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ABSTRACT

We present the discovery and characterization of two transiting exoplanets orbiting the metal-poor, solar-type star TOI-
5788. From our analysis of six TESS sectors and a dedicated CHEOPS programme, we identify an inner planet (TOI-5788 b;
P = 6.340758 4+ 0.000030 d) with radius 1.528 £ 0.075 Rg and an outer planet (TOI-5788 c; P = 16.213362 4 0.000026 d)
with radius 2.272 £ 0.039 Rg,. We obtain 125 radial-velocity spectra from HARPS-N and constrain the masses of TOI-5788
b and c as 3.72 + 0.94 Mg and 6.4 &+ 1.2 Mg, respectively. Although dynamical analyses indicate that a third planet could
exist in a stable orbit between 8 and 14 d, we find no evidence of additional planets. Since the TOI-5788 system is one of the
few systems with planets straddling the radius gap, and noting that there are even fewer such systems around metal-poor
stars, it is a promising system to constrain planet formation theories. We therefore model the interior structures of both
planets. We find that TOI-5788 b is consistent with being a rocky planet with almost no envelope, or having an atmosphere
of a high mean molecular weight. We find that TOI-5788 c is consistent with both gas-dwarf and water-world hypotheses of
mini-Neptune formation. We model the atmospheric evolution history of both planets. While both scenarios are consistent
with the atmospheric evolution of TOI-5788 c, the gas-dwarf model is marginally preferred. The results of the atmospheric
evolution analysis are not strongly dependent on stellar evolution. This makes the system a promising target to test internal
structure and atmospheric evolution models.

Key words: methods: data analysis - techniques: photometric - techniques: radial velocities — planets and satellites: de-
tection - stars: individual (TOI-5788, TIC42883782).

elusive. One of the main legacies of the Kepler mission (W. J.
Borucki et al. 2010) is the discovery of a bimodal distribution in
Despite the abundance and diversity of planetary systems un- the radii of small (R < 4 Rg) exoplanets (B. J. Fulton et al. 2017; C.
veiled since the discovery of the first exoplanets (A. Wolszczan S.K. Ho & V. Van Eylen 2023). The formation and evolution path-
& D. A. Frail 1992; M. Mayor & D. Queloz 1995), detailed un- ways of these planets, between the size of Earth and Neptune,
derstanding of planet formation and evolution pathways remains pose a particularly interesting problem. With no analogue in the

Solar System, these planets are observed to form two distinct

populations of ‘super-Earths’ (R ~ 1.3Rg) and ‘sub-Neptunes’
* E-mail: b.s.lakeland@bham.ac.uk (R ~ 2.5Rg). These planets lie either side of the so-called radius
T UKRI Future Leaders Fellow. valley. Two main pathways are invoked to explain this bi-modality

g;’gi%i:::;f ;éﬁi;flord Fellow. in exoplanet size. The first pathway requires both super-Earths
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© The Author(s) 2026.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
reproduction in any medium, provided the original work is properly cited.

920z Aey 1Lz uo Jasn abel ap ausiaAlun Aq 926/ E18/8G | BEIS/H/9pS/a0ne/seiuw/woo dnooiwepese//:sdiy wWoll papeojumod


http://orcid.org/0000-0002-8122-2240
http://orcid.org/0000-0001-7254-4363
http://orcid.org/0000-0001-9140-3574
http://orcid.org/0000-0003-2417-7006
http://orcid.org/0000-0001-9483-2016
http://orcid.org/0000-0003-1628-4231
http://orcid.org/0009-0001-0867-9711
http://orcid.org/0000-0001-9137-9818
http://orcid.org/0000-0002-8946-8579
http://orcid.org/0000-0003-1605-5666
http://orcid.org/0000-0002-6492-2085
http://orcid.org/0000-0003-2196-6675
mailto:b.s.lakeland@bham.ac.uk
https://creativecommons.org/licenses/by/4.0/

2  B.S. Lakeland et al.

and sub-Neptunes to form with a significant primordial H/He
envelope. In this formalism, the super-Earths have lost almost all
of their primordial atmosphere, with only the core remaining,
whereas the larger mass of the sub-Neptunes enables them to
retain their envelope. Within this model, two mechanisms are
proposed to power the mass loss of the planets: high-energy (EUV
or X-ray) flux from the host star (photoevaporation; e.g. E. D.
Lopez & J. J. Fortney 2013; J. E. Owen & Y. Wu 2013) or thermal
emission from planet formation and bolometric stellar flux (core-
powered mass-loss; e.g. A. Gupta & H. E. Schlichting 2019). We
refer to this formalism as the ‘gas-dwarf’ model.

The second formalism to explain the two distinct populations
of planets is the ‘water-world’ model in which super-Earths and
sub-Neptunes form with different planetary compositions (J. Ven-
turini et al. 2020a; R. Luque & E. Pallé 2022). This formal-
ism holds that sub-Neptunes are mostly water-rich planets that
formed outside the water ice line, where solid water ice can be
accreted along with the silicates which are present throughout
the disc. By contrast, super-Earths are expected to form from the
silicate material present in the hotter region of the protoplanetary
disc in which no solid volatile species can survive, producing
the observed radius bimodality. A consequence of this model is
that sub-Neptunes observed within the ice line are expected to
have migrated from the colder regions of the disc. While bulk
measurements alone are often not sufficient to break the in-
trinsic degeneracies between these two formation pathways (L.
A. Rogers & S. Seager 2010), in-depth studies of systems with
well-characterized super-Earths and sub-Neptunes may reveal
insights into the physics of their formation.

