1. Planet c exhibits no significant
chopping in its transit times due to the 2:1 orbital resonance
resulting in planet b being in close to the same relative location
each orbit.

The close encounters of the planets as they pass each other
also affect other parameters of the orbits, although only impact
parameter can be easily measured. Planet b has minor
chopping-like changes to its impact parameter, but the scale
is significantly smaller than the uncertainties in the impact
parameter fit. A step-like signal can be seen in the modeled
solutions for the impact parameter in Figure 4, particularly
when the impact parameter is varying rapidly. The size of these
steps is smaller than the uncertainty in the impact parameter, so
it is unlikely that these could be directly measured with data
from TESS.

4.3. Limits on a Third Planet

The existence of a third planet had previously been invoked
as one possible method of exciting the eccentricity of TOI-
216 b (Dawson et al. 2021). Although subsequent modeling of
planet migration found that the eccentricity of b and libration
amplitude can be explained without the need for a third planet
(Nesvorný et al. 2022), here we consider the possibility of a
third planet in the system, in either a 2:1 resonance inside
planet bs orbit (P≈ 8.5 days), or a 1:2 resonance outside planet
cs orbit (P≈ 69 days).

In both cases sampling favored planets with masses smaller
than those of either known planet; more massive planets affect
the structure of the TTV signal compared to the observed
timing variations. We find a 95% upper mass limit on an
interior planet at half the period of planet b of 1.04 M⊕; for an
outer planet at twice the period of planet c, the limit is 11.8M⊕.
In comparing the model to the data, we find no justification to
include a third planet given the current data. The presence of a
third planet at either location does not change the inferred
masses of TOI-216 b and c by a significant amount.

4.4. Density of Planet b

The radius of TOI-216 b is now well characterized as it is
fully transiting, with a radius of 7.84 0.19

0.21
-
+ R⊕, improving on the

precision of previous estimates by a factor of 10. The radius of
planet c is determined to be 10.09 0.13

0.15
-
+ R⊕, which is consistent

with previous work. Planet b has a mass of 17.6± 0.6 M⊕ and
planet c has a mass of 167± 6 M⊕. From this we calculate bulk
densities of 0.201± 0.017 g cm−3 and 0.89± 0.05 g cm−3 for
planets b and c, respectively. The masses of the two planets are
highly correlated, with a mass ratio between the planets Mc/Mb

of 9.48± 0.02. The radii are also somewhat correlated, the

radius ratio Rc/Rb is 1.29± 0.03, resulting in a density ratio of
ρc/ρb of 4.4± 0.3.
TOI-216 b has a mass similar to that of Neptune, but a radius

nearly twice as large, giving it a much lower density. Planet b’s
density is low for its mass but not unusual, as planets of similar
mass and radius exist, such as Kepler-18 d (Cochran et al.
2011), which has a very similar mass, radius, density, and
orbital period. Kepler-18 d has a mass of 16.4 M⊕ and a radius
of 6.98 R⊕, so a density of 0.27 g cm−3 and a 14.86 day orbit.
This planet is the outer planet in a 2:1 resonance with Kepler-
18 c, a slightly smaller puffy Neptune. The radius, mass, and
density of TOI-216 c are between that of Saturn and Jupiter.
Planet c’s mass and radius are typical for a planet of its size.
Kepler-117 is a system with a similar arrangement of planets.

Kepler-117 b has a mass of 29.9 M⊕ and a radius of 8.06 R⊕
giving it a low density of 0.30 g cm−3, while Kepler-117 c has
a mass of 585 M⊕ and a radius of 12.3 R⊕, so a density of 1.74
g cm−3 (Bruno et al. 2015). The presence of a low-density
super-puff interior to a warm Jupiter resembles the TOI-216
system, a key difference is that with orbital periods of 18.8 and
50.8 days, Kepler-117 is not in a resonance and exhibits only
small TTVs. Another similar system is Kepler-9, which has a
pair of warm, puffy outer planets b and c with radii of 7.91 and
7.76 R⊕, and densities of 0.495 and 0.362 g cm−3, respectively
(Freudenthal et al. 2018). Kepler-9 b and c are close to a 2:1
resonance with periods of 19.247 and 38.944 days, and exhibit
large TTVs. This system is also predicted to show a change in
the inclination and impact parameter of its planets over time,
which has been detected in transit duration variations (Shahaf
et al. 2021).
We find that the uncertainty in the mass and radius

