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Neptune-sized planets exhibit awide range of compositions and densities,
depending on factors related to their formation and evolution history, such as

the distance from their host stars and atmospheric escape processes. They can vary
from relatively low-density planets with thick hydrogen-helium atmospheres*? to
higher-density planets with a substantial amount of water or arocky interior with a
thinner atmosphere, such as HD 95338 b (ref. 3), TOI-849 b (ref. 4) and TOI-2196 b
(ref. 5). The discovery of exoplanets in the hot-Neptune desert®, aregion close to
the host stars with a deficit of Neptune-sized planets, provides insights into the
formation and evolution of planetary systems, including the existence of this region
itself. Here we show observations of the transiting planet TOI-1853 b, which has a
radius of 3.46 + 0.08 Earth radii and orbits a dwarf star every 1.24 days. This planet
hasamass of 73.2 + 2.7 Earth masses, almost twice that of any other Neptune-sized
planetknownso far, and a density of 9.7 £ 0.8 grams per cubic centimetre. These
values place TOI-1853 b in the middle of the Neptunian desert and imply that heavy
elements dominate its mass. The properties of TOI-1853 b present a puzzle for
conventional theories of planetary formation and evolution, and could be the result
of several proto-planet collisions or the final state of aninitially high-eccentricity
planet that migrated closer toits parent star.

TOI-1853is adwarfstar with a V-band optical brightness of 12.3 magni-
tudes, located 167 pc from the Sun. It was photometrically monitored
by the Transiting Exoplanet Survey Satellite (TESS) space telescope
and the analysis of its light curve showed transit-like events compatible
withaplanet candidate (see Methods section ‘TESS photometric data’),
designated as TOI-1853.01, having a short orbital period of 1.24 days
and aNeptune-like radius. We ruled out anearby eclipsing binary (NEB)
blend as the potential source of the TOI-1853.01 detection in the wide
TESS pixels by monitoring extra transit events with the higher angular
resolution of three ground-based telescopes: MuSCAT2, ULMT and
LCOGT (see Methods section ‘Ground-based photometric follow-up’).
Aspart ofthe standard process for validating transiting exoplanets and
assessing the possible contamination of companions on the derived
planetary radii’, we observed TOI-1853 with near-infrared adaptive
optics imaging, using the NIRC2 instrument on the Keck Il telescope,
and with optical speckleimaging, using the ‘Alopeke speckle imaging
camera at Gemini North and high-resolution imaging on the 4.1-m
Southern Astrophysical Research (SOAR) telescope. No nearby stars

bright enough to markedly dilute the transits were detected within
0.5”,1”7and 3”0f TOI-1853 in the Gemini, Keck and SOAR observations,
respectively (see Methods section ‘High-resolution imaging’). Using
Gaia DR3 data® we also found that the astrometric solution is consistent
with the star being single (see Methods section ‘Gaia’).

In the context of the Global Architecture of Planetary Systems
programme®!°, we monitored TOI-1853 with the High Accuracy Radial
velocity Planet Searcher for the Northern hemisphere (HARPS-N) spec-
trograph”, at the Telescopio Nazionale Galileo on theisland of LaPalma,
with the aim of measuring variations of its radial velocity (RV), thatis, its
velocity projected along the line of sight. The HARPS-N data-reduction
software pipeline provided wavelength-calibrated spectra (see Methods
section ‘Spectroscopic data’), which we used to determine the stellar
atmospheric properties. TOI-1853 is a quiet K2 V star with effective
temperature T;=4,985+ 70 K, surface gravity log g=4.49 + 0.11
dex, ironabundance[Fe/H] = 0.11 + 0.08 dex and solar Fe/Siand Mg/Si
ratios (see Methods section ‘Stellar analysis’). Furthermore, we deter-
mined a mass of M, = 0.837 + 0.039 solar masses (M,,), a radius of
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Table 1| Stellar and planetary properties

Parameters Nomenclature Unit  Value
Stellar
Spectral class K2.5V

Right ascension (J2020) RA 14h05min50.24s

Declination (J2020) dec. +16°59'32.53"
B-band magnitude mag  13.100x0.031
V-band magnitude mag  12.276+0.092
J-band magnitude mag  10.582:0.021
H-band magnitude mag 10175+0.018
K-band magnitude mag  10.055+0.019
WISE1-band magnitude mag  9.997+0.023
WISE2-band magnitude mag  10.057+0.019
WISE3-band magnitude mag  9.956+0.054
Parallax m mas  6.022+0.016
Distance d pc 166.8'3?2
Projected rotational vsini kms™ 13+09
velocity

Chromospheric activity  log R/ dex -4.73+0.06
indicator

Mass M, M, 0.837+0.039
Radius R. Ro 0.808+0.013
Luminosity L, Lo 0.3696+0.0093
Effective temperature Tekt K 4,985+70
Surface gravity logg dex 4.49+011

Iron abundance [Fe/H] dex 0.11+0.08
Magnesium abundance [Mg/H] dex 0.09+0.06
Silicon abundance [Si/H] dex 0.14+0.06
Planetary

Orbital period days  1.2436258:3:39355%1
RV semi-amplitude K ms' 488"
Eccentricity e <0.03
Argument of periastron ® ° Unconstrained
Impact parameter b 0.52°952
Reference epoch of To BJDrps  2459690.7420+0.0006
mid-transit

Transit duration Tia h 119+0.03
Orbital semimajor axis a AU 0.0213+0.0005
Orbital inclination i ° 84.7°34

Mass M, Mg 73.227

Radius Ry Re 3.46+0.08
Density Pp gem™ 9.74%98
Surface gravity g ms?  §0.138
Equilibrium temperature T, K 1,479+25

The uncertainties represent the 68% confidence intervals (one standard deviation or o) for
each value. The equilibrium temperature is estimated for a zero Bond albedo, in the assumption
of uniform heat redistribution to the nightside. The eccentricity upper limit is constrained at
the confidence level of 3c.

R, =0.808 + 0.013 solar radii (R,,) and an advanced, although uncertain,
stellarage of 7.0:$$ Gyr(Table1). We computed the generalized Lomb-
Scargle (GLS) periodogram of the HARPS-N RVs and found a substantial
peak (with false alarm probability (FAP) « 0.1%) at afrequency of about
0.8 per day that matches the transit period and the phase of the planet
candidate (see Methods section ‘RV and activity indicators perio-
dograms’). To determine the main physical and orbital parameters of
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the system, we performed a global transit and RV joint analysis (see
Methods section ‘Joint transit and RV analysis’). Figure 1 shows both
the TESS photometric light curve and the HARPS-N RV data, as a func-
tion of time and orbital phase. We measured the radius of the compan-
iontobe 3.46 + 0.08 Earth radii (Rg), with a mass of 73.2 + 2.7 Earth
masses (M), thus confirming the planetary nature of TOI-1853.01,
hereafter TOI-1853 b. These values imply a bulk density of
9.741082 o cm 3 (roughly six times that of Neptune) and surface grav-
ity ofgp =60.13% m s72 (about 5.5 times that of Neptune), as detailed
inTable 1. Despiteits shortorbital period, TOI-1853 b may survive dur-
ing the remaining main-sequence lifetime of its host star (see Methods
section ‘Orbital decay’).

