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The Galaxy’s most common known planetary systems have several Earth-to-Neptune-
size planets in compact orbits’. At small orbital separations, larger planets are less
common than their smaller counterparts by an order of magnitude. The young star
V1298 Tau hosts one such compact planetary system, albeit with four planets that are
uncommonly large (5to 10 Earth radii)**. The planets form a chain of near-resonances
thatresultin transit-timing variations of several hours. Here we present a multi-year
campaign to characterize this system with transit-timing variations, amethod
insensitive to the intense magnetic activity of the star. Through targeted observations,
we first resolved the previously unknown orbital period of the outermost planet.

The full 9-year baseline from these and archival data then enabled robust determination
ofthe masses and orbital parameters for all four planets. We find the planets have low,
sub-Neptune masses and nearly circular orbits, implying a dynamically tranquil history.
Their low masses and large radii indicate that the inner planets underwent a period of
rapid coolingimmediately after dispersal of the protoplanetary disk. Still, they are
much less dense than mature planets of comparable size. We predict the planets

will contractto1.5-4.0 Earth radii and join the population of super-Earths and sub-
Neptunes that nature produces in abundance.

V1298 Tau is a young (10-30 Myr), approximately solar-mass star
(1.10 £ 0.05 M,) in the Taurus star-forming region®*%, Observations
by NASA’s Kepler space telescopeinits extended K2 mission’® revealed
transits of the star by four different planets, each larger than Nep-
tune??. The V1298 Tau planets occupy a sparsely populated region of
the observed exoplanet period versusradius plane. As ayoung system of
large planets, it provides a crucial snapshot of planetary architecture just
after formation, serving as the ‘missing link’ between protoplanetary

disks and the mature systems found by Kepler®. Measuring their masses
and orbits is, therefore, a key test of planet formation theories and
allows usto witness early evolutionary processes, such asatmospheric
mass loss, that sculpt planetary systems over billion year timescales.
Between 2019 and 2024, we observed 43 other transits of all four
planets using both space- and ground-based telescopes. This campaign
successfully recovered the previously lost outermost planet, V1298
Tau e, and resolved a long-standing period ambiguity' (Methods).
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Fig.1| TTVsinthe V1298 Tausystem. Top left, points show the transit times of
planet c measured against areference linear ephemeris; error bars represent
louncertainties. Grey curves show credible transit times drawn from the
N-body models described in the text. Bottom left, same as above but for planetd.

We performed homogeneous and self-consistent modelling of all tran-
sit data from 2015 to 2024. After determining the transit shape para-
meters, we fit the midpoint of each transitindividually (Methods). The
transit-timing variations (TTVs) are shownin Fig. 1. All planets exhibit
significant TTVs withamplitudes ranging from approximately 50 min
to100 min. Moreover, the TTVs of the c-d pair are anticorrelated, as are
those of the b—e pair. This indicates that the c-d and b-e interactions
dominate over other pairwise interactions.

Previous works have developed analytic models of TTVs applicable to
certain orbital configurations'*2. Other works have developed N-body
TTV models based on a dynamical integration of the star-planet sys-
tem subject to Newtonian gravity (for example, refs. 13-15). Analytic
models are generally faster to evaluate, have fewer free parameters and
offeraclearer connection between the system propertiesand the TTV
waveform. N-body models, with more free parameters, are slower to
evaluate but can completely describe any star-planet system.

Most TTVstudiesin theliterature treat planets from the 4-year Kepler
mission. These studies had the benefit of near-continuous sampling
over a full TTV period. The sparse sampling of our dataset presents

Table 1| Planetary parameters

BJD - 2454833

Theinteractions between cand d are nearly sinusoidal and anticorrelated.
Top and bottomright, the same but for planetsbande. The TTVsofbandeare
also sinusoidal and anticorrelated.

different challenges. We, therefore, used analytic models to build our
intuition of the system dynamics before undertaking a full N-body
analysis. The nature of TTV interactions depends on the proximity to
resonance 4, definedas A= %’77.1 -1, where P, and P, are the orbital
periods of the inner and outer planets, respectively, and,j is a posi-
tiveinteger defining the resonance, with smaller 4 associated with lar-
ger TTVs.Inthissystem,4.4=0.2%, 44, =-2.7%and 4. = 0.8%. Given the
strength of the c-d andb-einteractions over d-binteractions, we used
analytic models to treat the c-d and b-e interactions separately. The
analyticmodelsindicated low masses and low eccentricities (Methods).

