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The interiors of giant planets remain poorly understood. Even for the planets in the
Solar System, difficulties in observation lead to large uncertainties in the properties of
planetary cores. Exoplanets that have undergone rare evolutionary processes provide

aroute tounderstanding planetary interiors. Planets found in and near the typically
barren hot-Neptune ‘desert™? (aregion in mass-radius space that contains few planets)
have proved to be particularly valuablein this regard. These planetsinclude
HD149026b? which is thought to have an unusually massive core, and recent
discoveries such as LTT9779b* and NGTS-4b’, on which photoevaporation has
removed a substantial part of their outer atmospheres. Here we report observations of
the planet TOI-849b, which has aradius smaller than Neptune’s but an anomalously

large mass of 39.1 27

+0.7

Earth masses and a density of 5.2 " 'ggrams per cubic centimetre,

similar to Earth’s. Interior-structure models suggest that any gaseous envelope of pure

+0.8

hydrogen and helium consists of no more than 3.9 g per cent of the total planetary
mass. The planet could have been a gas giant before undergoing extreme mass loss via
thermal self-disruption or giant planet collisions, or it could have avoided substantial
gas accretion, perhaps through gap opening or late formation®. Although
photoevaporation rates cannot account for the mass loss required toreduce a
Jupiter-like gas giant, they can remove asmall (a few Earth masses) hydrogenand
helium envelope on timescales of several billion years, implying that any remaining
atmosphere on TOI-849b is likely to be enriched by water or other volatiles from the
planetary interior. We conclude that TOI-849b is the remnant core of a giant planet.

The TESS mission’ observed the star TOI-849/TIC33595516 (V magni-
tude 12) for 27 days during September and October 2018, leading to
the detection of a candidate transiting planet. TOI-849 was observed
atacadence of 30 minin the full-frame images using the MIT Quick
Look pipeline (see Methods). No signs of additional planets or stellar
activity were seeninthe photometry. Follow-up observations with the
HARPS spectrograph detected alarge radial velocity signal, confirm-
ing the planet TOI-849b. Four additional transits were observed using
the ground-based telescopes Next Generation Transit Survey® and
Las Cumbres Observatory Global Telescope®, improving the radius
determination and ephemeris of the planet. A search in Gaia Data
Release 2 reveals no other sources closer than 39”7, with the closest
source being 7.8 magnitudes fainter than TOI-849 in the G band™.
Additional high-resolution imaging from SOAR, NACO/VLT, AstraLux
and Zorro/Gemini South revealed no unresolved companion stars. We
performajoint fit to the data using the PASTIS software™ to extract
planetary and stellar parameters, using the combined HARPS spectra
to derive priors on the stellar parameters and calculate chemical
abundances for the host star (see Methods). The best fit and data
areshowninFig. 1.

TOI-849b has a mass of 39.1 *2ZMy, (M, mass of Earth), nearly half
the mass of Saturn (all uncertainties are 1o unless otherwise stated).
The planet’sradiusis 3.44 *J15R(Re, Earthradius) and its mean density
is5.2 37 g cm 3 makingit the densest Neptune-sized planet discov-
ered sofar (Fig. 2). It has an orbital period of 0.7655241+0.0000027d,

makingitan ‘ultrashort-period’ planet. The upper limit onits eccentric-
ity is 0.08 at 95% confidence. Its radius, mass and period place TOI-849b
inthe middle of the hot-Neptune desert, a region of parameter space
typically devoid of planets due to photoevaporation and tidal disrup-
tion"? (Fig. 3). The host star TOI-849 is a late G dwarf with mass
(0.929 + 0.023)M,, radius 0.919 *39%R, (M, and R, are the mass and
radius of the Sun, respectively) andage 6.7 '35 Gyr. The close proxim-
ity of the planet and the star lead to an equilibrium temperature
of 1,800 K for the planet, assuming an albedo of 0.3. The full set of
derived parameters for the planet and star are given in Extended Data
Tables 1,2 and general stellar parameters are provided in Extended
DataTable 3.

The most widely used interior-structure models for terrestrial plan-
etsarenot valid for planets as massive as TOI-849b, because the prop-
erties of matter at such high central pressures remain highly uncertain.
Furthermore, some compositional mixing is expected at these high
pressures and temperatures', in contradiction of the usual assumption
of distinct layers'. We build an internal-structure model accounting
for some of these issues (see Methods), but restrict our analysis to the
limiting cases of a maximum and minimum possible hydrogen and
helium (H/He) envelope mass under the layered-structure assumption.
We calculate the maximum envelope mass by minimizing the contribu-
tion of the core, mantle and water, assuming that the planet has the
same [Fe/Si] ratio asthat observed for the photosphere of the host star.

Under this model, the maximum envelope mass fraction is 3.935%.
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Fig.1|Best-fittingmodel to the TESS, HARPS and NGTS data. a, TESS light
curve with transit times marked as vertical lines. BJD, barycentricJulian date.
b, Phase-folded HARPS data (blue symbols) and best-fitting model (black line),
with residuals shownin the bottom panel. Several models randomly drawn
from the Markov chain Monte Carlo output are showninred. ¢, Phase-folded
TESS 30-min cadence data (blue symbols) and binned to 0.01in phase (orange
symbols, nine individual points per bin), with models asin b and residuals
showninthebottom panel. The horizontal error bar shows the TESS cadence.
d, Phase-folded NGTS data binned to 1 min (blue symbols, 46 individual points

The large core mass and low envelope mass fraction of TOI-849b
challenge thetraditional view of planet formation via core accretion, in
which planets withmasses above a critical mass of about 10M-20Mg are
expected to undergo runaway gas accretion within the protoplanetary
disk™*6, Why, then, does TOI-849b lack a massive gaseous envelope?
Apparently the core somehow avoided runaway accretion, or else the
planet was once a gas giant that somehow lost most of its envelope. If
runaway accretion proceeded to produce a giant planet, removal of most
of the original mass would be required to reach the present-day state.
HD149026b’ is a giant planet with mass (121 +19)M, (ref. ), which is
thought to have asolid core withamass of about 50M,, (refs.'®*), similar
to TOI-849b. Starting from a planet such as HD149026b, a mass loss of
60-70%would be required to produce the present-day TOI-849b. Consid-
ering the proximity of TOI-849b to its host star, one would expect some
massloss to photoevaporation. The predicted lifetime mass-loss rate for
aJupiter-like planetis only afew per cent, well below the required range
(seeMethods).Foraplanet suchas HD149026b, the situationisless clear,
and the lifetime mass removed depends critically on the assumptions
made. We proceed to explore several formation pathways for TOI-849b.