Another open question is on the link between planet and stellar
chemical composition. Since planets and stars form from the
same nascent material, there is expected to be a link between
the chemical composition of a planet and its host star. Recent
studies of FGK stars with well-characterized planets have found a
correlation between the iron mass fraction of a host star and rocky
planets in its orbit (V. Adibekyan et al. 2021). Studying planets or-
biting metal-poor stars allows us to explore an even wider range of
chemical compositions, as metal-poor stars are known to exhibit
a wider range of alpha-enhancement, or [«/Fe], (S. Buder et al.
2025). This is an important parameter space to explore as alpha
elements are prominent in planetary mantles. Therefore any link
between stellar and planetary compositions would manifest in
variations in planetary makeup when studying systems across
a wide range of [«/Fe] values. To that end, well-characterized
small planets around metal-poor stars are vitally important to
understanding planet formation across diverse stellar systems.

In this paper, we present the discovery and characterization
of two planets orbiting the metal-poor solar type star TOI-5788.
With both a super-Earth and sub-Neptune close to the inner edge
of the radius valley, this system is ideal to study both the for-
mation of super-Earths and sub-Neptunes and the link between
planet compositions and the composition of their host star. The
remainder of this paper is structured as follows. In Section 2 we
describe the data used in this study. In Section 3 we present the
stellar analysis and derivation of stellar properties. We present
the transit and radial-velocity analyses in Sections 4 and 5, re-
spectively. From the adopted planetary parameters we obtain in
these sections, we model the interior structure and atmospheric
evolution of both planets in Section 6. We discus the potential
for follow-up observations in Section 7 before concluding in Sec-
tion 8.
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2 DATA

2.1 TESS photometry

TOI-5788 (TIC 42883782) was observed by the Transiting Exo-
planet Survey Satellite (TESS; G. R. Ricker et al. 2015) in Sectors
14, 40, 41, 54, 80, and 81. The target was observed with 2-min
cadence in Sectors 14, 80, and 81; 10-min cadence in Sectors 40,
41, and 54; and 20-s cadence in Sectors 80 and 81. These data are
made publicly available by the Mikulski Archive for Space Tele-
scopes (MAST).!, and the image data were reduced and analysed
by the Science Processing Operations Center (SPOC;J. M. Jenkins
et al. 2016) at NASA Ames Research Center.

We modelled the instrumental systematics as a sum of mo-
ments of the spacecraft quaternion time series (e.g. A. Vander-
burg et al. 2019), with long-term modulations modelled via a
basis spline. The resulting light curve is similar to the original
data reduction by the TESS SPOC, although our data reduction
benefits from retaining more of the higher-cadence data that is
otherwise rejected by the SPOC reduction due to scattered light.

From the first four sectors of TESS data, two transit signa-
tures were detected in a search of Full Frame Image (FFI) data
by the Quick Look Pipeline (QLP) at MIT (C. X. Huang et al.
2020a,b). The TESS Science Office (TSO) reviewed the vetting
information and issued an alert on 2022 September 22 (N. M.
Guerrero et al. 2021). The automatically derived orbital peri-
ods were 6.3346129 4+ 0.001121 d and 16.2134274 + 0.0001179d.
Fig. 1 shows the six sectors of TESS data.

2.2 CHEOPS photometry

TOI-5788 was observed as part of a CHEOPS (W. Benz et al.
2021; A. Fortier et al. 2024) Guaranteed Time Observations pro-
gramme (GTO; PI: Ulmer-Moll, Program number: 84, Program
name: CompoSubNeptu.). Three visits were planned for the tran-
sits of each planet, amounting to 39 CHEOPS orbits between
BJD 2460110 and 2460491. Owing to a slightly incorrect value
of the inner planet’s orbital period reported on ExoFOP (see Sec-
tion 2.1), the scheduled CHEOPS observations did not occur in
transit for that planet. We therefore disregard the data from the
three CHEOPS visits that do not occur in transit, and retain only
the transits of the outer planet. CHEOPS successfully observed
the outer planet for all three planned transits. We provide a log of
the CHEOPS observations in Table 1.

CHEORPS light curves were produced via the PIPE extraction
technique. Each CHEOPS light curve was detrended against ef-
fects of spacecraft roll angle using the PYCHEOPS package (P.
F. L. Maxted et al. 2022). The detrending vectors were chosen
as the combination which minimises the Akaike Information
Criterion (AIC; H. Akaike 1974) for each light curve. The de-
trending vectors were fit simultaneously with a transit model for
each CHEOPS light curve to obtain the optimally detrended light
curve. The individual detrended light curves, with the transits
retained in the data, were stitched and retained for later analysis.

2.3 HARPS-N spectroscopy

Through the High Accuracy Radial velocity Planet Searcher for
the Northern hemisphere (HARPS-N; R. Cosentino et al. 2012,

Thttps://archive.stsci.edu/missions-and-data/tess
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Figure 1. Six sectors of TESS data for TOI-5788. The 2-min cadence data of Sector 14 and 20-s cadence data of Sectors 80 and 81 are shown in blue.

Sectors 40, 41, and 54 have a cadence of 10 min (red). We bin the light curves to 4.8 h (black). For Sectors with shorter cadence than 10 min, we show in

red the 10-min-binned data. We show the times of mid transit for TOI-5788 b (grey dashed lines) and TOI-5788 c (blue dashed lines).

Table 1. Log of CHEOPS observations. Detrending vectors are listed for the transits of
TOI-5788 c. An incorrect ephemeris meant that all transits of TOI-5788 b were missed. We
therefore do not use these CHEOPS data and do not list the relevant detrending vectors.