The exceptional properties of TOI-1853 b are clearly evident
in comparison with the known exoplanet population at present
(Fig. 2). Objects with the same density as TOI-1853 b are rare, typi-
cally super-Earths, whereas planets with the same mass usually have
radii more than twice as large. Furthermore, it occupies a region of
the mass-orbital period space of hot planets that was previously
devoid of objects, corresponding to the driest area of the hot-Neptune
desert’. TOI-1853 b is twice as massive as the two runners -up with
similar radius in the radius-mass diagram (Fig. 2), that is, the ultra-
hot (P=0.76 days) Neptune-sized TOI-849 b (ref. 4) and the warm
(P =55 days) Neptune HD 95338 b (ref. 3). Although for HD 95338 b
and TOI-849 b the atmospheric mass fraction is expected to be at most
about 5-7% (ref. 13) and about 4% (ref. 4), respectively, TOI-1853 b is
best described as a bare core of half water and half rock with no or
negligible envelope, or as having at most 1% atmospheric H/He mass
fraction ontop of a99% Earth-like rocky interior (Fig.2) (see Methods
section ‘Composition’).

The characteristic pressure of its deep interior is estimated toreach
around 5,000 GPa (50 times the core-mantle boundary pressure of
Earth), at which most elements and their compounds are expected
to metalize owing to the reduced spacings of neighbouring atoms
under extreme compression. The metallic core of TOI-1853 b could
be surrounded by a mantle of H,0 in a high-pressure ice phase and,
possibly, in the supercritical fluid form™. However, the properties
of matter at such high central pressures are still uncertain and com-
positional mixing"™® might be present rather than distinct layers, as
postulated by standard models®?°. If TOI-1853 b is a water-rich world,
itsupper structure could be described in terms of a hydrosphere with
variable mass fractions of supercritical water on top of a mantle-like
interior. Although existing structural models of Neptunes addressing
this possibility do not encompass objects with a mass similar to that
of TOI-1853 b, atmospheric characterization measurements with the
James Webb Space Telescope (JWST) might be telling. For instance, by
combining three secondary-eclipse observations with the NIRSpec/
G395H instrument, we could constrain the CO, absorption feature at
4.5 um, whose strengthis a tracer of atmospheric metallicity. Transmis-
sion observations are more challenging; however, NIRISS/SOSS might
beabletodetect the series of H,0 absorption bandsinthe 0.9-2.8-um
range, which would distinguish a thin H,-dominated atmosphere from
anH,0-dominated atmosphere (see Methods section ‘Spectral atmos-
pheric characterization prospects’).

Explaining the formation of such a planet is challenging because of
the substantial abundance of heavy elements involved. Pebble accre-
tion, which is the most efficient growth process for massive planets,
shuts offwhen the core is massive enough to disrupt the gas disk?, and
accretingsolids beyond this mass requires a different process. The plan-
etesimal isolation mass for runaway growth® as well as post-isolation
growth? would require exceedingly and unrealistically high surface
densities to grow a planet composed almost entirely of condensable
material in situ. Thus, the growth of a planet such as TOI-1853 b by
planetesimal accretion alone seems unrealistic as well. One possibil-
ity is that a system of small planets migrated from the distant regions
of the disk towards its inner edge, which could have loaded the inner
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Fig.1|Light curveand RVs. a, TESS light curve of TOI-1853. b, Phase curve of all
TESS transits fitted separately. ¢, Phase curve of all the RVs.d, HARPS-N RVs.
Thelight curvesarebinned at a30-min cadence for clarity. Data points marked
withanomaly flags (thatis, Coarse Point, Straylight, Impulsive Outliers and
Desaturation Events) were excluded from the light curve. In ¢, the average of

disk of solid mass. After the disappearance of gas from the disk, the
system became unstable, leading to several mutual collisions among
the small planets and eventually forming a planet with a large mass of
heavy elements, by growth-dominated collisions (Fig. 3). A preliminary,
indicative simulation (see Methods section ‘Formation simulations’)
shows that the formation of a planet with alarge mass of heavy elements
by accreting several solid-rich planetsis possible, even though growth
into a single planet in the system is an unlikely event. More detailed
hydrodynamic simulations also suggest that a final high-speed giant
impact between two massive proto-planets is needed to account for
the atmosphere-poor structure of TOI-1853 b (see Methods section
‘Detail impact simulations’). Moreover, groups of small planets car-
rying cumulatively about 100 M, in proto-planetary disks might be
rare, although the Kepler Mission results indicate that this scenario
is not unrealistic®.

Another possible formation scenario is based on the jumping
model®, inwhich atleast three giant planets form at afew astronomical
units from their parent star. After the disappearance of the disk, this

approximately six RV measurements are indicated by red dots. In all panels, the
error barsrepresent one standard deviation and ina-c, the best-fitting model
isshowninblack alongwithits residuals underneath. ppm, parts per million;
ppt, parts per thousand.

system becomes unstable and suffers mutual scattering, leading to
high-eccentricity orbits for the surviving planets, which can then be
circularized by tidal damping at perihelion passages. If the inner disk
initially contained a lot of solid mass, in the form of planetesimals
or small proto-planets, the innermost planet would have engulfed a
large fraction of it near perihelion (Fig. 3). To test this possibility, we
simulated an eccentric Jupiter-mass planet with an initial budget of
20 to 40 Mg in heavy elements and found that it can accrete an extra
30-40 Mg (see Methods section ‘Formation simulations’). Then, we
investigated the evolutionary history of the atmosphere and con-
cluded that the structure of the current planet cannot be the result
of photoevaporation processes owing to the high surface gravity,
but might be the result of Roche lobe overflow (RLO)" (see Meth-
ods section ‘Atmospheric evaporation’). Thus, an initially massive
H/He-dominated giant planet TOI-1853 b could have lost the bulk of
itsenvelope mass because of tidal stripping® near periastron passage
during the high-eccentricity migration. The planet that we see now
may have survived very close passages to its parent star fromearly in
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Fig.2|Diagrams of known transiting exoplanets. The properties of known
exoplanets have been extracted from TEPCat? and shown as diamonds, their
colourbeingassociated with their equilibrium temperature. Horizontal and
vertical error barsrepresent one standard deviation. TOI-1853 b, TOI-849 band
HD 95338 bare shown as circles, triangles and squares, respectively. a, Radius-
mass diagram with blue lines representing different internal compositions

the history of the system, as the host star would have shrunk to a size
of less than 2 R, well before reaching the main sequence. Tidal heat-
ing of ayoung giant planet still hot fromaccretion would have further
expanded its envelope, facilitating the escape of light gases from the
original atmosphere!>?%,

Inany case, the anomalous mass-radius and mass-period combina-
tions of TOI-1853 b are challenging to explain with conventional models
of planet formation and evolution. The local merging of solid-rich
proto-planetsrarely develops into asingle planet, whereas the migra-
tion scenario would have removed all objects within about 1 Au, so we
computed the sensitivity limits of HARPS-N RVs to other planetary
companions (see Methods section ‘RV detection function’) and found
that we can only exclude, witha90% confidence level, the presence of
companions of masses >10 Mg, up to orbital periods of <10 days and
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with masses >30 Mg up to 5100 days (or about 0.4 Au). Further RV moni-
toring is thus needed to firmly exclude the presence of other planets
within about 1 Au to constrain TOI-1853 b formation, whereas future
atmospheric characterization attempts could decipher its composi-
tion, allowing us to unveil the history of the densest Neptune-sized
planet known at present.
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Methods