Tidal disruption could cause amass loss of 1-2 orders of magnitude. The
close proximity of anumber of hotJupiters to their tidal disruption radii®
and the fact that hot Jupiters are preferentially found around younger
stars?* suggest that tidal disruption of hot Jupiters might be frequent.
Althoughitappearsthat they donottypically leave behind aremnant core,
orsuchcoresareshort-lived®, as arare higher-mass object, TOI-849b may
beanunusual case. At thelocation of TOI-849b, tidal disruption would be
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perbin) and to 0.01in phase (orange symbols, 777 individual points per bin). We
plotthebinned NGTS datato aid visualization but we fit the models to the full
dataset.Modelsareasinb, with residualsin the bottom panel. The cadenceis
negligible at this scale. Data from Las Cumbres Observatory Global Telescope
were alsoused and areshownin Extended DataFig. 1. Vertical error bars of
individual points show one standard deviation. In the case of binned
measurements, pointsand error bars show the weighted mean and its standard
error, respectively.

expected forajupiter-mass planet withradius greater than 1.5 Jupiter radii.
Analternativerelated pathway to substantial envelope loss is disruption
viatidal thermalization events, which canlead to mass loss of 1-2 orders
of magnitude. If TOI-849b reached its close orbit via high-eccentricity
scattering by another planetin the system, energy buildupin the planet’s
internal f-modes during tidal circularization could approach large frac-
tions of the planet’sinternal binding energy and potentially lead to ther-
malization events, which may remove envelope layers (see Methods).
However, ineither caseitis unclear whether agiant planet could harbour
alargeenough coretoleave behind a40M, remnant, because the gaseous
envelope on top of a core of a few Earth masses causes planetesimals to
be erodedinthe envelope. The remainingsolids must subsequently rain
out to produce such a large core'>**,

Giant planet collisions provide another, intermediate way to produce
planets similar to TOI-849b. The Bern planetary population synthesis
models® predict the existence of asmall population of planets with similar
masses and semi-major axes to TOI-849b (see Methods). Inthose models,
such planets are produced via giant planet collisions at the end of the
migration phase, resulting in the ejection of the planetary envelope, leav-
ing notime for theremnant core to accrete further gas. In these scenarios,
the coresreachanenvelope massfraction of afewtens of per cent before
being reduced to Neptune size and ejecting the envelope through an
impact.Suchascenarioleavesadense planetary core closetothe hoststar.

The alternative hypothesis is that TOI-849b avoids runaway accre-
tion, possibly through opening agap in the protoplanetary disk that is
largely devoid of gas, before the planet accretes much envelope mass.
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Fig.2|Mass-radius diagram of known exoplanets from the NASA exoplanet
archive.a, b, Thearchive (https://exoplanetarchive.ipac.caltech.edu/) was
accessedon20]anuary2020.Planets are coloured according to calculated
equilibrium temperature and are grey otherwise. Planets with mass
determinations better than 4o areshown. Planets without areported mass

Because the threshold mass required for a planet toopenup agapina
protoplanetary disk is sensitive to the disk scale height, which is small
closetothestar, planets on close-in orbits can more easily open adeep
gap.A40Mgplanetsuch as TOI-849b onan orbit of 0.1Au would reduce
the disk surface density at its location by a factor about 10 (refs. 7).
Recently, it has been argued that a reduction in gas accretion due to
gap opening is required to resolve the fact that runaway gas accretion
models tend to produce too manyJupiter-mass planets and not enough
sub-Saturn-mass planets®. Indeed, by reducing the accretion rate onto
gap-opening planets, it is possible to produce 40M,, planets at 0.1 AU
with gas mass fractions below 10% if the planets form late enough®. In
contrastto the tidal disruption pathway, reduced gas accretion should
leave TOI-849b aligned with the stellar spin axis. Detecting or ruling
out such alignment using measurements of the Rossiter-McLaughlin
effect®, as well as taking measurements of the atmospheric composi-
tion, may aid in distinguishing between the various formation scenarios.

Inall cases, remaining hydrogen and helium envelope masses of afew
per cent could be removed over several billion years by photoevaporation,
giventhe planet’s close orbit. We estimate the current mass-loss rate tobe
0.95M, Gyr! (see Methods), whichimplies that an envelope mass of ~4%
couldberemovedinafewbillionyears. Therefore, the question changes:
where does TOI-849b’s minor envelope come from? Given the high equilib-
riumtemperature, we would expect thatsomeices would be evaporated
toprovideasecondary enriched atmosphere containing water and other
volatiles. In these circumstances, TOI-849b provides a unique target in
which the composition of a primordial planetary core could be studied
by observingits atmospheric constituents with, for example, the Hubble
Telescope or the upcomingJames Webb Space Telescope.