File Key Start date Duration Efficiency  Planet
[UTC] (h] (%]

2023-07-17 10:59:39 10.3 67.0 b
CH_PR140084_TG003502_V0300

2023-06-22 03:01:40 10.6 63.1 b
CH_PR140084_TG003702_V0300

2024-06-29 20:17:19 9.3 72.1 b
CH_PR140084_TG004101_V0300

2023-06-14 23:40:40 10.5 65.5 c
CH_PR140084_TG003501_V0300

2023-06-15 17:28:40 9.8 67.5 c
CH_PR140084_TG003701_V0300

2023-08-02 15:52:40 10.8 62.8 c

CH_PR140084_TG003503_V0300

2014) Collaboration time (GTO until 2023A; A48TAC_59, PI:
Malavolta, thereafter), we obtained 125 high-resolution spectra
of TOI-5788 for radial velocity (RV) follow-up of these candi-
date planets. The HARPS-N spectrograph is installed on the
3.6 m Telescopio Nazionale Galileo (TNG) at the Observatorio
del Roque de Los Muchachos on La Palma, Spain. The design for
HARPS-N is similar to its predecessor, HARPS (installed on the
ESO 3.6 m telescope, M. Mayor et al. 2003); it covers a wavelength
range of 383 nm to 691 nm and has an average resolving power of
115000.

Observations were taken between 2022 November 6 and 2024
November 28. The majority of the observations had exposure
times of 900 s, but the final 32 observations (from 2023 October
25 onwards) were taken with exposure times of 1800 s in an effort
to improve the signal-to-noise ratio.

HARPS-N spectra were reduced using version 3.0.1 of the
HARPS-N Data Reduction Software (DRS; X. Dumusque et al.
2025), giving RV and activity indicator measurements. This ver-
sion is similar to the previous 2.3.5 version of the DRS but with
improved long-term stability. RVs were extracted for TOI-5788

using a G8-type stellar template. The final RV time series has
a root-mean-square (RMS) scatter of 3.66ms~!, and shows no
evidence of long term trends. Along with RV measurements, the
DRS calculates proxies for stellar activity such as the S-index to
measure chromospheric emission, full width at half maximum
(FWHM) of the cross-correlation function (CCF) and the CCF
bisector inverse slope (BIS). We also follow the approach of R.
W. Noyes et al. (1984) and calculate the chromospheric emission
ratio, log Ry, from the S-index.

From the DRS reduction, there were five observations which
displayed anomalously low S-index values. These S-index val-
ues, and their derived log Rj;ymeasurements, are omitted from
all analyses in this paper. Since no other activity indicator, or
the RVs themselves, showed anomalous values, we retain these
measurements and only exclude the S-index measurements from
our analyses.

Furthermore, a number of spectra suffer from contamination
from the Fabry-Pérot etalon used to derive the wavelength so-
lution. This manifests in spectra as anomalous emission lines,
shown in Fig. 2.

MNRAS 546, 1-19 (2026)
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Figure 2. Fabry-Pérot contamination of an arbitrarily selected HARPS-
N spectrum of TOI-5788. The contamination manifests as regularly
spaced emission lines, shown here at around 5450 and 6034 A.

As both the anomalous calcium absorption and Fabry-Pérot
contamination cause spurious effects in isolated regions of the
stellar spectra, we opt to also extract RVs using the multi-mask
least-squares deconvolution method (MM-LSD; F. Lienhard et al.
2022). The benefits of MM-LSD over the CCF-based method of
the DRS are twofold. Firstly, using the stellar parameters de-
rived in Section 3.1, we obtain a custom stellar mask from the
Vienna Atomic Line Database (N. E. Piskunov et al. 1995; F.
Kupka et al. 1999; T. A. Ryabchikova et al. 1999; F. G. Kupka
et al. 2000; T. Ryabchikova et al. 2015). Secondly, the MM-LSD
algorithm identifies anomalous spectral regions and masks them
from all spectra in the time series. This means that, unlike in
the DRS which calculates RVs on a spectrum-by-spectrum basis,
a consistent list of good lines is used to derive RVs using MM-
LSD. To extract the optimal LSD profile, MM-LSD explores a grid
of 32 hyperparameters® combinations to generate 32 individual
RV time series. While minimizing the RMS is not necessarily
the optimal metric for performance of MM-LSD when applied
to planet-hosting stars, we opt to take the mean of the 16 time
series with the lowest RMS (see F. Lienhard et al. 2022). The
final RV time series has an RMS of 3.29 ms~! with a median
RV measurement uncertainty of 2.76 ms™!. This is a 11 per cent
reduction compared to the 3.66 ms™' RMS for the DRS-derived
RVs. We show the radial velocities, log Rj;,, CCF FWHM, and
BIS in Fig. 3. As MM-LSD is robust to spurious effects in isolated
regions of spectra, we opt to retain the RVs whose S-index were
rejected for being anomalous.

3 STELLAR CHARACTERIZATION

3.1 Stellar parameters

TOI-5788 (TIC 42883782 in the TESS input catalogue) is a rel-
atively bright, high-proper-motion G dwarf star located at a dis-
tance of 97.4+0.1 pc (Gaia Collaboration et al. 2016, 2023). We de-
rive galactic velocities of the TOI-5788 system using the method
of D. R. H. Johnson & D. R. Soderblom (1987) and data from the
third Gaia data release (Gaia Collaboration et al. 2016, 2023). We
report the galactocentric velocities in Table 2. Using the method
of B. E. Reddy, D. L. Lambert & C. Allende Prieto (2006), we find
that TOI-5788 has a 96.5 per cent probability of belonging to the
Galactic thin disc.