Guided by our analytic results, we then performed a full N-body
dynamical fit to the transit times to derive a final, robust set of planet
parameters. This model accounts for all gravitational interactions in
the system simultaneously, including subtle, higher-order TTVs that
can help break degeneracies inherent in our analytic models. Details
of our N-body model, Bayesian statistical framework and Markov chain
Monte Carlo sampling are provided in Methods.

Figure 1shows a selection of credible models drawn from our pos-
terior samples, along with the timing data. The models fit the data

Parameter Unit c d b e

M, M, 47+0.6 6.0+0.7 131+5.3 15.3+4.2

Ro Re 5.08+0.37 6.53+0.42 9.41£0.57 1017+0.75

o) gem™ 0.20+£0.05 0.12+0.03 0.09+0.04 0.08+0.03

e % <0.94 <0.87 0.79+0.41 <1.24

P days 8.249164(3) 12.401394(9) 24.140006(17) 48.677714(53)

a au 0.0824+0.0012 0.1081£0.0016 0.1685+0.0025 0.2689+0.0040
T. K 953+36 83131 666+25 527+20

eq

Parameter definitions: M,, planetary mass; R,, planetary radius; p, bulk density; e, orbital eccentricity; P, orbital period; a, semi-major axis; and T,

, equilibrium temperature. Uncertainties

denote the 68% credible interval and upper limits are 10. T,, values assume a stellar effective temperature value of T4=4,970+120K (ref. 2) and zero Bond albedo. Planet-to-star mass and
radius ratios are converted to planetary masses and radii using a stellar mass value of M, =1.10+0.05M, and a stellar radius value of R,=1.32+0.05 R, (ref. 2). Eccentricities are given in percent.
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Fig.2|Planetaryradius versus orbital period and planetary mass.

a,b, Planetary radius versus orbital period (a) and planetary radius versus
planetary mass (b) for the V1298 Tau system (red filled circles); error bars
represent louncertainties. The low-density planets of the Kepler-51systemare
shown for comparison (purple squares), along with kernel density estimates of
thedistributions of well-characterized exoplanets (shaded contours), drawn
fromthe NASA Exoplanet Archive (n = 624 planets with mass and radius
uncertaintiesless than 20%, P <150 days and host T,=4,500-6,500 K to exclude
M dwarfs). The parameters of the Kepler-51 planets were sourced from the
‘outside 2:1'solutionin Table 6 of ref. 27. Theoretical radius evolution tracks from

well, with increased scatter where observations are sparse. The cred-
ible range of each planetary parameter is listed in Table 1. We find
masses M,=4.7 £+ 0.6 Mg, My=6.0 £ 0.7 Mg, M, =13.1+ 5.3 Mg and
M.=15.3 £ 4.2 M, (the uncertainties correspond to the 68% highest
density intervals of the marginal posteriors). Inaddition, the planetary
eccentricitiesareall lessthan about 1%. A detailed dynamical analysis
(Methods) confirms that this solution corresponds to along-termstable
and non-resonantorbital architecture. The N-body results are consist-
entwith the analyticresults at 2o or better with smaller uncertainties.
The N-body model is a more complete description of the planetary
dynamics than our analytic models and includes effects like synodic
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ref.29 are shown as vertical dashed lines. The terminal radii at 5 Gyr from that
work areshownasopentriangles. The colour indicates the assumed core mass
(red for 5 Mg and black for 10 Mg). The orientation represents the stellar
extreme-ultravioletactivity level (upwards for high activity and downwards for
low activity). The black dashed lineinadepicts the observed location of the radius
valley?®. Theoretical mass-radius relations for different planet compositions
fromref.31areshowninbasdashedlines. Grey dotted linesindicate theoretical
mass-radius relations for Earth-like cores with H/He envelopes with various mass
fractions fromref. 30, calculated for anage of 100 Myrand aninsolation of 10 F.

chopping'®and d-binteractions. It exhibits root mean square (r.m.s.)
values of 4-11 min, consistent with our analytic models. Henceforth,
we adopt and interpret the N-body results. The masses of planets b
and e have substantial fractional uncertainties but are distinct from
zero; they are larger than 4.8 Mg and 7.8 M, to 95% confidence. The
broad uncertainties stem from the well-known mass versus eccentric-
ity degeneracy". Extremely low masses and high eccentricities would
produce b-dinteractions that are inconsistent with the data.