The proximity of TOI-849b to its host star, which promotes gap
opening and increases the role of photoevaporation, could explain
why similar objects have not yet been found. Ultimately, however
TOI-849b formed, the planet’s large mass and low gas mass fraction
will provide a stringent test of planet formation theory. TOI-849b
givesusaglimpse ata core similar to those that exist at the centres of
giant planets, exposed through an unlikely combination of inhibited
accretion or mass loss.

determination were excluded®. Composition tracks* are shown as dashed
lines, withan additional 5% H-He track at anirradiation level similar to that of
TOI-849b.U, N, Sand ) denote the Solar System planets Uranus, Neptune,
Saturnand Jupiter, respectively. Fp represents the average solar irradiation
received by Earth.a,Zoom of b. All error bars show one standard deviation.
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Any methods, additional references, Nature Research reporting sum-
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Fig.3|TOI-849bin the context of the hot-Neptune desert. Known
exoplanetsare plotted in grey and were sourced from the NASA exoplanet
archive (https://exoplanetarchive.ipac.caltech.edu/) on 20thJanuary 2020.
Only planets with mass determinations better than4oare plotted. Allerror
bars show one standard deviation.
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Methods

Observations and analysis

TESS. TOI-849 was observed in TESS (Transiting Exoplanet Survey
Satellite) sector 3 (20 September 2018 to 18 October 2018), Camera
2 and CCD 3, with 30-min cadence on the full-frame images (FFIs).
The calibrated FFls, available at the Michulski Archive for Space
Telescopes (MAST; https://archive.stsci.edu/missions-and-data/
transiting-exoplanet-survey-satellite-tess), were produced by the
TESS Science Processing Operations Center (SPOC)*2. The candidate
was detected by the MIT Quick Look pipeline® with a signal-to-noise
ratio of 18. It exhibited consistent transit depth in the multi-aperture
analysis and appeared to be ontargetin the difference image analysis.
It passed all the vetting criteria set by the TESS Science Office and was
released as a TESS Object of Interest.

The aperture showing minimal scatter was found to be circular with
aradius of 2.5 pixels, and the background was determined on an annu-
lus with awidth of 3 pixels and aninner radius of 4 pixels. We rejected
outliers due to spacecraft momentum dump with the quaternion time
series provided by the spacecraft data. Further long-timescale trends
were removed using a B-spline-based algorithm**. No evidence of pho-
tometricactivity was observed. The light curve was further detrended
toremoveresidual long-term trends using amodified Savitzky-Golay
filter®>, whereby a sliding window was used to fit a three-dimensional
polynomial function to the data whileignoring outliers. Both flattening
operations were carried outignoringin-transit data points. Databefore
2,458,383.78 BJD and after 2,458,405.77 BJD were masked because dur-
ingthat time the TESS operations team carried out several experiments
ontheattitude control system, causing thejitter profile to differ from
normal. Data points between 2,458,394.54 BJD and 2,458,397.0 BJD
were masked because of scattered light. The resulting light curve is
showninFig.1.

NGTS. Two full transits of TOI-849 were observed on the nights of
8 August 2019 and 11 August 2019 UT (universal time) using the Next
Generation Transit Survey (NGTS)® at the Paranal Observatory of the
European Southern Observatory (ESO) in Chile, which are plotted in
Fig. 1. The NGTS facility consists of 12 fully robotic 20-cm telescopes
coupled to AndoriKon-L 936 cameras, each with aninstantaneous field
of view of 8 square degrees and a pixel scale of 5” per pixel. On both
nights, ten NGTS telescopes were used to simultaneously observe the
transit. Becauise the photometric noise was found to be uncorrelated
between the individual NGTS telescopes, we can combine the light
curvesto achieve ultrahigh precision photometry for TOI-849. A total
0f 29,654 images were obtained with an exposure time of 10 susing the
custom NGTS filter (520-890 nm). The observations were all obtained
atanairmass of z<2 and with photometric observing conditions. The
telescope guiding was performed using the DONUTS auto-guiding
algorithm?, which provides sub-pixel-level stability of the target posi-
tion on the charge-coupled device (CCD). We did not require the use
of flat fields during the image reduction, because of the high precision
of the auto-guiding. This reduction was performed using a custom
aperture photometry pipeline, inwhich the 100 best comparison stars
were selected and ranked on the basis of their proximity to the target
star in the parameters of on-sky separation, apparent magnitude and
colour. This large number of optimized comparison stars ccould be
obtained because of the wide field of view of the NGTS telescopes, and
againimproved the precision of the NGTS light curves by reducing the
presence of correlated noise.

HARPS. We obtained radial velocity (RV) measurements of TOI-849
with the High Accuracy Radial velocity Planet Searcher (HARPS) spec-
trograph (resolving power R=115,000) mounted on the 3.6-m telescope
at ESO’s La Silla Observatory®. Thirty three observations were taken
between 28 July 2019 and 28 December 2019 in HAM mode, as part of

the NCORES large programme (ID 1102.C-0249). An exposure time of
atleast1,200 swas used, giving a signal-to-noise ratio of ~20 per pixel.
Typically, the star was observed 2-3 times per night. The data were
reduced with the offline data reduction software HARPS pipeline. RV
measurements were performed using a weighted cross-correlation
function (CCF) method with a G2V template®**. The line bisector (BIS)
and the full-width at half-maximum (FWHM) were measured using
published methods*’. No correlation was seen between the RVs and
the calculated BIS, FWHM, or CCF contrast (R<0.09 in all cases). The
RV measurements are listed in Extended Data Table 4, and the RV data,
photometry and best fitare shownin Fig. 1. Ajitter of 4.2 ms ™ was seen,
consistent with the low photometric activity level. The BISand FWHM
are shown in Extended Data Fig. 2. We investigated the CCFs for con-
tributions from unresolved stellar companions by removing Gaussian
fits totheindividual CCF profiles and studying the residuals (Extended
DataFig.3).No evidence of additional companions was seen. Finally, we
studied the RV residuals and found no evidence of further periodicity,
asshownin Extended Data Fig. 3.