measurements of the planets is primarily due to uncertainty
in the mass and radius of the star. The planet-to-star ratios for
mass have 1σ uncertainties of 2.4%, while the uncertainty in
the stellar mass reported by Dawson et al. (2021) is 2.8%. We
find that the radius ratios for the planets have uncertainties of
2.1% and 0.65% for b and c, respectively, while the stellar
radius has an uncertainty of 0.92%. The dynamics of this
system are such that these parameters for the planets are very
well characterized. Therefore the benefits of including addi-
tional data such as ground-based photometry, or radial velocity
observations are limited. The most significant parameters are
already well known: characterization of TOI-216 itself is the
limiting factor in refining the size of the planet.
Super-puffs are planets with uncommonly low densities,

typically below 0.3 g cm−3 (Liang et al. 2021), like TOI-216 b.
Many super-puffs have masses comparable to super-Earths
(Lee & Chiang 2016). However, the larger 12.0 M⊕ HIP
41738 f (Belkovski et al. 2022), 15.0 M⊕ Kepler-90 g (Liang
et al. 2021), 16.4 M⊕ Kepler-18 d (Cochran et al. 2011), and
30.5 M⊕ WASP-107 b (Piaulet et al. 2021) have similar masses
and comparable low densities to TOI-216 b.
One explanation for the inflated radii of super-puffs is the

presence of high-altitude hazes due to the outflow of the
atmosphere (Gao & Zhang 2020). A similar explanation
utilizes the formation of dust grains in the outflow to contribute
to increasing the apparent radius of the planet (Ohno &
Tanaka 2021). Both of these explanations predict a featureless
transmission spectrum, which as been observed in Kepler-79 d
(Chachan et al. 2020). These explanations are most effective at
explaining super-puffs with a mass <5 M⊕, so they may not
explain the low density of the higher mass TOI-216 b. The very
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low density and low latitude, placing it in the TESS southern
continuous viewing zone, may make this target an attractive
follow-up target with JWST to probe super-puff atmospheres.

These low-density planets are often observed in systems
exhibiting TTVs. The masses and densities of planets found in
TTV systems are systematically lower than those calculated
using RV surveys (Weiss & Marcy 2014). It is possible that
this difference is due to the presence of super-puff planets in or
near a mean-motion resonance that migrated inwards to their
current locations after forming further out in the disk (Lee &
Chiang 2016). Then low-density planets are more likely to be
found near a resonance and therefore will exhibit a larger TTV
amplitude. The density of TOI-216 b and the circular orbit of c
are both suggestive of inwards migration in this way.

Another explanation for the difference in trends between
masses derived through TTVs and RVs is that for a given
radius of planet RVs tend to detect higher mass planets, while
TTVs have a more uniform sensitivity (Steffen 2016), which
would amplify any potential physical differences between the
samples. An analysis of the mass to radius ratios of planets
found that the difference in masses can be attributed to
differing sensitivities based on period (Mills & Mazeh 2017).
For short-period orbits TTVs and RVs produce similar results,
while at longer periods RVs have a detection bias toward
higher mass planets. For planets that have mass determinations
from both TTVs and RVs, results are generally consistent with
no clear bias of masses in one direction. Using TTVs, we find
masses of TOI-216 b and c that are consistent with those found
by Dawson et al. (2021), where a joint transit and radial
velocity fit was performed.

The tidal migration of the planets around TOI-216 has been
explored by Nesvorný et al. (2022). They find that the resonant
architecture of the system can be explained by TOI-216 b
having its migration stall at the inner edge of the protoplanetary
disk, where the outer planet can then migrate inwards to
capture the system into a 2:1 resonance. The process of
Neptunes and sub-Neptunes becoming trapped at the inner
edge of the disk was explored by Chrenko et al. (2022), using
TOI-216 b as a test case.