TESS photometric data

The star TIC 73540072, or TOI-1853, was observed by TESS in Sector
23 at30-min full-frameimages cadence in early 2020 and in Sector 50
ata2-min cadenceinearly 2022. The transit signal was first identified
in the Quick-Look Pipeline (QLP)* and later promoted to TESS Object
of Interest, TOI-1853.01, planet candidate status by the TESS Science
Office®. The Science Processing Operations Center (SPOC)*** pipeline
retrieved the 2-min Simple Aperture Photometry (SAP) and Presearch
Data Conditioning Simple Aperture Photometry (PDC-SAP***) light
curves. The transit signal was identified through the Transiting Planet
Search (TPS***¥) and passed all diagnostic testsin the data validation®®*
modules. All TIC objects, other than the target star, were excluded as
sources of the transit signal through the difference image centroid
offsets®. Here, for the global joint transit-RV analysis of the system, we
adopted the PDC-SAP light curves: SPOC for Sector 23 and TESS-SPOC
High-Level Science Product (HLSP)*for Sector 50, for which, unlike SAP
or QLPlight curves, long-term trends were already removed using the
so-called co-trending basis vectors. The light curve of Sector 23 was
supersampled*®at 2 min for the global analysis to properly account for
the longer cadence compared with Sector 50 and the ground-based
follow-up light curves. The transit depths are found to be consistent
within different TESS extraction pipelines, including PATHOS*, and
with ground-based photometry.

Ground-based photometric follow-up

The TESS pixel scaleis about 21 arcsec per pixel and photometric aper-
tures extend out to several pixels, generally causing several stars to
blend in the TESS aperture. To rule out the NEB-blend scenario and
attempt to detect the signal on-target, we observed the field as part
of the TESS Follow-up Observing Program Sub Group 1 (TFOP*?). We
observed full transit windows of TOI-1853 b on 25 and 27 May and 27
June 2020, respectively, with the MuSCAT2 imager* installed at the
1.52-mTelescopio Carlos Sanchezin the Teide Observatory (ing, r,iand
z,bands), with the 0.61-m University of Louisville Manner Telescope
(ULMT) located at Steward Observatory (through a Sloan-r filter) and
with the Las Cumbres Observatory Global Telescope (LCOGT**) 1.0-m
network node at Siding Spring Observatory (through a Sloan-g’ band
filter). We extracted the photometric data with AstrolmageJ (ref. 45) and
measured transit depths across several optical bands consistent with
anachromatic transit-like event and compatible with TESS well within
lo.Weruled out an NEB blend as the cause of the TOI-1853 b detection
forallthe surroundingstars and included the detrended ground-based
observationsin the global fit (Extended Data Fig. 1).

High-resolutionimaging

Aspartofthe standard process for validating transiting exoplanets to
assess the possible contamination of bound or unbound companions
onthederived planetary radii’, we observed TOI-1853 with near-infrared
adaptive optics imaging at Keck and with optical speckle imaging at
Geminiand SOAR.

We performed observations at the Keck Observatory with the NIRC2
instrument on Keck Il behind the natural guide star adaptive optics
system*¢ on 28 May 2020 UT in the standard three-point dither pat-
tern. The dither pattern step size was 3”and was repeated twice, with
each dither offset from the previous dither by 0.5”. NIRC2 was used in
the narrow-angle mode with a full field of view of about 10”and a pixel
scale of approximately 0.0099442” per pixel. The Keck observations
were made inthe narrowband Br-yfilter (1, =2.1686; A1 = 0.0326 pm)
with an integration time of 15 s for a total of 135 s on the target. The
final resolutions of the combined dithers were determined from the
full width at half maximum (FWHM) of the point spread functions:
0.053”. The sensitivities of the final combined adaptive optics image
(Extended DataFig.2) were determined by injecting simulated sources

azimuthally around the primary target every 20° at separations of
integer multiples of the central source’s FWHM®.

We observed TOI-1835 with the ‘Alopeke speckle imaging camera at
Gemini North*®*’, obtaining seven sets 0f 1,000 frames (10 June 2020
UT), witheach frame having anintegration time of 60 ms, ineach of the
instrument’s two bands*® (centred at 562 nm and 832 nm). The observa-
tions of the target reach a sensitivity in the blue channel of 5.2 mag and
inthered channel of 6.3 mag at separations of 0.5 arcsec and show no
evidence of further point sources. We also searched for stellar compan-
ions to TOI-1853 with speckle imaging on the 4.1-m SOAR telescope® on
27 February 2021 UT, observing in Cousins-/band, similar to the TESS
bandpass. This observation was sensitive to a 4.7-mag fainter star at
anangular distance of 1 arcsec from the target (Extended Data Fig. 2).

Gaia

GaiaDR3 astrometry® provides extrainformation about the possibility
ofinner companions that may have gone undetected by high-resolution
imaging. For TOI-1853, Gaia found a renormalized unit weight error
of 1.08, indicating that the Gaia astrometric solution is consistent
with the star being single*®. Also, in the Gaia archive, we identified no
sources within 40 arcsec from the target (approximately 7,000 Au at the
distance of TOI-1853) and, therefore, no potentially widely separated
companions with the same distance and proper motion.

Spectroscopic data

We gathered 56 spectra of TOI-1853 with HARPS-N" between Febru-
ary 2021 and August 2022 (Extended Data Table 1), within the GAPS
programme, and reduced them using the updated online Data
Reduction Software v2.3.5 (ref. 52). A different pipeline based on the
template-matching technique, TERRA v1.8 (ref. 53), gave comparable
errors and resulted in a fully consistent mass determination.

We observed the star in OBJ_AB mode, with fibre A on the tar-
get and fibre B on the sky to monitor possible contamination by
moonlight, which we deemed negligible®*. We extracted the RVs by
cross-correlating the HARPS-N spectrawith a stellar template close to
thestellar spectral type. The median (mean) of the formal uncertainties
of the HARPS-N RVs is 3.8(4.6) m s™; the RV scatter of 34 m s reduces
to4.5 ms™after removing the planetary signal. Our observations had
average air mass, signal-to-noise ratio and exposure time of 1.25, 18
and 1,200 s, respectively.

Stellar analysis

We derived spectroscopic atmospheric parameters exploiting the
co-added spectrum of TOI-1853. In particular, we measured effective
temperature (T,4), surface gravity (log g), microturbulence velocity
(&) andiron abundance ([Fe/H]) through astandard method based on
measurements of equivalent widths of iron lines®**, We then adopted
the grid of model atmospheres™ with new opacities and the spectral
analysis package MOOG® version 2017. T was derived by imposing
thattheabundance of Felis not dependent on the line excitation poten-
tials, £ by obtaining the independence between Fe | abundance and
the reduced iron line equivalent widths and log g by the ionization
equilibrium condition between Feland Fell.

We also computed the elemental abundance of magnesium and sili-
con, withrespect to the Sun*¢, using the same code and grid of models.
The elemental ratios [Mg/Fe] and [Si/Fe] have solar values within the
errors, with no evident enrichment in none of these elements with
respect to the others. The stellar projected rotational velocity (vsin i)
was obtained through the spectral-synthesis technique of three regions
around 5,400, 6,200 and 6,700 A (ref. 56). By assuming a macroturbo-
lence velocity* v,,,.,, =1.8 km s™, wefound vsini=1.3 £ 0.9 km s, which
isbelow the HARPS-N spectral resolution, thus suggesting aninactive,
slowly rotating star, unless it is observed nearly pole-on.