LCOGT and PEST. Two full transits of TOI-849 were observed on the
nights of 30 July 2019 and 9 August 2019 uT in the i band using exposure
times of 30 sand 40 s, respectively. Data were taken for an additional
nighton14 July 2019 ut, which unfortunately missed the transit relative
to the revised ephemeris from our joint fit. The data with the transits
are plotted in Extended Data Fig. 1. Both observations used the CTIO
node of the Las Cumbres Observatory Global Telescope (LCOGT) 1-m
network®. We used the TESS Transit Finder, which is a customized ver-
sion of the Tapir software package®, to schedule our transit observa-
tions. The telescopes are equipped with 4,096 x 4,096 LCO SINISTRO
cameras having animage scale of 0.389” per pixel, resultingina26’x 26’
field of view. The images were calibrated using the standard LCOGT
BANZAI pipeline, and the photometric data were extracted using the
Astrolmage] software package*. The first full transit on 30 July was ob-
served with the telescopein focus and achieved a point spread function
FWHM of -1.6”. Circular apertures with radius 3.1” were used to extract
differential photometry for the target star and for all stars within 2.5
that were brighter than TESS band magnitude 19. All of the neighbour-
ing stars were excluded as possible sources of the TESS detection, and
the eventwas detected on target. A circular aperture with radius 8”was
used for the other LCOGT observation, which was slightly defocused to
an FWHM of ~4”. The nearest star in the Gaia Data Release 2 catalogue
is39”tothe north of TOI-849, so the target star photometric apertures
were uncontaminated by known nearby stars.

Afulltransit was observed on 20 August 2019 uTin the R_band from
the Perth Exoplanet Survey Telescope (PEST) near Perth, Australia. The
0.3-mtelescopeisequipped witha1,530 x1,020 SBIG ST-8XME camera
with animage scale of 1.2” per pixel, resultingina31’ x 21’ field of view.
Systematics at the level of the shallow transit depth precludedinclusion
ofthese datain the joint fit.

NACO/VLT. TOI-849 was imaged with the NAOS/CONICA instrument
onboardthe Very Large Telescope (NACO/VLT) on the night of 14 August
2019inNGS mode with the Ks filter. We took nine frames with anintegra-
tiontime of 17 s each, and dithered between each frame. We performed
astandard reduction using a custom IDL pipeline: we subtracted flats
and constructed a sky background from the dithered science frames,
aligned and co-added theimages, and theninjected fake companionsto
determine aSodetection threshold as afunction of radius. We obtained
acontrast of 5.6 magnitudes at 1”7, and no companions were detected.
The contrast curve is shown in Extended Data Fig. 4.

SOAR. We searched for nearby sources to TOI-849 with SOAR (South-
ern Astrophysical Research) speckle imaging*** on 12 August 2019
UT, observing in a similar visible bandpass as TESS. We detected no
nearby sources within 3”of TOI-849. The 5o detection sensitivity and
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the speckle auto-correlation function from the SOAR observation are
plotted in Extended DataFig. 4.

Astralux. We obtained a high-spatial-resolution image of TOI-849
with the AstraLux camera*®, which is installed at the 2.2-m telescope
of Calar Alto Observatory (Almeria, Spain), using the ‘lucky imaging’
technique*¢. We obtained 24,400 images in the SDSSzband with20 ms
exposuretime, well below the coherence time. The CCD was windowed
to match 6” x 6”. We used the observatory pipeline to perform basic
reduction of the images and subsequent selection of the best-quality
frames. This was done by measuring their Strehl ratio*” and selecting
only the 10% with the highest value of this parameter (an effective in-
tegrationtime of 48s). Then, theseimages were aligned and combined
to obtain the final high-spatial-resolution image. We estimated the
sensitivity curve of this high-spatial-resolutionimage*®**’ based on the
injection of artificial stars in the image at different angular separations
and position angles and by measuring the retrieved stars using the
detection algorithms used to look for real companions. No compan-
ions were detected in thisimage within the sensitivity limits. Both the
high-resolution image and the contrast curve are shown in Extended
DataFig. 4.

Zorro/Gemini South. TOI-849 was observed on13 September 2019 uT
using the Zorro speckle instrument on the Gemini South telescope.
Zorro provides simultaneous speckle imaging in two bands, 562 nm
and 832 nm, with output data products including areconstructed im-
age and with robust limits on companion detections*. Extended Data
Fig.4 shows our 562-nm contrast curve from which we find that TOI-849
is a single star with no companion brighter than about 5 magnitudes
detected within1.75”.

Spectroscopic analysis and chemical abundances. The spectro-
scopicanalysis used to derive the effective temperature (7), surface
gravity (logg), microturbulence (&) and metallicity ([Fe/H]) and the
respective errors follows previous work®*2, Equivalent widths are meas-
ured for alist of well defined iron lines. We use the combined HARPS
spectrum of TOI-849 and ARES v2 code®*** to measure the equivalent
widths. In the spectral analysis we look for the ionization and excita-
tion equilibrium. The process makes use of a grid of Kurucz model
atmospheres®and the radiative-transfer code MOOG®. The resulting
values are T=5,329 + 48K, logg=4.28 + 0.09, {,=0.82 + 0.08 and
[Fe/H]=0.20 £ 0.03.

The same tools and models are also used to derive stellar abun-
dances for several chemical elements. For this, we use the classical
curve-of-growth analysis method assuming local thermodynamic equi-
librium. Although the equivalent widths of the spectral lines are auto-
matically measured with ARES, for elements with only two to three lines
available we perform careful visual inspection of the equivalent width
measurements. Chemical abundances are derived by closely following
past work®. The final abundances derived are [Na1/H] = 0.30 + 0.16,
[Mg1/H] =0.24 + 0.06, [Al 1/H] = 0.30 + 0.06, [Si1/H] = 0.24 + 0.08,
[Ca1/H]=0.16 £ 0.07, [Sc11/H] = 0.23 £ 0.09, [Ti1I/H] = 0.25 + 0.09,
[Cr1/H]=0.23+0.07 and [Ni1/H]=0.28 + 0.04.

Extended Data Figure 5 shows a comparison of the abundances of
TOI-849 with those found in solar-neighbourhood stars® of similar
atmospheric parameters. In terms of chemical composition, TOI-849
seems to be very similar to the solar-neighbourhood stars, showing a
slight enhancementin the iron-peak elements Cr and Ni.