2MM-LSD explores combinations of the following hyperparameters: the
threshold to omit pixels due to telluric correction, the minimum line

MNRAS 546, 1-19 (2026)

Stellar atmospheric parameters for this star were derived
from spectroscopic observations via three independent methods:
ARES+MOOG, CCFPAMS, and SPC. ARES+MOOG (S. G. Sousa
2014) is a curve-of-growth method of obtaining stellar spectro-
scopic properties, using the equivalent widths (EWs) of iron spec-
tral lines. The method has two main components. ARES mea-
sures the EWs from observed spectra, and then the radiative
transfer code MOOG is used to calculate the individual abun-
dances. A stellar atmospheric model is adopted based on the
atmospheric parameters. By ensuring excitation and ionization
balance is achieved for all the analysed lines, we can calculate
refined atmospheric parameters. This analysis gave estimates for
Ter, log g, microturbulence &, and [Fe/H]. The surface gravity was
corrected following A. Mortier et al. (2014). A second method
used is CCFpAMS (L. Malavolta et al. 2017). This approach uses
several CCFs to estimate T, logg, [Fe/H] via an empirical cali-
bration to literature values. Finally, the Stellar Parameter Classifi-
cation (SPC; L. A. Buchhave et al. 2012, 2014) tool was used on in-
dividual HARPS-N spectra. This approach differs from the previ-
ous two in that SPC uses the entire spectrum between 5050 A and
5360 A to compare to a library of synthetic spectra. In addition to
the Ty, log g, and [Fe/H] that ARES+MOOG and CCFPAMS pro-
vide, SPC also estimates the projected rotational velocity of the
star (vsini). The stellar parameters obtained by AREES+MOOG,
CCFPAMS, and SPC are consistent within uncertainties. As final
parameters, we adopt the inverse-variance weighted average of
the three methods.

Effective temperature and metallicity from these pipelines
were then fed into the ISOCHRONES package (T. D. Morton 2015)
and compared with stellar evolution models, in order to provide
estimates of the mass, radius, and age of the star. In particular, the
stellar atmospheric parameters were compared to models from
the Dartmouth Stellar Evolution Database (DSED; A. Dotter et al.
2008) and the MESA Isochrones and Stellar Tracks (MIST; A.
Dotter 2016). See A. Mortier et al. (2020) for a more in-depth
explanation. The adopted stellar parameters are listed in Table 2.

3.2 Individual chemical abundances

Iron-poor stars are known to exhibit a wide range of chemical
abundances, making them valuable test beds to study the link
between stellar chemical abundances and planetary chemical
composition (V. Adibekyan et al. 2021; Turner et al., in prepara-
tion). As TOI-5788 falls into this interesting region of parameter
space, we extract individual abundances for a selection of atomic
species. We again use ARES to extract the EWs of the different
spectral lines and then MOOG together with ATLAS9 model at-
mospheres (R. L. Kurucz 1993) to calculate the individual chemi-
cal abundances (see e.g. V. Z. Adibekyan et al. 2012; A. Mortier
et al. 2020). We report the stellar abundances for a number of
species in Table 3. We also quote a combined [«/H] and [« /Fe],
using Mg, Si, and Ti as a proxy for alpha elements. This shows
that TOI-5788 is not alpha-enhanced. We note that the [Fe/H]
quoted in Table 3 differs slightly from the value quoted in Table 2,
though the two values are consistent to within 1. Thisis because,
of the methods outlined in Section 3.1, only ARES+MOOG is
capable of calculating individual species abundances. In this sec-
tion, for consistency, we compare the a-element abundances to
the value of [Fe/H] derived from ARES-+MOOG rather than the

strength to consider, the maximum allowed model deviation, and the
width of the LSD profile.
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Figure 3. From top to bottom, time series of: MM-LSD RVs, log R’HK, CCF FWHM, and CCF BIS. Five log R’HKobservations have been omitted due to

unphysical S-index measurements. The corresponding RV measurements and other activity indicators are retained.

Table 2. Summary of stellar parameters for TOI-5788. References [1] N. M. Guerrero et al. (2021),
[2] K. G. Stassun et al. (2018), [3] R. M. Cutri et al. (2003), [4] Gaia Collaboration et al. (2021), [5]
E. Hog et al. (2000).

Parameter Description Value Reference
TOI TESS object of interest 5788 [1]
TIC TESS input catalogue 42883782 2]
2MASS s J19094195+3145395 [3]
Gaia DR3 2042653052618 584 960 4]
12000 Right ascension (RA) 19h 09’ 41.96” [4]
812000 Declination (Dec.) +31° 45’ 39.64” [4]
. Proper motion (RA, mas yr~1) 17.353 [4]
s Proper motion (Dec., mas yr—!) 119.563 [4]
RV, Absolute radial velocity (kms™!) —59.36 +0.46 [4]
el Parallax [”] 10.2688+0.0123 [4]
U Galactocentric velocity (kms™1) —75.03 +£0.21 This work
|4 Galactocentric velocity (kms™1) —31.19 £ 0.41 This work
w Galactocentric velocity (kms™1) 5.69 £ 0.085 This work
B B magnitude 10.83 £ 0.04 [5]
v V magnitude 10.15 4+ 0.03 [5]
G G magnitude 10.060 £ 0.0028 [4]
J J magnitude 8.950 + 0.026 [3]
H H magnitude 8.657 +0.033 [3]
K K magnitude 8.577 £0.017 [3]
Toe Effective temperature (K) 5615 425 This work
M, Stellar mass (Mg) 0.87 +0.04 This work
R, Stellar radius (Rg) 0.87 +0.006 This work
P Stellar density (og) 1.34%0.09 This work
Age Stellar age (Gyr) 5724337 This work
[Fe/H] Metallicity (dex) —0.32 £0.04 This work
L, Luminosity (L) 0.71240.018 This work
log gspec Surface gravity (cgs units) 4.42%0.01 This work
log giso Surface gravity (cgs units) 450f8:g§g This work
vsini Projected rotational velocity <2 This work
(kms™1)
& Microturbulence (kms™1) 0.93 +0.07 This work
log Ry Chromospheric emission ratio —4.94 £ 0.05 This work

MNRAS 546, 1-19 (2026)
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Table 3. Individual species
abundances from ARES+MOOG
corresponding to the best-fitting
stellar atmosphere model from that
method. The [Fe/H] value quoted
here differs slightly from the value
quoted in Table 2 as we quote here
the ARES+MOOG-derived value of
[Fe/H] for consistency, whereas in
Table 2 we quote the ensemble value
of the different methods outlined in

Section 3.1.