Finally, we determined the stellar physical parameters with the EXO-
FASTv2 tool®®, which simultaneously adjusts the stellar radius, mass
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and agein a Bayesian differential evolution Markov chain Monte Carlo
framework®, through the modelling of the stellar spectral energy dis-
tribution (SED) and the use of the MESA Isochrones and Stellar Tracks
(MIST)®% To sample the stellar SED, we used the APASS Johnson B, V
and Sloang’, r, i’ magnitudes®, the 2-MASS near-infrared/, Hand K
magnitudes® and the WISE W1, W2, W3 infrared magnitudes®. We
imposed Gaussian priors on the T and [Fe/H] as derived from the
analysis of the HARPS-N spectra and on the Gaia DR3 parallax
6.0221 + 0.0159 mas (ref. 66). We used uninformative priors for all of
the other parameters, including the V-band extinction A,, for whichwe
adopted an upper limit of 0.085 from reddening maps®’. Extended Data
Fig.3 showsthe best fit of the stellar SED. Indoing so, we derived amass
of M, =0.837 £ 0.038 M, aradius of R, =0.808 £ 0.009 R, and an age
of 7=7.074% Gyr. To evaluate the uncertainties inherent in stellar mod-
els, we determined the stellar parameters with two further stellar evo-
lutionary tracks, namely, Yonsie-Yale®® (Y2) and Dartmouth®, finding
M, =0.835+0.029 M,, R, =0.807 + 0.009 R,, T=8.0"3% Gyr and
M, =0.849+0.025M,,R, =0.792:33%3 R,, 7=4.6 + 2.8 Gyr, respectively.
We thensummed in quadrature to the EXOFASTv2 uncertaintieson M,
and R, the standard deviations of 0.009 M, and 0.009 R, from the
MIST, Y2, and Dartmouth stellar models, to obtain the adopted mass
andradius of M, =0.837 £+ 0.039 M, and R, = 0.808 + 0.013 R,..

RV and activity indicators periodograms

Simultaneously with the RVs, we extracted the time series of several
stellaractivity indices (Extended DataFig.4): the FWHM, contrast and
bisector span of the cross-correlation function profile, as well as the
Mount Wilson index (Sy) and the spectroscopic lines Ha, Na and Ca.
We computed the GLS periodogram, with astropy v.4.3.1 (refs. 70,71),
forboth the RVs and the activity indexes, which canbe seenin Extended
Data Fig. 4. In the RVs, we found the most notable peak at 1.24 days
(FAP <« 0.1%), that is, the expected transiting period of TOI-1853 b.
This signal is not attributable to stellar activity because none of the
measured activity indicators shows asimilar periodicity or harmonics.
Two strong peaks appear at the frequencies of the 1d aliases of the
planetary period (for example, f,i.s = fia — f1.244, giving rise to a period of
P,i.s = 5.1 days), which are no longer seen when the signal of TOI-1853 b
is subtracted, along with any other peak with FAP < 5%. The activity
indicators do not show signals with FAP 2 0.1%.

Joint transit and RV analysis

For the joint transit-RV analysis of TOI-1853 b, we used the modelling
tooljuliet’?, which makes use of batman” for the modelling of transits,
RadVel™for the modelling of RVs and correlated variations, which are
treated as Gaussian processes with the packages george” and celerite™.
We exploited the dynamic nested sampling package, dynesty”’, to
compute Bayesian posteriors and evidence (Z) for the models.

Even though by default the TESS PDC-SAP photometry is already
corrected for both dilution from other objects contained within the
aperture using the Compute Optimal Apertures module” and substan-
tial systematicerrors, we corrected it for minor fluctuations that were
still observable in the light curve (Fig. 1). In particular, we normalized
it by fitting a simple (approximate) Matérn GP kernel”. We also ana-
lysed the SPOC SAP photometry”®°, which is not corrected for long
trends, and found no substantial change in the transit depths or any
conclusive evidence of the stellar rotation period over the brief time
coverage of both sectors.

We constructed a transit-light-curve model with the usual planetary
orbital parameters: period P, time of inferior conjunction T,, eccentric-
ity e and argument of periastron w through the parametrization
(</esinw, -/ecosw) and the mean density of the parent star p, (ref. 72)
from our stellar analysis. For the flux of TESS and the on-ground light
curves, weincluded in the global model both offsets andjitter param-
eters, along with two hyperparameters of the Matérn GP model: g,
and pgp, which are the amplitude and the length scale, respectively, of

the GP used to correct TESS light curves. The impact parameter
(b=(a,/R,)cosi,foracircularorbit) and the planet-to-star radius ratio
k were parameterized as (r,, r,) (ref. 81). Moreover, here we make use
ofalimb-darkening parametrization® for the quadratic limb-darkening
coefficients (q;, ¢, > u,, u,), with Gaussian priors®>. Then we include the
RV model with the usual systemic velocity y, ,pps_ns JILLET Oparpsn and
the RV signal semi-amplitude K.

The priors for all the parameters that are used in the joint analysis
along with the estimates of the parameters’ posteriors are summarized
in Extended Data Table 2 and the posterior distributions of the most
relevant sampling parameters are shown as corner plots in Extended
DataFig. 5. The additionof an RV linear term (for example, RV intercept
and slope) or RV GP models” with the simple harmonic oscillator,
Matérn and quasi-periodic (which had the best result of the three)
kernels® did not substantially increase the Bayesian-log evidence or
evenworsenedit (A ZQu3TPer < 9 A zlinear - — 3) andresultedinanuncon-
strained value for the GP evolution timescale. The inclusion of asecond
planetinthe model, with auniformorbital period prior between 2 and
500 days, did notimprove the Bayesian-log evidence either (AZ2!, = 0),
alsoresultinginan unconstrained value for the period, which s consist-
ent with the observed lack of features in the GLS of the RV residuals
after the subtraction of the TOI-1853 b signal. Furthermore, to check
for transit-time variations, we ran a simple test in which the orbital
period of the transit model was fixed at its best-fitting value, whereas
all the transit times were allowed to vary, finding no clear evidence of
transit-time variations as all the transit times are compatible with their
expected value within roughly 1o (see Supplementary Materials).

RV detection function

We estimated the detection function of the HARPS-N RV time series by
performing injection-recovery simulations, in which synthetic plan-
etary signals were injected in the RV residuals after the subtraction of
the TOI-1853 b signal. We simulated signals of further companionsina
logarithmicgrid of 30 x 40 in the planetary mass, M,, orbital period, P,
and parameter space respectively covering the ranges1-1,000 Mg and
0.5-5,000 days. For each location in the grid, we generated 200 syn-
thetic planetary signals, drawing Pand M, from alog-uniform distribu-
tioninside the cell, T, fromauniformdistributionin [0, P] and assuming
circular orbits. Each synthetic signal was then added to the RV residuals.
We computed the detection function as the recovery rate of these sig-
nals, thatis, fitting the signals with either a circular-Keplerian orbit or
alinear or quadratic trend, to correctly take into account long-period
signals that would not be correctly identified as a Keplerian owing to
the shorttime span of the RV observations (500 days). We adopted the
Bayesian information criterion (BIC) to compare the fitted planetary
model with a constant model: we considered the planetary signal to
be notably detected when ABIC > 10 in favour of the planet-induced
model. The detection function was then computed as the fraction of
detected signals for each element of the grid (Extended Data Fig. 6).