4.5. Future Transits

The projected transit-timing variations for TOI-216 b and c
are shown in Figure 7, using the maximum-likelihood fitted

model. The eccentricity of the orbit of each planet is shown in
Figure 8.
Both the TTVs and eccentricity variations of each planet

show a short term period of approximately 1500 days, and a
longer period of approximately 8900 days. These TTVs are
calculated using a time-averaged period of 17.21720 days for
the inner planet, and 34.50113 days for the outer planet, giving
a period ratio of 2.00388. Using Equation (1) this period ratio
gives a superperiod of 8902 days, explaining the 8900 day
longer-term period seen. The larger amplitude 1500 day
variation is due to the libration of the system around mean-
motion resonance. The osculating periods of the two planets
vary between 17.05 to 17.40 days for b, and 34.44 to 34.56
days for c, with the osculating period ratio changing between
1.98 and 2.03. The long-term TTV amplitude is more
significant for the inner planet due to its lower mass.
The 2:1 resonant angle 2 c b bl l w- - , where w is the

longitude of periapsis, for TOI-216 b librates around a fixed
point. This is shown in Figure 9 where all sampled solutions
librate in a 2:1 resonance. The inner planet librates over a
timescale of 1500 days. This resonant angle for TOI-216 c
circulates in all sampled solutions over 150 yr.

4.6. Orbital Evolution

The orbit of TOI-216 b has a moderate eccentricity of
0.1593 0.0019

0.0021
-
+ , while TOI-216 c has a nearly circular orbit with

an eccentricity of only 0.009 0.003
0.004

-
+ . The eccentricity of planet b

varies between 0.120 and 0.167 over the 1500 day libration
timescale. Planet c’s eccentricity varies more slowly, with the
largest amplitude effect occurring over a 8900 day period. The
low eccentricity of TOI-216 c is consistent with in situ
formation or resonance capture migration, while high-eccen-
tricity migration seems unlikely.
The planets exhibit a mutual inclination of 1°.49± 0.°07,

which is observed in the difference in measured impact
parameters. The torque exerted due to the mutual inclination
causes the observed sky-plane inclinations of the two planets to
change over time, driving the change in impact parameter seen
in the transits of TOI-216 b. The mutual inclination therefore
changes over time, as seen in Figure 10. The mutual inclination
is smallest when the sky-plane inclinations, and so the impact
parameters, of the two planets are the same. At these minima
the mutual inclination is nearly equal to the difference in the

Figure 7. Transit-timing variations for TOI-216 b (blue) and c (pink) over a
150 yr period based on the maximum-likelihood dynamical model of the
system. The left panels highlight a shorter period of time to show a 1500 day
long periodicity in TTVs. The right panel shows a more slowly varying
8900 day period in transit times.

Figure 8. Eccentricity variation for TOI-216 b (blue) and c (pink) over a 150 yr
period based on the maximum-likelihood dynamical model of the system. The
left panel highlights a shorter period of time to show a 1500 day long
periodicity in the eccentricity of b. The right panel shows a more slowly
varying 8900 day period in eccentricity.
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longitudes of the ascending nodes of the two planets,
ΔΩ=Ωb−Ωc. Within the next ∼300 yr, the maximum
mutual inclination between the orbital planes of the two
planets is 1°.67± 0°.12 and the minimum is 0°.62± 0°.11,
demonstrating a small misalignment between the planets.

Our model predicts that future transits will continue to show
impact parameter changes. Transits of TOI-216 b will show a
dramatic decrease in impact parameter over the next decade,
which will be observable as a lengthening of the transit
duration. The impact parameter of TOI-216 c slowly increases
over the same timescale. The changes to the more massive
planet c’s impact parameter will be smaller, precluding the
possibility of any syzygies in the system in the next few
decades.