Joint RV and photometric fit. The HARPS RVs, the TESS, NGTS and
LCOGT photometry, and the spectral energy distribution (SED) were
jointly analysed inaBayesian framework, using the PASTIS software™*’,
For the SED, we used the visible magnitudes from the American Asso-
ciation of Variable Star Observers Photometric All-Sky Survey (APASS)
and the near-infrared magnitudes from the Two-Micron All-Sky Survey

(2MASS) and the Wide-field Infrared Survey Explorer (AlIWISE)*°"*%. The
RVswere fitted using aKeplerian orbit model and alinear drift. The light
curves were modelled with the JKT Eclipsing Binary Orbit Program®
using an oversampling factor of 180,12, 6 and 7 for the TESS and the three
LCOGT-CTIOlight curves, respectively. The NGTS light curves were not
oversampled because the integration of the individual datais short with
respectto the transit duration®*. Finally, the SED was modelled using the
BT-Settllibrary of stellar atmosphere models®. The system parameters
andassociated uncertainties were derived using the Markov chainMonte
Carlo (MCMC) method implementedin PASTIS. The stellar parameters
were computed using the Dartmouth evolution tracks®® at each step of
the chains, accounting for the asterodensity profiling®”. We also used
the PARSEC evolution tracks, with consistent results.

Regarding the priors, we used anormal distribution with median
and width from the spectral analysis to obtain the stellar tempera-
ture, surface gravity and iron abundance. For the systemic distance
to Earth, we used anormal prior centred on the Gaia Data Release 2
value', taking into account the distance bias correction®®. For the
orbital period and transit epoch, we used normal priors centred on
first-guess values from an independent analysis of the NGTS and
TESS light curves alone, to improve the convergence of the MCMCs.
For the orbital inclination we used a sine prior and for the eccentric-
ity atruncated normal prior with width 0.083 (ref. ¢°). For the other
parameters, we used uniform priors with width large enough to not
artificially decrease the uncertainties. Initial fits gave an eccentricity
0f 0.036 + 0.027 (1o error; result indistinguishable from zero), so
we fixed the eccentricity to zero for the final fitting. A linear drift
was included for the HARPS data that was also indistinguishable
from zero and did not affect the results. Further testing with a quad-
ratic drift model showed no changes in the fit parameters and was
dropped.

We ran 20 MCMCs with 2 x 10° iterations. We checked the conver-
gence withaKolmogorov-Smirnov test™*, removed the burn-in phase
and merged the remaining chains. The limb-darkening coefficients
were computed using previously computed stellar parameters and
tables’. Finally, the physical parameters and associated uncertainties
were derived from samples from the merged chain. The results for the
Dartmouth and PARSEC evolution tracks are shown in Extended Data
Tables 1, 2. The fit transit depth implies a joint signal-to-noise ratio of
386 (ref.*) for the transit.

As anindependent check on the derived stellar parameters, we
performed an analysis of the broadband SED together with the Gaia
parallax to determine an empirical value of the stellar radius’"7%
We pulled the B;V;magnitudes from Tycho-2, the BV/gri magnitudes
from APASS, the JHK; magnitudes from 2MASS, the W1-W4 mag-
nitudes from WISE and the G magnitude from Gaia. Together, the
available photometry spans the full stellar SED over the wavelength
range 0.4-22 pm. We also checked the GALEX near-ultraviolet flux,
which was not used in the fit, because it suggests a modest level of
chromospheric activity.

We performed the independent fit using the Kurucz stellar atmos-
phere models, with priors on T ¢, logg and [Fe/H] from the spectroscopic
values. The remaining free parameter is the extinction (4,), which we
limited to the maximum line-of-sight extinction from known dust
maps”. The resulting fit has a reduced x* of 4.5 and a best-fit extinc-
tionof A,=0.04+0.03. Integrating the (unextincted) model SED gives
abolometricfluxatEarth of F,;;=3.713 £0.086 x10°erg s cm ™. Taking
Fy and T together with the Gaia parallax, adjusted by +0.08 mas to
account for a previously reported systematic offset’, gives the stel-
lar radius as R=(0.896 + 0.020)R.. Finally, estimating the stellar mass
from known empirical relations”, assuming solar metallicity, gives
M= (1.01+0.08)M,, which, combined with the radius, gives amean
stellar density of p=1.99 + 0.19 g cm™. These values are consistent
with the stellar parameters found from the PASTIS MCMC chain, so
we adopt the PASTIS values for our results.



Interpretation and discussion

Interior-structure characterization. Given the mass and radius of
TOI-849b, itis clear that the planet does not representalarger version
of Neptune. Thisis demonstratedin Fig. 2, which shows the mass-radius
relation for a pure-water curve and a planet consisting of 95% water
and 5% H-He atmosphere, corresponding to a stellar irradiation of
F/F5=3,000 (TOI-849b). TOI-849b sits on the pure-water curve and well
below the 5% strongly irradiated curve, suggesting that the H-He mass
fractionis of the order of only afew per cent, if not negligible. Figure 3
also shows that TOI-849b is relatively isolated in parameter space,
suggesting thatitis somewhat unique and could have been subjected
to anunusually aggressive removal of the primordial H-He envelope.

We explore layered-structure models containing variable fractions
of the H-He envelope. Typical available models are not suited to this
planet owing to the high pressures in the interior, requiring exotic
equations of state. Further, for planets this massive, the interior layers
are probably not as distinct as for smaller planets, with composition
gradients more likely™. Rather than build a full model of the interior,
which would not be valid for the reasons stated, we consider some
illuminating limiting cases.

We model the planetary interior of TOI-849b assuming a pure iron
core, asilicate mantle, apure water layer,and aH-He atmosphere. We
build a structure model based on previous work™ except for the iron
core, for which we use an updated equation of state”. For the silicate
mantle, the equilibrium mineralogy and density are computed as a
function of pressure, temperature and bulk composition by minimizing
the Gibbs free energy”’. For the water, we use a quotidian equation of
state”® for low pressures and a previously tabulated equation of state”
for pressures above 44.3 GPa. For H-He, we assume a proto-solar com-
position®’. We then solve the standard structure equations.