Orbital decay
Accordingtothe current tidal theory, tidalinertial waves are at present
notexcited inside TOI-1853 by planet b because the rotation period of
the star is certainly longer than twice the planetary orbital period®,
whereas tidal gravity waves are not capable of dissipating efficiently
inthe central region of the star given the relatively low planetary mass®®.
Evenassumingalowerlimitfor the modified tidal quality factorQ’, = 107,
the remaininglifetime of the planetis about 4 Gyr according to equa-
tion (1) of ref. 87, or longer if we take into account equilibrium tides®,
Thesituationis different if the orbital plane of the planetisinclined
relative to the stellar equator® because a dynamical obliquity tide is
expected tobeexcitedindependently of the star rotation period. Such
adynamical tide would produce afast decay of the obliquity, whereas
itis not equally effective in producing a decay of the orbit semimajor
axis®. Therefore, the effective Q,, whichrulestheorbital decay, canbe



assumed to be approximately unaffected by the stellar or planetary
obliquities (see, however, section 2.2 of ref. 90 for quantification of
how the obliquities affect the evolution of the semimajor axis). Onthe
other hand, assuming Q’, = 108 for the dynamical obliquity tide, the
e-folding damping time of the stellar obliquity would be about 1.6 Gyr,
whichismuch shorter than the estimated age of the system. Therefore,
any initial stellar obliquity may have had time to be damped during the
lifetime of the system.

Composition

The planet bulk composition was constrained on the basis of mass—
radius relations derived inrefs. 14,20. For the calculation, we adopted a
second-order adapted polynomial equation of state fromref. 91, using
equation of state coefficients from ref. 14. This is a robust estimate
because any density of acondensed phase (solid or liquid) in theinterior
ofthe planetis mostly determined by pressure, which—in this case—is
generated by strong self-gravitation and weakly depends on the tem-
perature. We assumed acompletely differentiated planet with aniron
(Fe) core and a mantle consisting of silicate (MgSiO;) rock. The rocky
interior (Fig. 2) was assumed to be 32.5% Fe plus 67.5% silicates, broadly
consistent with cosmic element abundance ratios and those derived
from the host-star abundances taken as a proxy for the proto-planetary
disk composition (Table 1), which point to Mg:Si:Fe being close to 1:1:1.
The H,-He gaseous envelope above the rocky interior was assumed to
be a cosmic mixture of 75% H, and 25% He by mass. Instead, the 50% H,0
curvein Fig. 2 corresponds to an Earth-like composition with exactly
equal mass of H,0 on top. The latter component approximates the
mixture of (C,N,0,H)-bearing material that condensed beyond the
iceline of the proto-planetary disk in a water-dominated mixture of
H,0, NH;and CH,. Slightly different compositions are compatible with
TOI-1853 bas well, forexample, athin H, envelope, 0.1% by mass, might
be present along with arocky interior (49.95%) and the H,0 mantle
(49.95%). We neglected both the role of miscibility and chemical reac-
tions at the interface between rock and icy material'®” and that of any
phase transition between high-pressure ice and supercritical water®.
Finally, neither of the possible compositions producing the mass-
radius curvesinFig. 2 is expected tobe primordial for a planet with the
mass and radius of TOI-1853 b. Catastrophic events such as the ones
we discuss here, that is, several proto-planet collisions at the onset of
dynamical instabilities on disk disappearance or tidal disruptionina
high-eccentricity migration scenario, must be invoked.

Formation simulations

We simulated systems of two, four and eight solid-rich planets with a
total mass of 80 M, using the code swift symba5 (ref. 92). For the first
scenario of merging proto-planets, we placed the innermost planet
at 0.02 Au from the star, similar to TOI-1853 b, and the other planets
separated by 1.5 mutual Hill radii, to ensure that the systemis violently
unstable. The initial eccentricities were assumed to be between O and
5x1072and the inclinations between 0 and 1.4°, to ensure that the
system evolves in 3D and the collision probability is not artificially
enhanced (see Supplementary Materials). The systems with initially
two and four proto-planets merged into a single planet with 80 M,
The system with eight super-Earths merged into two planets of 50 and
30 Mg, respectively. We then performed a fourth simulation starting
from a system of ten super-Earths of 10 Mg each, which led to the
formation of two planets of 70 Mgy and 30 M,

For the second scenario, we simulated a Jupiter-mass planet on an
orbit with asemimajor axis at1 Au, perihelion distance at 0.02 Au and
inclination of 10°. The planet is assumed to have a radius of two Jupi-
ter radii, owing to tidal heating at perihelion. We placed test particles
in three rings at 0.02-0.06 Au, 0.1-0.3 AU and 0.5-1.5 Au. In a million
years, the planet engulfed 30%, 6% and 2% of the particlesin the three
rings, respectively (see Supplementary Materials). The sharp decay
of efficiency with the distance from the star is expected because the

planetesimals are spread over a larger area. However, this means that
the planet can accrete an extra 30-40 M, if there is enough mass in
the disk to begin with.

Detailed impact simulations

TOI-1853 b is too massive to have been formed in situ, but a single
large impact, or several smaller ones, might have removed its atmos-
phere and crust during the final stages of formation, thus boosting
its density. Here we consider giant impacts between super-Earths (or
mini-Neptunes) as a possible explanation for the internal composi-
tions depicted in Fig. 3. If all the pre-impact super-Earths in the system
originally had thin atmospheres like Earth, it would be straightforward
toform TOI-1853 bwith 1% atmosphere on top of a99% Earth-like rocky
interior. However, for pre-impact super-Earths with thickatmospheres,
the required impact velocity to remove most of the atmosphere could
be as high as three times the mutual escape velocity of the two colliding
bodies™®. A series of high-speed impacts (=2 mutual escape velocity)
or one last catastrophic high-speed impact (23 mutual escape velocity)
could expel most of the gaseous envelope. N-body simulations show
that the impact speeds of similar-sized objects are normally within
two times the mutual escape velocity®™®, but given the close distance
of TOI-1853 b toits star, high-speed impacts are not impossible. If TOI-
1853 biis a half water-halfrock planet, the pre-impact mini-Neptunes
composition could be very different. A layer of water on top of a planet
could greatly enhance the loss efficiency of the atmosphere”, but few
studies have examined the problemin three dimensions.

To better understand the loss process of volatiles during these col-
lisions, we conducted a series of smoothed particle hydrodynamics
impactsimulations under different conditions using SWIFT?®, Assuming
that the initial planets have three layers (H/He on top, a water man-
tle and arocky interior), we explored three different compositions:
water-rich by mass (67.5% water, 22.5% rock, 10% H/He), equal rock
and water (45% rock, 45% water, 10% H/He) and rock-rich (67.5% rock,
22.5% water,10% H/He), with the thermodynamic profiles of the plan-
ets generated using WoMa®’. These conditions were chosen to give
arange of reasonable Neptune-like compositions for the precursor
planets. The rocky interior, water and atmosphere layers are modelled
using the ANEOS forsterite’®®, AQUA water'® and a mixture of hydro-
gen-helium'® equation of states, respectively. The ANEOS forsterite
equation-of-state table was regenerated using ref. 103 withamore dense
grid (1,560 grid points for density, 744 grid points for temperature) and
higher maximum density (80 g cm™) to better model the high-pressure
and high-density rocky interior. Eachinitial target contained approxi-
mately 10° particles and the atmosphere layers were resolved with at
least ten particle layers. The most promising impacts were repeated
with higher resolution (107 particles) to ensure that the post-collision
results converged. The mass of the largest post-collision remnant (M,,)
was calculated using aknown methodology'®*'%®, whereas the maximum
smoothing length A, was setto 5 Rg.