The combination of low planet masses with the youth of the host
star makes Doppler mass measurements challenging. The expected
semi-amplitudes of the radial velocity are approximately1-2ms?,



which are two orders of magnitude smaller than the stellar activity sig-
nal. For comparison, the measured r.m.s. values of the radial velocity in
existing datasets for V1298 Tauare 260 ms™,197 ms*and 195 m s for
HARPS-N, CARMENES VIS and CARMENES NIR, respectively’. The chal-
lenge of this high stellar activity hasbeen a central themein recent stud-
ies of the system'”?°, Reference 7 simultaneously modelled planetary
and activity radial velocity variations, reporting masses of 203 + 60 M,
and 367 + 95 M for planetsb and e, an order of magnitude larger than
our TTVresults. However, ref. 21 found that the planet-activity model
is biased towards over-predicting planet masses when stellar activity
dominates. Given these challenges and the risk of systematic bias,
a TTV-only analysis provides, at present, the most robust and unbi-
ased mass constraints for this system. Notably, our dynamical mass
for planet b is consistent with independent atmospheric constraints.
Arecentanalysis of transmission spectra captured by the James Webb
Space Telescope by ref. 22 inferred a mass from the atmospheric scale
height that is in excellent agreement with our TTV result. That two
independent methods—one based on gravitational dynamics and the
otheronatmosphericstructure—yield such consistentresults provides
apowerful validation of our measurement.

The planetary densities that we measured in the V1298 Tau system
are among the lowest exoplanet densities recorded. The only known
multi-planet system exhibiting comparably low densities is, perhaps
not coincidentally, the young (approximately 300 Myr) transiting sys-
temKepler-51, for which mass measurements were also made through
TTVs®7, although V1298 Tau is significantly younger and more com-
pact. Figure 2 places the V1298 Tau planetary system in the context
of the broader, mature exoplanet population. Figure 2a shows these
young planets positioned above the radius gap®. To trace their future
evolution, we overplot the ‘fluffy’ planet scenarios from ref. 29, which
arethe most relevant analogues. These models bracket arange of pos-
sibilities by assuming two different core masses (5 My and 10 Mg) and
two stellar extreme-ultraviolet activity levels that result in different
degrees of atmospheric mass loss. The 5 Mg scenario is a particularly
strong analogue, as our own interior structure modelling (Methods)
constrains the core masses of planets c and d to be 4-6 Mg (10). The
resulting tracksindicate that some planets will contract across the gap
to become super-Earths, whereas others will become sub-Neptunes,
thusdirectly tracing the formation of the bimodal radius distribution
observed by Kepler. Figure 2b reveals substantial H/He envelopes®,
although their final evolved states may have densities that are degen-
erate with water worlds™.

The low masses and densities of the V1298 Tau planets have signifi-
cantramifications for planet formation theory. Theoretical modelling
indicated that planet ¢ (M, =4.7 + 0.6 M) was one of the best targets for
constrainingits formation history:amass higher than10 Mz would be
consistent withstandard core-accretion models, whereas amass lower
than 6 Mgy would require a ‘boil-off’ phase during protoplanetary disk
dispersal®’. Such a phase occurs when the pressure support of the disk
isremoved swiftly, triggering profuse atmospheric mass loss through
aParkerwind and rapid cooling, leaving behind an envelope with lower
entropy and alonger Kelvin-Helmholtz timescale compared with pre-
dictions from standard core-accretion models®>*,

Toexplore the possible formation channels for the V1298 Tau planets,
we modelled the planets as two-layer objects consisting of an Earth
composition rocky core ensheathed in a H/He envelope. The initial
envelope entropy is parameterized by its Kelvin-Helmholtz contraction
timescale. We ran a dense grid of models spanning core mass, initial
envelope mass fraction and initial envelope entropy at the location
of each planet in the system and evolved them to the current age of
the system.

Figure 3 shows posterior distributions for the initial properties of
all four planets, providing a deeper insight into the system architec-
ture. The right panel confirms that the inner planets c and d require
low-entropy initial states (much greater than 30 Myr Kelvin-Helmholtz

15 4

® T Qo

Core mass (M)

025  10° 107 108 10°
Initial cooling time (years)

0.056 0.10 0.15 0.20

Initial envelope mass fraction

Fig.3|Posterior distributions for the initial properties of the V1298 Tau
planets. The posteriors were derived by applying the planetary evolution
and mass loss framework of ref. 32 to our measured masses and radii for
planets c (red), d (orange), b (green) and e (blue). Left, initial envelope mass
fraction versus core mass. Right, initial Kelvin-Helmholtz cooling timescale
versus core mass. Contours show theloand 2o credibleregions. (Note that the
jagged appearance of some contoursisanumerical artefact of the discrete
coremass grid used in our analysis; see Methods for more details). The vertical
dottedlineintheright panelat 10 Myr marks the approximate upper limit

for standard high-entropy formation models. These models are strongly
disfavoured for the inner planets cand d, whereas for the less-irradiated outer
planetsband e, the method lacks the statistical power to distinguish between
high-and low-entropy scenarios.

cooling times), whereas the less-irradiated outer planets band e remain
unconstrained. The left panel, however, reveals a notable uniformity:
allfour planets are consistent with having similar core masses (approxi-
mately 4-6 M) and initial envelope mass fractions (approximately
0.1-0.2).Thisindicates that the systemis an exemplar of the ‘peasina
pod’ phenomenon at formation®, implyingits present-day size diver-
sityisatransitory phase driven by different levels of photoevaporation.