We then estimate the possible range of the H-He mass fraction in
TOI-849b that fits the derived mass and radius. To estimate the maxi-
mum possible mass of an H-He envelope, we assume a planet without
water. The core-to-mantle fraction is set by the stellar abundance
[Fe/Si]lof the host star®. The minimum H-He mass fraction is estimated
byassumingalarge fraction of water of 70% by mass, which corresponds
toawater-richplanet. We search for the maximum and minimum H-He
mass fractions for a grid of planetary masses and radii covering the
observed values and their 2o error range. It is found that that H-He
mass fraction is at minimum 2.9728% and at maximum 3.9:3:5%, sug-
gesting that the heavy-element massis greater than 38M,,. It should be
noted that our models assume a pure H-He atmosphere, whereas in
reality the atmosphere is expected to include heavier elements, as
inferred by recent formation models®2. This is particularly true for
planets this massive, where the interior layers are probably not as dis-
tinct as for smaller planets. The existence of heavy elements in the
H-He atmosphere would lead to compression, and can therefore
increase the planetary H-He mass fraction. However, for the case of
TOI-849b, the differenceis expected to be very moderate because the
planet mass is clearly dominated by heavy elements. Previous work
calculated the effect of varying atmospheric water content on planetary
radii for fixed masses and H-He gas mass fractions®. Applying that
modelto TOI-849b shows that the inferred planet radius is only affected
on the level of a few per cent for atmospheric water content ranging
from0to70%. Assuch, we expect the plausibleincreasein H-He to be
small even for high levels of volatile enrichmentin the planetary enve-
lope. We can therefore conclude that the mass fraction of H-He is at
most afew per cent.

Photoevaporation rate. We explored the X-ray and extreme ultra-
violet irradiation of the planet—the wavelengths most relevant for
atmospheric mass loss®*. Archival X-ray data exist for the system only
from the ROSAT all-sky survey, where the nearest detected source is
an arcminute away, too far to be associated with TOI-849. Instead, we

applied known empirical relations linking X-ray emission with age®,
estimating Ly/L,.,,=7.5x107 at the current age, where Ly is the X-ray
luminosity and L, the bolometric luminosity. This figure implies an
X-ray fluxat Earth of 3.0 x10 ¢ erg s’ cm™, much too faint to be visible
with XMM-Newton or Chandra. We extrapolated our X-ray estimate to
the unobservable extreme ultraviolet band using previously derived
relations®¥,

To estimate mass-loss rates, we applied both the energy-limited
approach®#, and a method based on interpolating and approximat-
ing to hydrodynamical simulations®*®’. The latter yields a loss rate of
1.8x10"gs™, more than an order of magnitude larger than the former
when assuming a canonical efficiency of 15%. By integrating over the
planet’s extreme ultraviolet history, and starting at aJupiter mass and
radius, we estimate total lifetime losses of 4.0% and 0.81% of the planet’s
mass using the energy-limited and Kubyshkina methods, respectively.
Although these calculations have the limitation of assuming a constant
radius across the lifetime, these losses are not enough to evolve the
planetto oneslightly smaller than Neptune, so we canbe sure that the
planetdid notstartasajupiter-like giantifits evolution hasbeensolely
through photoevaporation.

Anintermediate starting point is the planet HD149026b°, a giant
planet with mass (121+19)M, and radius (8.3 + 0.2)R,, (ref. 7). For this
planet, we estimate total lifetime losses 0f 11.42% and 100% of the plan-
et’s mass using the energy-limited and Kubyshkina methods, respec-
tively. These are likely to be overestimates owing to the constant-radius
assumption, which clearly becomes flawed after mass loss represent-
ing a large fraction of the planet’s mass. As such, finding the limits of
photoevaporationin creating a planet like TOI-849b requires detailed
models beyond the scope of this paper.

Co-orbital bodies and exomoons. The anomalously large density
found for planet TOI-849b allows us to explore alternative scenarios for
the origin of this signal. One of the most relevant ones is the co-orbital
case. Although these configurations have not yet been confirmedin any
extrasolar systems despite several efforts®°¢, some candidates have
arisen fromstudies suchas Kepler-91” or the recent TOI-178%. Indeed,
anadditional planetinthe system with the same orbital period as that
of TOI-849b but not transiting owing to a mutual inclination between
their orbits (or that is too small to be detected by TESS) could explain
the large mass measured for such a small planet radius.

We here explore the scenario in which two planetary-mass bodies
share the same orbital period ina1:1 mean-motion resonance configu-
ration. In such a case, the mass that we measure in the joint fit would
bedistributed in two planetary-mass objects. Such configurations are
allowed by dynamical stability studies, which demonstrate that the
only condition for the stability of co-orbital configurationsis that the
total mass of the planet plus its co-orbital companion must be smaller
than 3.8% of the mass of the star®. Regardless of the formation process,
and given the mass of the star and the estimated mass of TOI-849b,
the co-orbital scenario would be stable for any planetary mass of the
accompanying body.

To test this hypothesis, we apply a recently derived procedure to
analyse the RV of the star using a new RV equation including two
Keplerian components®°¢1°°, The new equation can be simplified so
thatonly one extra parameter, a, is included'. This parameter depends
onthetrojan-to-planet mass ratio, so that if positive (negative), a tro-
jan candidate might bein L (L,). For this analysis, we first assume a
circular orbit, thus having five parameters: namely, the RV semi-
amplitude K, the orbital period, the main-planet time of conjunc-
tion Ty, the systemic velocity y and the alpha parameter a. We use
Gaussian priors on the orbital period and time of conjunction with the
parameters derived from the one-planet analysis (see Extended Data
Table 1) and uniform priors for the alpha parameter 24(-1,1) kms™
and systemic velocity 24(9.1,9.5) kms™\. We also include ajitter term
and aslope.
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We use emcee™ with 50 walkers and 5,000 steps per walker to explore
the parameter space. We use the last half of each chain to compute the
final posterior distributions. For the key parameter a, we obtain
a=-0.092:39%9. This value is 1.50away from zero and hence compat-
ible with it within a 95% confidence level. The posterior distribution
allows us to discard co-orbitals more massive than 8Mg at the 95% con-
fidence level assuming a mean resonant angle {, where {=1,-1,and 4,
isthe mean longitude of each of the two co-orbitals, of 60°. In practice,
thisassumes that the trojan planet would have been located exactly at
the Lagrangian point during the timespan of the observations. Insuch
acase, the transiting planet would have a mass of 31Mg, still uniquely
high foritsradius. A particular arrangement of trojan planets whereby
equal-masstrojans are presentinboth the L,and L;Lagrangian points
couldin principle mimic the observed HARPS data. Such a scenariois
observationally indistinguishable from the single-planet model while
being notably more complex, and we reject it on that basis.