We tested various impact scenarios including head-on and oblique
impacts withapre-impactimpactor to target mass ratios ranging from
0.5to 1and target masses of 25, 45, 50 and 60 M. In Extended Data
Table 3, we provide selected results from impact simulations. We found
that head-on (oblique) merging collisions, in which a target and an
impactor collide ataspeed approximately equal to their mutual escape
velocity (simulations 1-3,5-7 and 9-11in Extended Data Table 3), would
resultinthe removal of at most10% (5%) of their atmospheres. Although
giant impacts at approximately mutual escape velocity are the most
common, they have low atmosphere-removal efficiency and even a
series ofimpacts may not be enough to remove the gaseous envelope
completely. Therefore, the system would need to experience asequence
of mid-speed impacts (z1.5 mutual escape velocity, simulations 4, 8
and12in Extended Data Table 3) or atleast one high-speed impact (22
mutual escape velocity) duringits final formation stage to remove most
of the atmosphere. Simulations 16,17 and 18 in Extended Data Table 3
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represent the potential final giant impact leading to the formation of
TOI-1853 b, assuming that the target planet with a mass of 60 Mg, was
formed by several previous merging collisions that resultedinlittle or
no compositional change.

A high percentage of water on the initial planets would make the
removal of the atmosphere more efficient, as water-rich impacts
require the lowest impact velocity and have the highest atmosphere
loss fraction. Although there is always some loss of water during
impacts, the water-loss efficiency is reduced if more water is pre-
sent on the planet initially. The mass fractions of the rock in the
post-collision remnant tend to increase in all three impact composi-
tion setups, confirming that rock is less likely to be lost owing to the
core beingin the centre and being less compressible than water and
the atmosphere.

Considering the results shown in Extended Data Table 3, we expect
that the post-collision remnant could have half water and half rock
(with avery thin or negligible atmosphere) if the initial planets con-
tained more water than in the equal rock and water case (simulation
17 Extended Data Table 3) but not as much as the water-rich planet
(simulation16). If TOI-1853 b is a half-rock and half-water planet, these
impact simulations can be used to infer the composition of either the
planets before the finalimpact or the primordial disk that supplied the
material from which TOI-1853 b accreted.

Generating a pure-rock post-collision remnant requires a higher
impact speed, as the atmosphere-removal efficiency for rock-rich
planets is relatively low. Scaling laws??, applied in the mass regime
of TOI-1853 b, suggest that the impact energies required to remove
alarge fraction of the atmosphere will be in the super-catastrophic
regime, and the initial planet would need roughly ten times the final
mass to produce a rocky planet with a thin atmosphere. Therefore, if
TOI-1853 bis mainly composed of rock, then there would need to have
been a greater mass budget in the disk initially, as a higher velocity
impact would have ejected much more mass. Awater-rich composition
for TOI-1853 b is probably easier to produce through impacts than a
water-free super-Earth composition.

Atmospheric evaporation

We have considered two possible evaporation mechanisms: photoevap-
orationinduced by high-energy irradiation or RLO. At the present age,
the Jeans escape parameter (<M,/R,T,,)' resulted in A 2100, adopt-
ing the planetary parameters in Table 1. Such a high value indicates
that the atmosphere of TOI-1853 biis in hydrodynamic stability against
photoevaporation, thanks to the deep gravitational potential well
of the planet. To explore its evolution, we adapted a numerical code
developed for studying single systems'®*1%, considering the follow-
ingthree scenarios: rocky interior + an H,-dominated envelope (1% by
mass); 49.95% rocky interior +49.95% water mantle + 0.1% H,-dominated
envelope; 50% rocky interior + 50% water mantle and no envelope. For
each case, we created asynthetic population of young planets (10 Myr
old) with different atmospheric mass fractions, ranging from 0, 0.1%
or 1% (depending on the case) to around 75% of the current planetary
mass. At any age, theradius of the planet is the sum of a fixed core radius
plus atime-dependent envelope radius.

Duringthe evolutionary history, which we followed up to 7 Gyr, planet
contraction occursasaresult of gravitational shrinking and to the possi-
ble mass loss through atmospheric evaporation. Assuming aJupiter-like
albedo, A = 0.5, we found that none of the planets is either initially, or
later becomes, hydrodynamically unstable. Larger radii imply lower
values of the Jeans escape parameter, but this is compensated by the
lower equilibrium temperatures until the host star reaches the main
sequence at an age of approximately 200 Myr.

In the extreme case of zero Bond albedo, planets with initial mass
<180 Mg and =75 Mg can be hydrodynamically unstable (A < 80). We
exploredthe cases near the lowest initial mass (about 75 Mg) or the low-
estinitial value of the Jeans parameter (A = 60), but we found that—in

all these cases—the total mass loss and the radius contraction are not
sufficient to recover the assumed planetary structure at the current age.

To investigate the possible mass loss owing to RLO, we computed
the volume-averaged Roche radius R, (ref. 109) during the different
evolutionary histories of the planet described above. It always resulted
in being larger than 1.8R,, at the start of the evolution (£=10 Myr), for
any value of the assumed initial mass. At later ages, the Roche radius
tends to increase owing to any possible mechanism of mass loss. For
comparison, we evaluated the outer limit of the atmosphere, that is,
the so-called exobase (p, = 1072 bar), by scaling the thermal escape
parameter® I = GM um,,/kT,r, in which = 2.3 is the mean molecular
weightand T, = T, assuming anisothermal atmosphere in hydrostatic
equilibriumandr, = R,atp=1bar. Wefound that the exobaseis located
atr,=11R,and, hence, always below the Roche radius. Finally, we com-
puted the orbital period at which a planetary companion would begin
losing mass as aresult of RLO, given by Py, = 0.4p™? days (refs. 111,112), in
which pisthe mean planet density. This critical period always resulted
inbeingshorter than 0.5 days. Assuming that the planetis not migrating
during the evolution, the critical period also remains shorter than the
orbital period, and hence no RLO should occur. This result is because
ofthe very large density of the planet, with respect to standard models.
As a countercheck, we verified that the critical period would become
equaltoorlargerthantheorbital period if the past density of the planet
was lower than about 0.1 g cm™. In our grid of models, the planetary
radius remains in the range 4-12 R, for envelope mass fractions up to
75% of the current planetary mass, whereas the critical density would
require radii from 16 to 25 R,. We conclude that RLO processes could
have contributed to the loss of TOI-1853 b envelope only if the planet
was closer to the star in the past, which—for a circular orbit—corre-
sponds to P, = 0.5 days, almost half of the current one. For this to be
true, the planet should have later migrated to its current position in
agreement with the high-eccentricity formation scenario, for which
planets roughly circularize at twice the periastron distance of the initial
eccentric orbit.

Spectral atmospheric characterization prospects

We explored whether the JWST is able to detect spectroscopic signa-
tures of a TOI-1853 b-like planet. According to the transit and emission
spectroscopic metrics™™, TOI-1853 bis at the lower end distribution
of targets selected for transmission. For emission instead, TOI-1853 b
is comparable with the bulk of the selected JWST secondary-eclipse
observations (Extended Data Fig. 7).