Extended Data Fig. 1shows that the measured masses and radii of
planets c and d lie outside the region of parameter space accessible
to standard, high-entropy core-accretion models. As the illustrative
tracksinthe figure demonstrate, only lower-entropy (boil-off) models
cansimultaneously satisfy both the mass and radius constraints after
accounting for 23 Myr of evolution and mass loss. During boil-off, the
planetary envelope becomes over-pressurized and expands hydro-
dynamically, carrying away significant internal energy and leaving
behind a cooler interior****%*, Although our measurements support
boil-off for the inner planets, recent atmospheric retrievalsindicating
a high internal temperature for planet b present a possible tension
that merits further investigation.

Theoretical modelling of the system under the influence of
extreme-ultraviolet- and X-ray-driven photoevaporation indi-
cates that these planets will continue to lose mass over the next
100 million years®?, even though they have already experienced sig-
nificant atmospheric loss. For our measured masses, standard evolu-
tionary models predict that all the planets will retain a small fraction
of their initial atmospheres, although the inner two could become
stripped, depending on the future spin evolution of the star®. Inter-
estingly, observational searches for continuing atmospheric escape
have so faryielded inconclusive results>***°, possibly because strong
stellar winds act to suppress planetary outflows* 3,
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Methods

Transit observations and analysis

We analysed a heterogeneous dataset of light curves from space- and
ground-based telescopes (Supplementary Table 1) to measure transit
times for the ultimate purpose of modelling TTVs. We used PyMC3*,
exoplanet (https://docs.exoplanet.codes/en/stable/)* and starry* to
fitthe light curve, incorporating tailored models for correlated noise
and instrumental systematics appropriate for each dataset.

Our analysis of the K2 and Transiting Exoplanet Survey Satellite
(TESS) light curves involved two distinct approaches with different
noise models. For the joint analysis of all transits in both light curves
(described below), we modelled stellar variability as a Gaussian pro-
cess*. By contrast, for measuring individual transit times (see below),
athird-order basis spline was sufficient to model the local correlated
noise.

To account for systematics in the Spitzer data, we used pixel-level
decorrelation (PLD)*®, which uses a linear model with a design matrix
formed by the PLD basis vectors (see below for more details). For the
ground-based datasets, we included alinear model with a design matrix
formed by airmass, pixel centroids, and the pixel response function
peak and width covariates, when available.

The limb-darkening coefficients were calculated using stellar para-
meters fromref. 2 by interpolation of the parameters tabulated by
refs. 49,50. These were fixed for individual transit fits but sampled
with uninformative priors in the joint K2 and TESS analysis described
below.

We used Broyden-Fletcher-Goldfarb-Shanno optimization® as
implemented in scipy.optimize for initial parameter estimates, fol-
lowed by posterior sampling with the No-U-Turn Sampler®, an efficient
gradient-based Hamiltonian Monte Carlo sampler implemented in
PyMC3. The chains were well mixed (Gelman-Rubin statistic less than
about 1.01) with negligible sampling error.

We first performed a joint fit of K2 and TESS data assuming a linear
ephemeris (see below). We then measured all individual transit times
uniformly using Gaussian priors fromthejointfitfor R /R,, b (the transit
impact parameter), and T, (the total transit duration), and uniform
priors for T, (the transit centre time) centred on predicted times. We
verified that T, posteriors were Gaussian and isolated well from prior
edges.

In all individual transit fits, we assumed Gaussian independent
and identically distributed noise and included a jitter parameter
05 to account for underestimated photometric uncertainties. The
log-likelihood was, thus,
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where X'is the diagonal covariance matrix with entries equal to the
totalvariance (thatis, the ithentryis o5 ;= 05 ; + 0jr, Where g, is the
observational uncertainty of the ith data point), and r is the residual
vector (r=[y, -y, %, = Y,, ..., J, ~¥,], where yis the model and y is the
data consisting of n measurements). When a given transit event was
observed by several telescopes (for example, at Las Cumbres Observa-
tory (LCO))*, or several band-passes from the same instrument (for
example, from MuSCAT3)**, we jointly fitted all light curves covering
the same event.