Species Relative abundance
[Na/H] —0.177 £0.15
[Mg/H] —0.2734+0.13
[Al/H] —0.213 £0.013
[Si/H] —0.256 + 0.049
[Ca/H] —0.229 £ 0.043
[Sc/H] —0.221 4+ 0.083
[ScII/H] —0.271 £ 0.051
[Ti/H] —0.208 & 0.042
[Till/H] —0.261 £ 0.081
[Mn/H] —0.326 & 0.054
[Cr/H] —0.264 £ 0.032
[CrlI/H] —0.195 £ 0.155
[V/H] —0.217 £ 0.055
[Co/H] —0.276 & 0.043
[Ni/H] —0.293 £ 0.044
[C/H] —0.266 + 0.206
[S/H] —0.533+0.179
[Fe/H] —0.290 £ 0.05
[a/H] —0.23140.03
[o/Fe] 0.059 + 0.08

weighted average adopted in general. For clarity, all further ref-
erences to metallicity in this Paper are to the value presented in
Table 2.

3.3 Stellar activity

In order to rule out planetary false positives, it is important to
accurately characterize the stellar activity signal and measure
the stellar rotation period. We first estimate a maximum rotation
period from the vsini measurement. We calculate the maximum
rotation period as

2R,
vsini’

@

Prot, max —

Taking the upper limit vsini measurement of 2kms™!, we ob-

tain an upper-bound rotation period of Pyt max = 22.0 d. We note
that, since we are not sensitive to measurements of vsin i below
2kms™!, that this value of P, max should be interpreted with cau-
tion.

We also follow the method of R. W. Noyes et al. (1984) to
estimate the rotation period from the measured average chro-
mospheric emission. Our average log Rj; of —4.94 £ 0.05 yields
a period estimate of 27.2d.

Finally, to empirically estimate the rotation period as measured
in the data, we compute Bayesian Generalised Lomb-Scargle
(BGLS; A. Mortier et al. 2015) periodograms for the radial ve-
locity data and activity indicators shown in Fig. 3. We show the
periodograms in Fig. 4. The dashed vertical line shows the 27.2d
period estimate. We see no significant peak in either the RV or
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activity indicator periodograms. Owing to the low level of activity
in TOI-5788, we are unable to robustly detect a rotation period
through activity indicators.

4 TRANSIT ANALYSIS

The TESS and CHEOPS photometric data (Sections 2.1 and 2.2)
were modelled jointly with a two-planet model using ALLESFIT-
TER (M. N. Guinther & T. Daylan 2019, 2021). The limb darkening
of TOI-5788 is modelled using the model of D. M. Kipping (2013):

I(w)

S lma-m-a- 1), @

where q; and g, are the limb-darkening parameters, I is the in-
tensity at disc centre, and p is the cosine of the angle between the
normal to the stellar surface and the line of sight. Limb-darkening
parameters are fit separately for the TESS 600-s cadence data,
TESS 120-s cadence data, TESS 20-s cadence data, and CHEOPS
data. Priors for the limb-darkening coefficients were centred on
the values derived in A. Claret (2000).

Priors for the planet orbital periods and times of central tran-
sit were derived from the automated pipeline from TESS. Unin-
formative priors were applied for the star-to-planet radius ratio
and orbital inclination, requiring a transit depth of less than 0.1
per cent and a geometry that allows the planet to transit. We
parametrize e and w following D. R. Anderson et al. (2011); J. East-
man, B. S. Gaudi & E. Agol (2013), i.e. as 4/esin w and /e cos .
Priors were chosen to match the eccentricity prior of V. Van Eylen
et al. (2019, i.e. a zero-mean half-Gaussian with o = 0.083). We
explored the parameter space with the DYNESTY dynamic nested
sampler (J. S. Speagle 2020) with 500 live points. We show the
best-fitting parameters in Table 4.

5 RADIAL-VELOCITY ANALYSIS

In this section, we detail our analysis of the radial-velocity data
described in Section 2.3. We analysed the radial-velocity data with
the PYORBIT python package (L. Malavolta et al. 2016, 2018).
Since the transit fit of Section 4 indicates low eccentricities, we
consider both a circular, and full Keplerian orbit for each planet
to give a total of four models.

Because the periods of both planets are well constrained by the
transit analysis, we enforce strict Gaussian priors on the periods
and times of central transit using the values in Table 4. For the Ke-
plerian fits, we adopt eccentricity priors from V. Van Eylen et al.
(2019); a zero-mean half-Gaussian with o = 0.083. We provide
uninformative priors for RV semi-amplitude and, where applica-
ble, argument of periastron. As we have well-constrained mid-
transit times from the transit analysis of Section 4, we opt to use
the parametrization of J. Eastman et al. (2013). In this formal-
ism, we sample the Keplerian orbital parameters in the following
parameter space: log P, logK, +/esin w, 4/e cos w, T,. This choice
avoids a boundary condition at e = 0. We also fit the RV offset and
jitter, with uninformative priors.

We sample the model parameter space using the DYNESTY
nested-sampler algorithm as the calculation of the log-
evidence allows for direct model comparison. We find that
no model is particularly preferred. Therefore for generality,
we adopt a two-Keplerian model with eccentricity as a free
parameter.
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Figure 4. Normalized BGLS periodograms for the radial velocities, S-index, CCF full width at half maximum, and CCF bisector inverse slope. The
periods of the planets are shown with red dashed vertical lines, and the predicted rotation period from R. W. Noyes et al. (1984) is shown with a black

dot-dashed vertical line.

Table 4. Best-fitting orbital parameters from the transit analysis in Section 4. The

choice of priors is described in the text.