We generated synthetic spectrafor TOI-1853 b using the open-source
PYRAT BAY modelling framework™. We considered two extreme cases
based on the scenarios previously explored: (1) a planet with arocky
interiorand a1% H, atmosphere and (2) aplanet with a50% rocky inte-
rior, 40% H,0 mantle and a 10% H,0 supercritical steam atmosphere.
Given thelack of atmospheric composition constraints other than the
bulk density of the planet, we adopted a generic solar compositionwith
scaled heavy-element metallicities such that we match the atmospheric
mass fraction of the H,-dominated and the heavy-element-dominated
atmosphere. On the basis of the planet’s equilibrium temperature, we
assumed an isothermal temperature profile for transmission and a
radiative-equilibrium profile for emission. We computed the molecular
composition assuming thermochemical equilibrium. We considered
the main opacity sources expected for exoplanetsin theinfrared, that
is, from molecular line lists"*" (pre-processed with the repack pack-
age"®), collision-induced absorption"'*° and Rayleigh scattering'..
We thensimulated JWST transmission and emission observations with
PandExo'? for all instruments on board.

Extended Data Fig. 7 shows our model spectra of TOI-1853 b along
with the simulated JWST observations combining three visits with
each instrument to enhance the signal-to-noise ratios. Either trans-
mission or emission spectroscopic characterization efforts will be
challenging. According to the adopted synthetic models, NIRISS/SOSS



and NIRSpec/G395H are the most favourable instruments to detect
spectral features based on their spectral coverage and signal-to-noise
ratios. Furthermore, NIRSpec/G235H provides the best signal-to-noise
ratio at approximately 2-3 pm. The transmission spectra present the
largest spectral features for metallicities ranging from 0.01to 50.0
times solar. For larger metallicities, the amplitude of the features starts
to flatten as the mean molecular mass of the atmosphere increases.
Notable spectral features arethe H,0O bands at1.0-2.5 umand a strong
CO, band at 4.5 um for super-solar metallicities. Certainly, the pres-
ence of clouds and hazes would complicate the interpretation of these
observations, as they can also flatten the spectral features, although
they tend to be more prevalent for lower-temperature atmospheres'?.
The emission spectraseemto provide moreidentifiable features than
in transmission (as confirmed by the relatively better spectroscopic
metric). Under the assumption of equilibrium chemistry, the CO,
absorption feature at 4.5 umis the clearer tracer of metallicity, as the
abundance of CO, increases more steeply with metallicity than other
dominant species, such as H,0.

Data availability

TESS photometrictime series can be freely obtained from the Mikulski
Archive for Space Telescopes (MAST) archive at https://exo.mast.
stsci.edu/. All follow-up light-curve data are available on the
ExoFOP-TESS website (https://exofop.ipac.caltech.edu/tess/target.
php?id=73540072).RVs are presented in Extended Data Table 1. The sim-
ulation dataset of Methods section ‘Detailed impact simulations’is avail-
able on Zenodo (https://doi.org/10.5281/zenod0.8033965)'**. Source
data are provided with this paper.

Code availability

Thejuliet Python code is open source and available at https://github.
com/nespinoza/juliet. The PYRAT BAY modelling framework is open
source and available at https://github.com/pcubillos/pyratbay. astropy
isacommon core package for astronomy in Pythonand EXOFASTv2isa
well-known public exoplanet fitting software. swift symba5is available
athttps://github.com/silburt/swifter. SWIFT is available at www.swift-
sim.com. WoMais available at https://github.com/srbonilla/WoMa. The
repack package is available at https://github.com/pcubillos/repack.
PandExois available at https://github.com/natashabatalha/PandExo.
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Extended Data Table 1| HARPS-N RVs

BJDrpB RV ORrv FWHM BIS Contrast Smw OSyw BJD1pp RV ORv FWHM BIS Contrast Smw sy
(2459000+) (ms™))  (ms™') (2459000+) (ms™')  (ms7h)

277.591475  -2622245  3.76 6696  -24  66.70484 0.3101 0.0059 642.724298  -26306.52 595 6692 61 66.50986 0.328 0.0139
286.743959  -2631046  5.20 6658  -37 67.19193 0.2436  0.0096 646.687152  -2624778 234 6697  -45 66.83894 0.3069 0.0035
288.667942  -26227.52  3.32 6656 -37  66.92455 0.2719  0.0048 648.731285  -26318.18  2.81 6682 47 66.86892 0.2862 0.0049
289.698557  -26266.06  3.31 6646 -53  66.86836 0.2740 0.0046 649.716835  -26275.88  3.58 6695  -41 66.83616 0.2651  0.007
297.604184  -26219.74  6.08 6795 76598741 0.1466  0.0102 650.721339  -2622328  2.49 6665  -35  67.0299 0.3126 0.0042
208.627811  -26221.87  7.09 6720 28  66.3382 04311 0.0126 656.721298  -26235.09  6.12 6685  -43  66.52727 0.2212 0.0139
299.645873  -26263.84  5.51 6748  -42  66.35285 0.3371 0.0086 663.759353  -26316.48  3.21 6697  -53  66.54938 0.3136 0.0057
305.749103  -26289.87  4.58 6697  -22 66.60946 0323  0.0078 678.681216  -26308.79  5.58 6664  -14 66.59712 0.2085 0.0131
307.671216  -26251.72 343 6743 -39 6621211 0.3493  0.0041 681.703784  -2622439  3.36 6710  -43  66.56025 0.3083 0.0063
325.603943  -2629831  7.99 6667  -68 6649581 0338  0.0158 682.627666  -2627479 272 6673 31 66.80372 0.3234 0.0047
327.671492  -26280.93  3.56 6757  -32 66.08518 0.2944 0.0045 690.693058  -2625622  4.57 6734 40 6621964 0.3055 0.0085
360.503076  -2627525 529 6789  -10 65.92973 0.3035 0.0072 705597822  -2624326  3.76 6706  -38 66.47439 0.3220 0.0069
365.572246  -26251.83  4.71 6723 -37 66.24472  0.3000 0.0075 706.532481  -26220.40  3.70 6691  -41 66.80752 0.3202 0.0074
366.609855  -26304.42  4.00 6734 47 66.30966 0.2581 0.0064 708.602432  -2631225  6.49 6705 -84 66.49706 0.3678 0.0151
367.546558  -26299.77  3.13 6695  -34  66.79568 0.2893  0.0046 717.556786  -26253.85  2.14 6692 37 66.83179 0.3263 0.0029
377.551116  -26298.75  2.90 6712 -39 66.35716 03009 0.0037 718.552650  -2631272 273 6707  -46 66.61027 0.3156 0.0041
378.532182  -26245.57  3.57 6735 41 66.01514 0.2932  0.0047 735.582824  -26292.60  9.38 6701  -81 66.50634 0.3421 0.0226
379.507227  -26214.08  4.59 6748 29 66.11978 0.3012  0.007 737.473873  -2624533  22.37 6692 24 65.65718 0.0604 0.0619
387.495223  -2629522  3.68 6705  -36  66.52209 0.2931 0.0058 738.528763  -26284.60  6.08 6694 37 6651006 0.3167 0.0134
391.502386  -26294.81  4.65 6721 24 66.32581 0.3742  0.0076 748.535890  -26263.99  6.92 6700  -51 66.38869 0.2286 0.0155
416441714  -26288.82  4.19 6683  -37 66.62051 0.2863 0.0069 750.506612  -26280.71  4.30 6717  -33  66.28337 0.2809 0.0075
565.753307  -2626428  3.97 6711  -46  66.64815 0.3154 0.0082 751.517693  -26226.76  3.34 6731 -39 66.26938 0.2608 0.0052
615721992 -26215.50  4.33 6621  -38 67.06423 0.2632  0.0093 752.506892  -26224.75  3.67 6685 40 66.58633 0.2531  0.007
617.727567  -26316.77  7.21 6700  -65 66.12045 0.2601 0.0156 773.458642  -26265.04 274 6693 48  66.6854 0.3202 0.0042
618719631  -26291.42  6.31 6703 48 66.26545 0.2636 0.0138 774449876  -26319.92 221 6662  -56  66.99418 0.3100 0.0033
624.713851  -26245.94 279 6638 -39 67.17890 0.2693  0.005 775457294  -26302.74  3.73 6689 42 66.72325 0.3196 0.0072
625734802  -26228.39  3.67 6642 48 66.95316 0.3119 0.0075 803.398361  -26236.87  2.73 6656  -32  66.94536 0.2849 0.0047
627.729205  -26321.39  3.55 6675  -44  66.86213 0.3163 0.0069 807.396243  -26223.01  4.48 6705  -38 66.42269 0.2925 0.0095