We obtained ground-based follow-up transit observations from a
variety of facilities spanning several observing seasons. Early in the
project, observations were distributed diversely among a half-dozen
telescopes, but later we focused almost exclusively on the LCO tel-
escope network, which enabled both the acquisition of data and its
analysis to be conducted more uniformly. The individual dates, facili-
ties, band-passes and exposure times of these observations are listed
inchronological orderin Supplementary Table 1. The measured transit
times are provided in Supplementary Table 2.

Joint analysis of the K2 and TESS light curves. V1298 Tau (EPIC
210818897) was observed between 7 February and 23 April 2015 during
campaign 4 of the K2 mission’. We analysed the K2 light curve produced
by the EVEREST pipeline (https://github.com/rodluger/everest)>¢,
whichis available at the Mikulski Archive for Space Telescopes (MAST)
(https://archive.stsci.edu/hlsp/everest).

V1298 Tau (TIC15756231) was observed at 2-min cadence in Sectors 43
and 44 (16 September to 6 November 2021) of the TESS mission™ as part
ofthe Director’s Discretionary Time (DDT) programme 036 (PI T. David).

We conducted ajoint fit to the K2 and TESS light curves assuming
alinear ephemeris, using a Gaussian process to account for correla-
ted noise arising from a combination of stellar variability and instru-
mental systematics (based on the tutorial available at https://gallery.
exoplanet.codes/tutorials/Ic-multi/). We used a simple-harmonic-
oscillator covariance function with a power spectral density given by:
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where wisthe angular frequency, w,is the undamped angular frequency
of the oscillator and S, is a scale factor that sets the amplitude of the
variability. This was re-parameterized by the undamped period of the
oscillator p (defined as p = 21/w,), the standard deviation of the process
o (defined as 0= ./Syw,Q) and the quality factor Q (fixed to 1/3). Like
our model for individual transits, weincluded a photometricjitter term
(o), the square of which was added to the diagonal of the covariance
matrix. The likelihood was, thus, identical to that shown for individual
transits above, but the covariance matrix contained non-zero
off-diagonal elements determined by the covariance function. The
results of this fit are shown in Extended Data Fig. 2 and the posteriors
are summarized in Extended Data Table 1.

Individual K2 and TESS transits. To create a uniform transit-timing
dataset, we analysed individual transits from the long-baseline K2 and
TESS light curves in the same manner as our short-duration follow-up
observations. We constructed individual datasets from windows of
three times the transit duration centred on each transit event. When
there were overlapping transits, we used the longest transit duration
and centred the window on the approximate midpoint of the dimming
event. Unlike follow-up datasets, which are often partial transits, stellar
variability is typically nonlinear on the timescale of these datasets. To
account for this, weincluded a third-order basis spline with five evenly
spaced knots. The transits of V1298 Tau c on 10 and 26 October 2021
uTresulted in poor-quality fits, probably due to the presence of short-
timescale red noise close to ingress or egress or a low signal-to-noise
ratio; as the timing posteriors from these fits were highly non-Gaussian,
we discarded them from subsequent analyses.

Spitzer. We used the ephemeris derived from the K2 observations?to
predict transits of V1298 Tau b within Spitzer visibility windows in 2019.
Subsequently, we did the same for V1298 Tau c,d using the ephemeri-
des from ref. 3. Another transit of V1298 Tau b was scheduled in early
2020 using an updated ephemeris based on ref. 2 and the first Spitzer
observation of that planet. The Spitzer data and best-fitting transit
models are shown in Extended Data Fig. 3.

The first epoch of Spitzer observations of V1298 Tau were acquired
aspartofthe DDT programme 14227 (PIE. Mamajek) and executed on1
June 2019 uT. The second epoch of Spitzer observations were acquired
aspartofthetarget of opportunity programme 14011 (PIE. Newton) and
executed on 28 December 2019 UT.Inbothepochs, datawere acquired
with channel 2 of the infrared array camera (IRAC) onboard Spitzer
(with effective wavelength A= 4.5 pm) in the subarray mode using
2-sexposures. A third epoch of Spitzer observations were acquired in
IRAC channel 1 (A= 3.6 pm) as part of DDT 14276 (PI K. Todorov) and
executed on 4 January 2020 UT.
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We extracted photometry following ref. 58 and modelled the instru-
mental systematics using PLD, which combines normalized pixel light
curves as basis vectorsinalinear model:
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where P;isthe ith pixel light curve, the superscript t denotes the value
ataspecifictime step,anda = {c,, ..., ¢,} are the coefficients of the PLD
basis vectors. The first epoch, which captured a partial transit of V1298
Tau b over approximately 11.5 h, was fitted well by including a linear
trend in addition to PLD. The second epoch, which contained transits
of both planets cand d over an approximately 14-h baseline, exhibited
significant nonlinear variability that required the inclusion of a basis
spline. Similarly, the third epoch, containing a full transit of planet b
over approximately 12.5 h, also warranted the inclusion of a basis
spline; although IRAC1 systematics are typically larger than those of
IRAC2, PLD performed well and we attribute this to stellar variability.
We validated our approach of selecting the baseline model by inspect-
ing the fit residuals for the longest and most complex observation
(the second epoch). A quantitative comparison confirmed that a basis
spline was strongly preferred over asimplelinear trend by the Bayesian
information criterion®.