Parameter Prior Value

R, [d] Ul6.3, 6.4] 6.340804 =+ 0.000018
Ro/R. [0, 0.3162] 0.01610 = 0.00076
To,p [MID — 59600] 4[11.232008, 11.250608] 11.2404 + 0.0019
ey N[0, 0.083] 0.04279038
cosiy U[0,0.0523] 0.035915-00%¢
(Ry +R.)/a U[0.0589, 0.0677] 0.06391¥0.001
P [d] U[16.2,16.3] 16.2133581 0000022
Re/R. U[0,0.3162] 0.02394 =+ 0.00037
To,c [MID — 59600] U[8.082185, 8.095085] 8.0906 == 0.0012
e N+[0,0.083] 0.047%0.033
cosic [0, 0.0232] 0.007 % 0.004
(Rc +R,)/a U[0.03151, 0.03616] 0.03454 + 0.00057
q1,TESS600 [0.3322, 0.3522] 0.3415 £ 0.006
92, TESS600 U[0.3147, 0.3347] 0.3259 -+ 0.006
q1,TESS120 [0.3322, 0.3522] 0.3418 + 0.006
2, TESS120 U[0.3147, 0.3347] 0.3238 £ 0.006
q1,TESS020 U[0.3322, 0.3522] 0.3422 £ 0.006
2.TESS020 U[0.3147,0.3347] 0.329310:9037
q1,CHEOPS U[0.4768, 0.4968] 0.4862 £ 0.006
92,CHEOPS U[0.3741, 0.3941] 0.386310:905¢

5.1 Gaussian processes

In addition to the adopted model of the previous section, we also
consider a two-Keplerian model with a noise model to account for
stellar activity. We model the activity as a quasi-periodic Gaussian
process (GP; R. D. Haywood et al. 2014; V. Rajpaul et al. 2015).
This GP models the covariance between two observations as

K(t. 1) = A*exp [r sin? (”(“ :t2)> _& ;[2)2} ! 3)

where the hyperparameters A, I', P, and 7 encode the GP ampli-
tude, harmonic complexity, rotation period, and decay timescale,
respectively.

Since we do not find a preferred rotation period in Section 3.3,
we provide broad, uninformative priors for all parameters. We
again sample the parameter space using DYNESTY. We find that
the model with two Keplerians and a GP is moderately dis-
favoured compared to the activity-free model (A log Z = —2.647).
We also find that the GP amplitude is consistent with zero
(0.571046 ms™!). Finally, we obtain the same masses for the two
planets in the GP model as in the activity-free model, with no
improvement in precision. For these reasons, we opt to use the
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Table 5. Best-fitting orbital parameters from the radial-velocity analysis

in Section 5. The choice of priors is described in the text.

Parameter Prior Value
B, [d] N6.340804, 0.000018]  6.340804 + 0.000018
Ky [ms™1] 1[0.01, 300.0] 1.42 £0.36
Ty,» [MID-59600] NT11.2426, 0.002] 11.2425 =+ 0.002
e NT[0,0.083] 0.06119-06¢
wp [deg] U0, 360] 96173,
P, [d] 16.213357 + 0.000045
NT16.213358, 0.000045]
K. [ms™!] 1[0.01, 300.0] 1781033
To.c [MID-59600] N8.0906, 0.0013] 8.0906 =+ 0.0013
e N[0, 0.083] 0.04870-01
wc [deg] Ulo, 360] 1481127
_ 0.39
o [ms!] U[0.01, 1500] 0.421033
RV( [ms™!] U[—69517, —49498] —59508.58 + 0.24

Table 6. Adopted planetary parameters for the TOI-5788 system.

Parameter TOI-5788 b TOI-5788 ¢
P[d] 6.340758 + 0.000030 16.213362 + 0.000026
To [MID] 59611.2425 + 0.002 59608.091365 + 0.0008
M [Mg] 3.724+0.94 6.4+1.2
R[Rg] 1.528 £0.075 2.272 +0.039
o lre] 1.04 +0.28 0.55+£0.10
a [AU] 0.0640 £ 0.0011 0.1197 £ 0.0020
; 0.26
i [deg] 87.941020 89.60 £ 0.25

0.066 0.051
€ 0.06170:055 0.04670:0%;

two-Keplerian, activity-free model as the best-fitting model for
the masses. We show the best-fitting orbital parameters in Table
5. This is consistent with the low values of log Rj;yand the fact we
find no clear periodicities in any activity indicator in Section 3.

5.2 Stability and additional planets in the system

The TOI-5788 system is composed of two close-in planets near a
5:2 mean motion resonance (P./B, ~ 2.56, Table 6). In order to
get a clear view on the system dynamics, we performed a stability
analysis in a similar way as for other planetary systems (e.g. A.
C. M. Correia et al. 2005, 2010). The system is integrated on a
regular 2D mesh of initial conditions in the vicinity of the best fit
(Table 4). We used the symplectic integrator SABAC4 (J. Laskar &
P. Robutel 2001), with a step size of 5 x 10~* yr and general rela-
tivity corrections. Each initial condition is integrated for 5000 yr,
and a stability indicator, A = |1 — n’/n|, is computed. Here, n and
n’ are the main frequencies over two consecutive time intervals
of 2500 yr, calculated as in J. Laskar (1990, 1993). The results are
shown in Fig. 6: orange and red represent strongly chaotic unsta-
ble trajectories; yellow indicates the transition between stable and
unstable regimes; green corresponds to moderately chaotic tra-
jectories (stable on Gyr timescales); cyan and blue give extremely
stable quasi-periodic orbits.

We first explore the stability of the system by varying the orbital
period and the eccentricity of the outer planet (Fig. 6, left) and
both eccentricities (Fig. 6, right). We observe that the best fit
solution from Table 4 is completely stable (black dots in Fig. 6),
even if we increase the eccentricities up to 0.3. In addition, we
verify that the system is outside the 5:2 mean motion resonance,
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Figure 5. (Top) Phase-folded TESS transits light curves of TOI-5788 b
and TOI-5788 c. The black points show the binned transit to emphasize
the transit depths of roughly 0.02 per cent and 0.06 per cent, respectively.
The standard errors for the phase-binned observations are shown but
are not visible on the scale of the plot. (Middle) Phase-folded CHEOPS
transit light curve of TOI-5788 c. As above, black points show the phase-
binned light curve with standard errors. TOI-5788 b was not observed
by CHEOPS. (Bottom) The phase-folded radial velocity curves. The best-
fitting transit and radial-velocity models are shown as solid lines.

which corresponds to the large stable V-shape structure in the
left figure. We therefore conclude that the system parameters
presented in Table 4 correspond to a highly dynamically stable
configuration.