FWHM is the full width at half maximum of the cross-correlation function profile, BIS is the bisector inverse slope span, contrast refers to the stellar line measurement of the spectral lines and
Sww is the Mount Wilson index.
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Extended Data Table 2 | Global joint fit priors and posteriors

Prior Posterior
Parameters Unit distribution Value (£10)
RV Parameters
K, ms~! (0.0, 100.0) 48.8110
THARPSN ms~! % (-26280, —26250) ~26267.0707
OHARPS-N ms~! (0, 10) 48406
Keplerian Parameters
P days A (1.24,0.01) 1.2436258 +0.0000015
T BIDrpg  4(2459690.7,0.1)  2459690.7420 + 0.0006
Jesinw %(-1.0,1.0) 0.0140087
Ve cos % (—1.0, 1.0) 0.053"002
s kgm3 N (2240, 150) 2236710
Transit Parameters
rl % (0.0, 1.0) 0.681£70027
r % (0.0, 1.0) 0.0392+ 00007
Limb-darkening coefficients
g1, TESS (0.40,0.25) 0.367013
2, TESS A (0.34,0.30) 0.387027
41, LCOGT %(0,1) 0.57*0%
42, LCOGT %(0,1) 0.67%035
g1, ULMT %(0,1) 0.66% 05
g2, ULMT %(0,1) 047403
g1, MuSCAT2-g %(0,1) 0.59%0%
2, MuSCAT2-¢ %(0,1) 058028
g1, MuSCAT2-r % (0,1) 0.52+03
>, MuSCAT2-r %(0,1) 0.517028
1, MuSCAT2-i %(0,1) 0.57103)
2, MuSCAT2-i %(0,1) 0.421022
41, MuSCAT2-; %(0,1) 0.31%03
¢, MuSCAT?2- %(0, 1) 036553
Offset
off, TESS (Sect. 23) 4(0,0.01) 0.00009*0 00033
off, TESS (Sect. 50) A(0,0.01) 0.0003 == 0.0003
off, LCOGT A(0,0.1) 0.005"0-0%9
off, ULMT 4(0,0.1) 0.006" 4035
off, MuSCAT2-¢ A(0,0.1) 0.0006* 001
off, MuSCAT2-r A(0,0.1) 0.002* (00
off, MuSCAT2-i A(0,0.1) 0.0020-0%
off, MuSCAT2-z A(0,0.1) —0.00579035
Jitter
jitt, TESS (Sect. 23) ppm 2(107", 10%) 0.09"¢29
jitt, TESS (Sect. 50) ppm 2(1071,10) 0.02%37,
jitt, LCOGT ppm Z2(107",10%) 55153
jitt, ULMT ppm 2101, 10°) 1
jitt, MuSCAT2-g ppm 2(1071,10°) 3730
jitt, MuSCAT2-r ppm Z(10°1,10°) 0.3%55
jitt, MuSCAT2-i ppm 2(107!,10%) 1459
jitt, MuSCAT2-2 ppm 21071, 10%) 395
Hyper-parameters of the Matern GP model
o6p. TESS £(1076,0.1) 0.00069™0:06016
pcp, TESS days (0.1, 100) 3.9%05%

The best-fitting values and uncertainties are extracted from the posterior probability distributions. U(a, b) indicates a uniform distribution between a and b, £(a, b) a log-normal distribution and
Ma, b) a normal distribution with mean a and standard deviation b. The limb-darkening coefficients are intended for a quadratic limb-darkening law.



Extended Data Table 3 | Impact simulation results

id LR Mug/Me  Mimp/Ms  Vimp [kms™']1 Vinp/Vese b My/Mg i fu2o  fugne  Xpn®
1 31 25 25 32.6 1.0 0.0 494 22.65% 68.15%  9.20% 9.7%
2 31 25 25 32.6 1.0 04 4979 22.49% 67.69%  9.82% 2.9%
3 31 25 25 32.6 1.0 0.7 49.9 2243% 67.51% 10.06%  0.3%
4 31 25 25 48.9 L.5 04 47.8 2324% 7025% 631%  40.2%
5 1:1 25 25 33.8 1.0 0.0 4951 4521% 4540% 9.39% 7.3%
6 1:1 25 25 33.8 1.0 04 49.68 45.06% 4525%  9.69% 4.2%
7 1:1 25 25 33.8 1.0 0.7 4986 4489% 45.08% 10.03%  4.0%
8 1:1 25 25 50.7 1.5 04 4753 4710% 46.60% 6.30%  40.3%
9 13 25 25 342 1.0 0.0 4927 6929% 22.778%  8.93% 12.1%
10 13 25 25 342 1.0 04 4961 67.82% 22.61% 9.57% 5.2%
11 13 25 25 342 1.0 0.7 4986 67.49% 22.52%  9.99% 0.5%
12 13 25 25 51.3 1.5 04 4756 70.74% 22776% 6.50%  38.25%
13 3:1 60 30 63.0 1.5 0 85.0 23.74% T71.24% 5.02%  52.7%
14 1:1 60 30 64.8 1.5 0 82.8 48.65% 46.65% 4.70%  56.7%
15 13 60 30 73.5 1.5 0 82.3 73.63% 20.89% 5.48%  49.8%
16 3:1 60 30 75.5 1.8 0 74.2 2720% T71.67% 1.13%  90.7%
17 1:1 60 30 71.7 1.8 0 72.8 55.30% 4292% 1.78%  85.6%
18 13 60 30 80.2 1.8 0 73.5 81.11% 16.13%  2.76%  77.4%

Parameters and results for selected impact simulations. I:R represents the mass ratio of ice versus rock in a pre-impact planet: I:R=3:1 refers to water-rich planets, I:R=1:1 refers to equal water
and rock planets and I:R=1:3 refers to rock-rich planets. The targets and impactors in each simulation have the same I:R ratio. V.. is the mutual escape velocity in the corresponding impact
simulation. M, is the mass of the largest post-collision remnant. f shows the mass ratio of each material in the largest post-collision remnant. X2m° shows the total mass fraction of the
atmosphere that is lost. b is the impact parameter, which is related to the impact angle (b=0.0 stands for a head-on impact, b=0.4 and 0.7 stand for oblique impacts with impact angles of

around 23.6° and 45°, respectively).
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