Ground-based observations. Most of our follow-up transit observa-
tions were obtained from 2020 to 2024 using LCO. We primarily used
the Sinistro®*and MuSCAT3 instruments on the 1-m and 2-mtelescopes,
respectively.

In addition to LCO, we used data from a variety of other facilities,
including Apache Point Observatory (APO)/Astrophysical Research
Consortium Telescope Imaging Camera (ARCTIC)®, Fred Lawrence
Whipple Observatory/KeplerCam®, WIYN/half degree imager®?,
Three-hundred MilliMeter Telescope®’, MuSCAT®*, MuSCAT2% and
Araki/ADLER. Data were obtained using a variety of filters and reduced
using standard pipelines and methods®"". See Supplementary Infor-
mation for more details.

Recovering planet e. The outermost planet, V1298 Tau e, transited
only once during the K2 mission. TESS recovered transits of all four
planets, including a second transit of planet e'. It was not clear how
many transits occurred between the K2 and TESS observations given
the 6.5-year gap between the two campaigns. Thus, adiscrete comb of
periodswas allowed, such that P= At/n, where Atis the measured time
between transit midpoints and the integer n=1,2,3, ..., n,,.. The
upperbound onn, and thus, the lower bound onaperiod of 42.7 days,
was provided by the absence of other transits by planet e within the K2
and TESS time series™.

By the summer of2022, a preliminary version of our timing dataset
hadrevealed large TTVs of planet b that we assumed were dominated
by interactions with planet e. We ran a suite of TTV models at each of
the possible P,between 42.7 days and 120 days. Few trial periods yielded
good fits to the timing dataset, and dynamical simulations revealed
that only a fraction of those were stable over O(10°) years. One of the
stable solutions with P, = 48.7 days corresponded to a near 2:1 com-
mensurability for the b-e pair, acommon configuration among the
Kepler planets exhibiting large and detectable TTVs. With this predic-
tion, we recovered a partial transit of planet e from the ground on
18 October 2022. LCO datasets used to recover planet e and confirm
its orbital period are shown in Extended Data Fig. 4.

Datasets containing flares. Several observations were affected by
stellar flares and were excluded from our TTV analyses to avoid poten-
tial timing measurement biases. These datasets were modelled using
our standard approach, augmented with a parametric flare model™
(Extended DataFig. 5). Significant flares were observed in ARCTIC data

(12 October 2020; see also ref. 38), KeplerCam data (24 September
2023) and LCO data (18 December 2023), with amplitudes ranging
from 6 parts per thousand (ppt) to 42 ppt and timescales of 14 min to
21 min. The parameters of these flares are detailed in the Supplemen-
tary Information, and they may prove valuable for future studies of
theactivity of V1298 Tau.

Mass constraints from analytic TTV modelling

Tobuildintuition for the system dynamics, we first performed a prelimi-
nary analysis using analytic models of TTVs. Based on the foundational
analytic frameworks for TTVs"'27?, we determined that the system
dynamics can be effectively decoupled into two pairs of planets: c-d
andb-e.

To quantify the TTV behaviour, we fitted a multi-harmonic sinusoidal
model to the transit time series (see Supplementary Information for
the model equations). We explored the posterior distributions of the
16 model parameters using a Markov chain Monte Carlo sampler, like
approaches used by other public TTV analysis codes™”, The posteriors
ofthese parameters are listed in Supplementary Table 3, and the model
fits are shown in Extended DataFig. 6.

The results for the c-d pair are consistent with the planets being in
anear-resonantregime. The TTVs are described well by a single sinusoid
withaperiod P, =1,604 £ 12 daysand anr.m.s. of the residuals of only
11 min. This sinusoidal signal is dominated by variations in the planetary
mean longitudes (1), characteristic of systems very close to resonance.
Theratio of the TTVamplitudes is sensitive to the planetary mass ratio,
indicating nearly equal masses (My/M, =1.2). Fromthe full fit, we derived
preliminary masses M, = 2.775s Mg and My=3.2:2\ M.