We then investigate the stability of a potential planet d between
the orbits of planets b and ¢ with a semi-amplitude of K = 0.5
m/s, which roughly corresponds to the HARPS-N current RV
detection limit (Fig. 7). We observe that the presence of such
a planet is indeed possible between roughly 8 and 14 d, so we
cannot rule out the existence of additional small mass planets in
that region. We ran a three-Keplerian model to search the 8-14 d
region, but this was disfavoured compared to the two-Keplerian
model we present in Table 5. Additionally, similar to the model
that included a GP, the amplitude of the additional signal tended
to the lowest allowed values (Mg = 0.3773%, Mg). We therefore
report no evidence of a third planet lying between planets b and c.

5.3 Adopted parameters

Having considered a number of models to describe the data, we
adopt a two-Keplerian solution, with stellar activity being ab-
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Figure 6. Stability analysis of the TOI-5788 planetary system. For fixed initial conditions (Table 4), the parameter space of the system is explored by
varying the orbital period and the eccentricity of planet ¢ (left panel) and the eccentricities of both planets (right panel). The step size is 0.0025 in the
eccentricities, 0.001 d in the orbital period of planet b, and 0.003 d in the orbital period of planet c. For each initial condition, the system is integrated over
5000 yr and, from a frequency analysis of the mean longitude of the outer planet, a stability indicator is calculated. The colours in the plot represent the
chaotic diffusion, measured by the variation in the frequency (see the text). Red points correspond to highly unstable orbits, while blue points correspond
to orbits which are likely to be stable on Gyr timescales. The black dots show the values of the best-fitting solution (Table 4).

0.5
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€4
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Figure 7. Stability analysis of a potential third planet, d, in the TOI-5788 system assuming K = 0.5m s~! and coplanar orbits. For fixed initial conditions
(Table 4), the parameter space of the system is explored by varying the orbital period P4 and the eccentricity eq of the tentative planet d. The step size is
0.02d in orbital period and 0.0025 in eccentricity. The colour codes are the same as in Fig. 6.

sorbed into the white-noise jitter term. We report the adopted
planetary parameters in Table 6. Planetary parameters were de-
rived from the parameters in Tables 2, 4, and 5. As the priors
for radial-velocity analysis were informed by the transit analysis,
we take the values of P and T, from the radial-velocity analysis.
We also adopt the values of eccentricity from the radial-velocity
analysis as, in the absence of secondary transits, radial-velocity
signals allow for more the precise measurement of eccentricities.
The best-fitting transit and RV models are shown in Fig. 5.

6 PLANETARY CHARACTERIZATION

The TOI-5788 system occupies an interesting region of param-
eter space, with planets spanning the radius valley. To date 87

such systems have been discovered, of which only 32 have the
planets’ physical properties well-constrained®*. The majority of
these planets orbit cool stars or stars with supersolar metallicity.
In Fig. 8, we plot the period-radius distribution of all known
exoplanets smaller than six Earth radii with a 100 measurement
on radius and radial-velocity masses to at least a 30 detection,
as well as the period-dependent radius gap described by C. S.
K. Ho & V. Van Eylen (2023). We also overlay planetary systems
wherein Sun-like stars (5000 K < Tt < 6000 K) hosting planets

3Data from www.exoplanet.eu — 2025-07-16.

“Here we consider a planet to have well-constrained properties if its
radius is known to 10 per cent, and it has a radial velocity mass to at least
a 3o detection
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Figure 8. The period-radius relationship of known exoplanets. Grey
points show planets with 100 measurement on radius and radial-velocity
masses to at least a 30 detection. The radius valley of C. S. K. Ho & V. Van
Eylen (2023) is shown in blue. Points joined by dotted lines show planets
in multi-planet systems, with at least one planet either side of the radius
valley, and are coloured by host-star metallicity. The TOI-5788 planets are
shown by the stars. Of these systems, the TOI-5788 planets straddle the
radius valley the closest, and are only the second most metal-poor. This
makes the TOI-5788 system a vital system for exoplanet formation studies.

that span the radius gap. Of these systems, TOI-5788 is one of the
only significantly metal-poor host stars, and its planets straddle
the radius gap more closely than the other systems.

Metal-poor stars are known to display a wider range of alpha-
element enhancement than metal-rich stars (T. Bensby, S. Feltz-
ing & I. Lundstrém 2003; V. Z. Adibekyan et al. 2012; S. Buder
et al. 2025). This makes metal-poor exoplanet hosts vital to study
the link between stellar and planetary compositions. The unique
position of TOI-5788 as the only significantly metal-poor solar-
type star with well-characterized planets which closely straddle
the radius valley therefore makes the system a valuable test bed
for super-Earth/sub-Neptune formation theories. In this section,
we further characterize the physical properties of TOI-5788 b and
TOI-5788 c.

6.1 Instellation and equilibrium temperature

Planetary instellation is given by

o ORTE: (T YR <7a )72 F (4)
P — 2 - ®>
a 5777K ) \Ro/ \1AU

where o is the Stefan-Boltzmann constant, a is the semimajor
axis of the planet, and Fg is the insolation of the Earth.