A related hypothesis is that of a ‘double planet’ or moon with
non-negligible mass. In such a scenario, there is no distinguishable
effectonthe RVsand hence the apparent large mass would be split over
additional bodies. We estimate the minimum stable satellite density by
considering where the Hill radius and Roche limit of the planet overlap
for TOI-849b'°% Equation (5) of ref.’? gives aminimum stable satellite
density of 38 gcm, much denser than pureiron. Assuch, we conclude
that physically realistic exomoons are unstable around TOI-849b and
this hypothesis can be discarded.

Planet population synthesis models. We explored possible formation
channels for such dense Neptune-sized planets using the Bern Genera-
tion3 Model of Planetary Formation and Evolution, whichis anupdate
on the currently published version. The main changes in the model
arereflected in the following description. The model self-consistently
evolves a one-dimensional gas disk, the dynamical state of the solids,
the accretion of solids and gas by the protoplanets, their interiors, and
their dynamical evolution by gravitational interactions and gas-driven
migration.

For the gas disk, the model computes a one-dimensional radial profile
that is evolving viscously'®, with the macroscopic viscosity given by
thestandard a parameterization'®*. The vertical structure isnow com-
puted using a vertically integrated approach'® thatincludes the effect
of stellar irradiation'®. Stellar parameters are retrieved from known
evolution tracks'””. We include additional sink terms for the accretion by
the planets, as well as both internal'® and external'® photoevaporation.

The model assumes that planetesimals accrete in the oligarchic
regime®™? and their capture cross-section is computed consistently
with the envelope structure'., The internal structure equations™ are
solved for the gas envelope. In the initial (or ‘attached’) phase, the
envelopeisinequilibriumwith the surrounding disk, and the internal
structureis used to determine the gas mass. Gas accretion is governed
by the ability of the planet to radiate away the gravitational energy
released from the accretion of both solids and gas™ "¢, When the accre-
tionrate exceeds the supply fromthe disk, the envelopeis nolongerin
equilibrium with the disk and contracts'’. In this ‘detached’ phase, the
internal structureis used toretrieve the planet’sradius and luminosity.

Dynamical interactions between the planets are simulated by
means of the Mercury N-body integrator®, After a giantimpact, an
additional luminosity is included™ to determine whether the gas enve-
lope is ejected. Gas-driven type I migration is computed in line with
past work'?°, accounting for how local thermodynamic effects in the
disk™ and planet eccentricities and inclinations'* affect the corotation
torques. Type Il migration and the switch between the two migration
regimes are computed in line with past work'?*. Torques and damping
areincludedin the N-body calculation by means of additional forces.

The formation stage lasts for 20 Myr. The model then transitions
into the evolutionstage, in which the planets are followed individually
forup to10 Gyr. This stage includes thermodynamical evolution of the
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envelope, atmospheric escape?*'® and tidal migration
stellar dissipation parameter of Q, =10°.

To obtain asynthetic population, we update a previously published
procedure. We use the literature disk mass distribution'®, and the
characteristic radius, which determines the radial distribution of
the gas, is obtained following a known relationship'®. The location
of the inner edge of the disk has a log-normal distribution in period
withamean of 4.7 d (ref.”*°). The dust-to-gas ratio is obtained from the
observed stellar [Fe/H] (ref. ), but using the primordial solar metal-
licity as a reference™. The initial surface density profile of solids has
a steeper slope than that of the gas™?, leading to a higher concentra-
tionintheinner region. In each disk, 20 lunar-mass (10 2M,) planetary
embryos are emplaced at the beginning. Their initial positions are
randomly selected between the inner edge of the disk up to 40 Au, with
auniform probability in the logarithm of the semi-major axis.

Inthose models, which were run before the discovery of TOI-849b, we
found three planets that exhibit similar mass, radius and eccentricity
to TOI-849b out of atotal sample 0of 1,000. These planets have masses
between 20M, and 50M, and have anice content of 20-30% by mass,
butnoH/He. They started as embryos outside the ice line and migrated
steadily toa position close to the inner edge of the disk. The removal of
the primordial H/He is due to one or two giantimpacts that took place
atthe end of the migration, which means that the planets were unable
to accrete a second H/He envelope. For one of the three planets only
asingleimpactis seen, whereas twoimpacts occur in the others. Inall
cases, only asingleimpactis needed to remove the envelope. To place
thisin context, 70% of close-in Neptunes in the simulations, defined as
having asemi-major axis <0.04 Au, had at least oneimpact with abody of
mass >1Mg during their formation. As such, impacts are not particularly
rare, but the timing of the impact at the end of the migration phase is
what prevents reaccretion and leads to a permanently lost envelope.

Owing to the high equilibrium temperature, it is likely that the
remainingices evaporate toform asecondary atmosphere consisting
of water and possibly other volatiles like CO and CO,.Such an envelope
leads to radii comparable to that of the discovered planet. From the
modelling point of view, the population synthesis models prefer planets
withsmall envelopes consisting entirely of ices. The evolution tracks of
the three considered model planets are shownin Extended Data Fig. 6.

Although no model planets similar to TOI-849b were found from
other formation pathways, this should not be taken as evidence against
other hypotheses, suchas gap opening limiting the accretion, or tidal
disruption. The Bern models do notinclude gap openinginthe disk as
alimiting factor in gas accretion and use simplified assumptions for
tidal interactions™® that do not include high-eccentricity migration.