By contrast, the b-e pair is described well by a simpler, linear TTV
model, asitis further fromresonance. The TTVs arising from variations
in mean longitude and eccentricity have the same frequency in this
regime. Inthis case, awell-known degeneracy exists between the planet
masses and their orbital eccentricities®”, leading to broader initial
constraints of My, =31'1* My and M, = 24" M. A full theoretical treat-
mentand adiscussion of strategies for breaking the mass-eccentricity
degeneracy, such as measuring secondary eclipse times”, canbe found
inthe Supplementary Information.

Mass constraints from N-body TTV modelling
Guided by our analytic models, our primary analysis relies on a full
N-body dynamical model to derive the final planet parameters. We fitted
the modeltothe observed transit times using a Bayesian framework. To
be robust against outlier measurements, we adopted alog-likelihood
function based on Student’s t-distribution’®”®, with priors as listed
in Extended Data Table 2. The posterior probability distribution was
sampled using the No-U-Turn Sampler®°%!, The modelisimplemented
inJAX to enable automatic differentiation and is available as part of
the jnkepler package?®2. The full mathematical details of the model
implementation, the log-likelihood equation and the sampler set-up
are providedin the Supplementary Information. The resulting mass and
eccentricity posterior distributions are shownin Extended Data Fig. 7.
To verify the physical plausibility of our solution, we performed a
detailed dynamical analysis of the posterior. We investigated both the
long-term stability and the resonant state of the system using several
complementary methods. First, to assess stability, we used a probabil-
istic classifier (SPOCK)® on 1,000 samples from our posterior, which
yielded a median stability probability of 95% over 10° orbits. We con-
firmed this with direct N-body integrations of 128 samples for 1 Myr,
which showed that the system is deeply stable and regular (minimum
separation over 12R,, (mutual Hill radii), maximum semimajor axis
drift of less than 0.01%, and MEGNO (Mean Exponential Growth factor
of Nearby Orbits) =2.000). As afinal check, we integrated 32 posterior
samples for 4 Myr, all of which were found to be stable. Second, to
characterize the resonant state, our integrations show that all classi-
calresonantangles are circulating, which we confirmed by projecting



our solution onto the resonant representative plane'. The solution
lies clearly outside the resonant island where libration would occur,
confirming the non-resonant nature of the system.

Initial thermal state and planetary evolution

Young planets with hydrogen-dominated atmospheres contract over
time due tomass loss and thermal evolution. Reference 32 showed that
young planets with measured masses and radii can be used to constrain
theirinitial entropies. Planets witha measured mass and radius have a
degeneracy between their hydrogen envelope mass fractionand their
thermal state. The hydrogen envelope mass of the planet canbe reduced
and compensated for by an increase in its entropy. However, this can
only go so far; the envelope mass cannot be reduced arbitrarily to the
point where it is too small to survive mass loss. Thus, one can place a
bound on the initial entropy of the planet such that it survives until
today. To perform this calculation, we computed a grid of MESA evo-
lutionary models that include photoevaporation (a comparison with
ref. 84 indicates that these planets will be undergoing photoevapora-
tionrather than core-powered mass loss). This model grid comprised
36 core masses, 128 initial mass fractions and 96 initial entropies. We
used anidentical method to thatinref. 32. We then compared this model
grid with the observed masses and radii of the V1298 Tau planets to
derive posterior distributions of the core masses, initial envelope mass
fractions and initial entropies (which we encode as the initial Kelvin—
Helmholtz cooling timescale of the planets). Our results indicate that
allthe planets had initial envelope mass fractions and core masses that
are consistent with typical sub-Neptunes at billion year ages. Further-
more, theinitial cooling timescales are constrained to require boil-off
for planets c and d, whereas an evolution without boil-off cannot be
ruled out for the outer planets. Extended Data Fig. 8 shows the models
thatbest reproduce the present-day masses and radii of planetscand d.
Interestingly, they require an initial low entropy; that is, an initial
Kelvin-Helmholtz contraction time that is longer than the age of the
system. Furthermore, if one considers only models with a high initial
entropy, one can match the current mass or radius, but not both.

Data availability

The transit times that form the primary dataset for this study are pro-
videdinSupplementary Table 2. K2 and TESS photometry are publicly
available at MAST (https://archive.stsci.edu). Images from the Spitzer
Space Telescope are available at the Spitzer Heritage Archive (https://
sha.ipac.caltech.edu), and images from LCO are available at the LCO
Science Archive (https://archive.lco.global). All archival data can be
found by searching for the stellar identifier V1298 Tau. Photometry
from Spitzer, LCO and other ground-based observations is available
from the corresponding authors upon reasonable request.