4.7. Comparison with Previous Work

We compare the values found in this paper to those most
recently published for TOI-216 in Dawson et al. (2021). The
stellar parameters used by Dawson et al. (2021) were a mass of

0.77± 0.03 Me and a radius of 0.748± 0.015 Re, where the
uncertainties were not included in the dynamical fitting. These
values were used as the prior for fitting the light curve, which
found a best fit for a lower mass and larger radius, both have
overlapping uncertainty. The radii and masses determined for
the planets are consistent, with slight improvements in
uncertainties. The exception is for the radius of TOI-216 b, as
we have greatly reduced the uncertainty in the measurement.
TOI-216 joins a collection of other systems with super-puff

planets, such as Kepler-18 (Cochran et al. 2011), Kepler-79
(Jontof-Hutter et al. 2014; Chachan et al. 2020), Kepler-90
(Liang et al. 2021), and Kepler-117 (Bruno et al. 2015). The
low-density planets in these systems often have factors in
common: they all have low orbital eccentricities, while most
have periods that are close to an integer ratio with another
planet in the system, leading to significant TTVs. Often, they
are in or near resonance with a Jupiter analog. Kepler-117 does
not show significant TTVs, but does feature an inner super-puff
and a larger, Jupiter-mass outer planet, much like TOI-216.
While TOI-216 b has a moderately eccentric orbit, TOI-216 c
has an orbit that is very circular. The circular orbits of many of
these planets and being in or close to a mean-motion resonance
suggests these super-puffs may have undergone disk migration
to their current locations, as suggested by Lee & Chiang
(2016). The commonalities of the orbits of these planets
suggest they are the result of a shared formation mechanism,
rather than a shorter-term observational effect such as the
presence of rings, as explored by Piro & Vissapragada (2020).
We compare the TTV amplitudes of TOI-216 b and c to

those of other known TTV systems in Figure 11. In can be seen
that TOI-216 b and TOI-216 c have some of the highest TTV
amplitudes of all known planets. If the TTV amplitude is
calculated as a fraction of the orbital period, TOI-216 b is the
highest.

5. Conclusions

The extreme TTVs of the planets in the TOI-216 system are
used to precisely characterize the orbits of these planets. TOI-
216 b has changed from a grazing transit to fully transiting, so
we can now accurately measure its radius. TOI-216 b is a puffy
Neptune-mass planet (17.6± 0.6 M⊕), with a much larger
radius that is now well constrained to 7.84 0.19

0.21
-
+ R⊕, TOI-216 c

is a warm Jupiter with a typical mass (167± 6 M⊕) and radius
(10.09 0.13

0.15
-
+ R⊕). We calculate bulk densities of 0.201± 0.017 g

cm−3 and 0.89± 0.05 g cm−3 for planets b and c, respectively.

Figure 9. The trajectory of the maximum-likelihood dynamical model showing
the libration of angles around a fixed point for TOI-216 b (blue), and the
circulating nature of TOI-216 c (pink).

Figure 10. The mutual angle between the orbital planes of TOI-216 b and c
with shaded regions marking 68% and 95% of fitted models. The changes in
mutual inclination are primarily due to changes in the sky-plane inclination of
the two planets, reaching minima where the impact parameters coincide.

Figure 11. The amplitude of TTV oscillations for planets in known TTV
systems against the average orbital period of the planet. TOI-216 b is marked in
blue, TOI-216 c is marked in pink.
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The mass and radius measurement precision is now limited by
uncertainties in stellar parameters.

Future transits observed by TESS will increase precision of
orbital characteristics and radii measurements, but not by a
large amount as the main uncertainty lies in the star itself. New
transits will show changes in impact parameter that will
confirm the mutual inclination between the planets, and the
continued observation of TTVs will narrow uncertainties
further.

TOI-216 b is yet another super-puff found in a TTV system.
Multiple low-density planets like these have been found on
warm orbits that are close to or in mean-motion resonances
with other planets. They are often on low-eccentricity orbits,
giving further weight to the ideas of Lee & Chiang (2016) that
super-puffs formed at larger distances from their host stars and
migrated inwards, thus are captured into resonance, explaining
their prominent TTVs. TOI-216 has a TESS magnitude of 11.5
(Dawson et al. 2019); its low density and bright host make it a
suitable target for atmospheric characterization by JWST in
order to better understand the composition of super-puffs.
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