Tidally induced thermalization events. The high bulk density of
TOI-849b (5.2 g cm™) relative to that of Neptune (1.6 g cm™) suggests
that the planet (with a radius equal to 90% of Neptune’s) might cur-
rently represent the core of a previously giant planet. For this scenario
tobeviable, the planet needs to originate fromagas giant and to have
expelled mass, possibly during orbit shrinkage and circularization.
This evolutionary pathway may occur as a result of chaotic tides' ™,
where the planet’s internal f-modes were excited after the planet was
gravitationally scattered onto a highly eccentric orbit. Energy buildup
inthe modes could have then led to thermalization events, potentially
ejecting atmosphericlayers™*', After the resulting core left the chaotic
regime, subsequent orbital evolution over the ~9-Gyr main-sequence
lifetime of the parent star may have proceeded with weakly dissipative
equilibrium tides, leading to the current orbit. In this scenario, the
planet may have expelled 1-2 orders of magnitude more mass than
its current value.

Accumulation of the internal mode energy leads to thermalization
events, which subsequently deposit energy into the planet’s interior
and reset the mode amplitude. Possible results of the thermalization
events include inflation, mass ejection or both; TOI-849b could have



experienced such events andstill retained some or all of its atmosphere.
Although their trigger and consequences remain largely unknown, pre-
vious work has assumed that such events occur when the accumulated
mode energy equals 10% of the planet’s binding energy™*

GM}
Epina= ——
Ry

(0]

where M, and R, are the mass and radius of the planet, respectively, and
Gisthegravitational constant. That work™® also demonstrated that the
changesin orbital evolution resulting from the thermalization events
arelargely independent of this choice of 10%. With this selection, it has
beenillustrated that the number of thermalization events thata planet
experiencesis positively correlated with anincreasing puffiness of the
planetand adecreasingorbital pericentre'. It has been shown that even
adense gas giant with a pericentre of about 1.5R, would experience at
least one thermalization event, albeit with asmaller-mass central star.
TOI-849b, which currently resides at adistance of about 3R,, previously
would have harboured a pericentre that s just half of that value if angu-
lar momentumwas conserved asits eccentricity decreased from almost
unity to zero, under the high-eccentricity circularization scenario.

Atmospheric follow-up observations. Future observations of
TOI-849b may attempt to identify its atmospheric composition.
TOI-849b represents a new class of dense, high-mass planet and its
atmosphere will provide a counterpoint to other planets of different
type, as well as potentially allow the characterization of anon-H,-rich
atmosphere. Given the high equilibrium temperature of the planet, and
hence the potential for evaporation of volatiles to form a secondary
atmosphere, such observations may be able to detect core materialin
the atmosphere, and regardless will help to place TOI-849b in context
against other Neptune-sized planets, other planets with or without
highirradiation, the few planets inside the Neptunian desert and the
bulk composition of the star. Such comparisons are the goal of the
European Space Agency’s Ariel mission'®, although the magnitude of
TOI-849 will arguably require next-generation telescopes for atmos-
pheric observations, such as the James Webb Space Telescope or the
European Extremely Large Telescope.
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Extended DataFig.1|Photometric data captured by the LCOGT network. bars ofindividual points show one standard deviation. In the case of binned
a,b, Data captured on the nights of 30 July 2019 uT (a) and 9 August 2019 uT (b). measurements, points and error bars show the weighted mean and its standard
Thebest-fitting modelis plotted inred and the binned datain orange. Error error, respectively.



Extended DataFig.2|HARPS activity correlationindicators.a, HARPS the CCF.No correlationisseenineither case. Allerror bars show one standard
radial velocities plotted against their bisector value. Coloursrepresent the deviation.
time of observation measuredin BJD-2,400,000.b, As for a, for the FWHM of
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Extended DataFig. 3| Tests onthe HARPS residuals. a, CCF for the HARPS b, Periodogram of the HARPS RV residuals. No evidence of periodic structure is
spectracomputed usinga G2V template. A Gaussian fithasbeenremoved to found. FAP represents false-alarm probability.
leave theresidual noise. No clear evidence of acontaminating star is seen.



Extended DataFig. 4 |Collected high-resolutionimaging results from fora-candthe Zorro 562-nm observation. Our simultaneous 832-nm Zorro
AstraLux/CAHA,NaCo/VLT, HRCam/SOAR and Zorro/Gemini (562 nm). observation providesasimilar result. The 1% and 10% contrast curves are also
a-c,Images from AstraLux (a), NaCo (b) and HRCam (c). d, Sensitivity curves plotted.
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Extended DataFig. 5| TOI-849 compared to field stars. Abundance ratio [X/ logg=4.28+0.20 dex and [Fe/H]=+0.20+ 0.20 dex. All error bars show one
Fe] against stellar metallicity for TOI-849 (black) and for field stars from the standard deviation.
HARPS sample (grey) with similar stellar parameters: T,=5,329 + 200K,



Extended DataFig. 6 | Planet mass against time for three similar planets to TOI-849bin the Bern Population Synthesis models. Grey shaded regions mark
the parameters of TOI-849b. Stars mark the time of agiantimpact. The inset shows the envelope mass, which is removed after collision.
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Extended Data Table 1] List of stellar and planetary parameters used in the analysis

The respective priors are provided together with the posteriors for the Dartmouth and PARSEC stellar evolution tracks. The posterior values represent the median and 68.3% credible interval.
Derived values that might be useful for follow-up work are also reported. My, 02), normal distribution with mean p and width 0% ¢(a, b), uniform distribution between a and b; S(a, b), sine
distribution between aand b ; 7(y, 02, a, b), truncated normal distribution between a and b with mean p and width o2



Extended Data Table 2 | List of instrument parameters used in the analysis

The respective priors are provided together with the posteriors for the Dartmouth and PARSEC stellar evolution tracks. The posterior values represent the median and 68.3% credible interval.
My, 62), normal distribution with mean p and width o2 U(a, b), uniform distribution between a and b; T(u, 02, a, b), truncated normal distribution between a and b with mean p and width o2
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Extended Data Table 3 | Stellar properties of TOI-849

Sources: Gaia Data Release 2'°, TICv8™, 2MASS™°.



Extended Data Table 4 | HARPS radial velocities

S/N represents the signal-to-noise ratio. oy, is the 1o error on the RV measurements. T, is the exposure time of the observation.
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