Code availability

The transit light-curve analyses were conducted using the exoplanet
package available at GitHub (https://github.com/exoplanet-dev/exo-
planet). The stability analysis used the SPOCK package, which is also
publicly available at GitHub (https://github.com/dtamayo/spock).
The N-body TTV analysis was performed using the publicly available
jnkepler package at GitHub (https://github.com/kemasuda/jnkepler),
which includes an example notebook demonstrating the analysis for
this system upon publication.
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Extended Data Table 1| Results of K2 -TESS joint modeling

Star Value
0.13
uy (Kp) 0.1118_(1)3
ug (Kp) 071;8%§
uq (T) 0.24;8:%3
ug (T) 0.2410-23
ojit (Kp) [ppt] 0.10 £ 0.01
Tjit (T) [ppt] 0.85 + 0.01
1.7
ogp (Kp) [ppt] 16-0f%,g
ogp (T) [ppt] 13'0i1:3
pap [days] 3.86 + 0.30
Planet c d b e
+0.0018 +0.0019
Rp /Ry« 0.0356_0_0015 0.0458 + 0.0015 0.0661_0.0017 0.0716 £ 0.0036
b 0.36 + 0.24 0.2172-22 0.26 £ 0.17 0.6112-9¢
P [days] 8.248714 4+ 0.000007 12.402153 £ 0.000008 24.140420 4+ 0.000012 48.677058 + 0.000041
To [BKJID] 3460.341238 4 0.000970 3454.802142 + 0.000778 3465.209601 + 0.000585 3480.547375 + 0.001000
+0.08 +0.06 +0.06 +0.12
Ty4 [hours] 4.8970-08 5.5710-06 6.4510-0¢ 7.5610-12
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Extended Data Table 2 | Results of N-body TTV modeling

Parameter Mean Standard Deviation 95% HDI Prior

V1298 Tau c

Myp /M x 0.0000128 0.0000015 [0.0000100, 0.0000154] LU (0.0000030, 0.0003003)
T. (BKJD) 2231.2835 0.0024 [2231.2789, 2231.2882] U4(2231.2238,2231.3238)
P (days) 8.24981 0.00039 [8.2490, 8.2504] U(8.1666, 8.3316)

e cos w 0.00074 0.00349 [—0.006, 0.007] e ~ CU(10_3,0.2)

e sin w 0.0038 0.0041 [—0.003,0.012] w ~ U0, 2m)

V1298 Tau d

Myp /M4 0.0000163 0.0000019 [0.0000125, 0.0000196] LU (0.0000030, 0.0003003)
T. (BKJD) 2239.3916 0.0033 [2239.3850, 2239.3979] 14(2239.3685, 2239.4685)
P (days) 12.40103 0.00066 [12.3999, 12.4023] U(12.2775,12.5256)

e cos w —0.0030 0.0029 [—0.009, 0.002] e ~ £U(10_3,0.2)

e sin w —0.0036 0.0035 [—-0.010, 0.003] w ~ U0, 27)

V1298 Tau b

Myp /M x 0.0000358 0.0000145 [0.0000064, 0.0000620] LU (0.0000030, 0.0003003)
Tc (BKJD) 2234.0507 0.0011 [2234.0486, 2234.0534] U (2234.0282,2234.1282)
P (days) 24.13934 0.00030 [24.1387,24.1399] U4 (23.8985, 24.3813)

e cos w 0.0048 0.0024 [—-0.000, 0.010] e ~ £L{(10_3,0.2)

e sin w 0.0055 0.0045 [—0.001, 0.014] w ~ U0, 27m)

V1298 Tau e

Myp /M x 0.0000418 0.0000114 [0.0000203, 0.0000645] LU (0.0000030, 0.0003003)
T. (BKJD) 2263.6241 0.0050 [2263.6145, 2263.6340] U(2263.5672, 2263.6672)
P (days) 48.68028 0.00037 [48.6795, 48.6810] U (48.1909, 49.1645)

e cos w —0.00065 0.00677 [—-0.016,0.013] e ~ L‘,L{(IO_B,O.Q)

e sin w —0.00033 0.00594 [—-0.012,0.012] w ~ U0, 27)

noise model

InV 0.90 0.31 [0.3,1.5] U(—2,10)

In v 2.5 1.0 [1.0,4.6] U(In(0.5), In(100)

BKJD refers to BJD—2454833. Orbital elements are defined at BKJD = 2230. U refers to a uniform distribution.

LU refers to a log-uniform distribution.
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