We find that the inner and outer planets have incident stel-
lar fluxes of K, = 175.1 + 6.7 F, and F. = 49.8 + 2.0 Fg, respec-
tively. We can also calculate their equilibrium temperatures as

R*
Teq = Terry/ — (1 — Ap)"*, 5)
2a

where the Bond albedo A quantifies the fraction of incident flux
reflected by the planet. For Az = 0.3, comparable to the major-
ity of Solar System planets, this gives Teqp = 910K and T, ¢ =
667 K.

MNRAS 546, 1-19 (2026)

b Photoevaporation
Core-powered mass loss
== Water world
—— Rocky
51 — Earthike
Iron
e TOI-5788
4 .

Radius (Rg)

100 10!
Mass (Mg)

Figure 9. The mass-radius relationship for exoplanets with R < 6 Rgy. A
number of theoretical mass-radius relationships are overlaid allowing for
estimates of planet bulk composition. The dotted and dot-dashed orange
lines show the core-powered mass-loss and photoevaporation models,
respectively. The central relations show the boil-off initial conditions, and
the larger shaded areas show agnostic initial conditions (see J. G. Rogers
et al. 2023, for more details). The blue dashed line is the relation for a
water-world with a 1:1 silicate-to-ice ratio (L. Zeng et al. 2019; R. Luque
& E. Pallé 2022). The solid lines show the models for a rocky world (pure
MgSiOs3), an Earth-like composition (32.5 per cent iron to 67.5 per cent
MgSiOs3), and a pure-iron planet (L. Zeng et al. 2019). Overlaid in grey are
known planets with radius better than 100 and RV mass measurements
better than 3o.

6.2 Planetary composition

With both mass and radius measurements of TOI-5788 b and
c, we are able to make inferences as to the interior structure of
the planets. In Fig. 9, we place the TOI-5788 planets on a mass-
radius diagram. We plot theoretical mass-radius curves of pure
iron, Earth-like (32.5 per cent iron and 67.5 per cent MgSiOs), and
pure rocky (MgSiO;) planets (L. Zeng et al. 2019) as well as the
water-world and gas-dwarf (photoevaporation and core-assisted
mass loss) models described by J. G. Rogers, H. E. Schlichting &
J. E. Owen (2023). The shaded regions indicate the agnostic initial
conditions for the photoevaporation and core-powered mass loss
scenarios, and the central models indicate boil-off initial con-
ditions. We also overlay known exoplanets with both mass and
radius measurements, and with radii R < 6 Rg. To ensure high-
quality data, we require

OR

p—M+3R50.S, (6)
where p is the planet density. This analysis indicates that, while
TOI-5788 b is compatible with having a rocky or Earth-like com-
position, TOI-5788 c falls into a more degenerate region of param-
eter space, being consistent with both water-world and gas-dwarf

models.
In an attempt to further probe the internal structure of both
planets, we perform internal-structure modelling using the pla-
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Table 7. A summary of the models used in the pla-
NET1ic analysis of TOI-5788 b and TOI-5788 c.

Water-rich Water-poor

Silicates Stellar-like Al B1
Iron-rich A2 B2
Free A3 B3

NETic code.’ (J. A. Egger et al. 2024). The neural network of
plaNETic offers dramatic performance benefits over the for-
ward model used in the classical Bayesian inference framework of
BICEPS (J. Haldemann et al. 2024). The planetary model consists
of three layers: an inner iron/sulphur core, a mantle of oxidized
silicon, magnesium, and iron, and a volatile envelope comprising
uniformly mixed hydrogen, helium, and water. By default, the
plaNETic framework computes an internal structure inference
for three different priors of the planetary Si/Mg/Fe ratios for
both water-rich and water-poor formation scenarios (i.e. forma-
tion from within and without the ice line, respectively), for a
total of six models. The models used are summarized in Table
7. In particular the p1aNET1ic code considers the case where the
Si:Mg:Fe ratio matches that of the host star (A. Thiabaud et al.
2015), the case where the planet is iron-enriched relative to the
star (V. Adibekyan et al. 2021), and finally the case where the
molar fractions of Si, Mg, and Fe are allowed to vary freely and
are sampled uniformly from the simplex wherein the ratios sum
to unity. The priors for the Si:Mg:Fe ratio and water fraction are
the same as were used to model the planets of the HIP 29442
system (J. A. Egger et al. 2024), and are described in more detail
in that work.

Figs 10 and 11 show the results of our internal structure mod-
elling®. We find good agreement between the different silicate
ratio models, indicating that our results are fairly robust to choice
of silicate priors. For TOI-5788 b, the core and mantle mass ratios
are all within lo. This is because the envelope is small enough
that the presence or absence of a significant water content does
little to affect the bulk of the planet composition. By contrast,
for TOI-5788 c, the difference between the water-poor and water-
rich models is more apparent. The water-rich models have a
significantly larger envelope mass fraction (and correspondingly
lower core and mantle fractions) than the water-poor models.
This reflects the known degeneracy between the water-world and
gas-dwarf models of sub-Neptunes (see J. G. Rogers et al. 2023,
and references therein).

6.3 Atmospheric evolution

We note that TOI-5788 b falls into an interesting region of param-
eter space of small, hot planets. It is possible to lift some of the in-
trinsic degeneracy in compositions derived solely from mass and
radius measurements by noting that purely H/He atmospheres
are not thought to be stable for small, highly irradiated planets
(e.g. J. E. Owen & Y. Wu 2017). This would imply a significant
fraction of the atmosphere of such planets must consist of heavier
volatiles, the most common of which is water. J. A. Egger et al.
(2025) defined such regions in the mass-radius diagrams (Hot
Water World, HWW, triangles) wherein pure H/He envelopes

Shttps://github.com/joannegger/plaNETic
6The full output for these models is shown in Appendix A.
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would not be stable, meaning that the atmospheres of planets
falling into these regions need to contain at least some heavier
volatiles (see Fig. 12). TOI-5788 b lies at the lower edge of the
HWW triangle. Its position in a mass-radius diagram (Figs 9
and 12) shows that TOI-5788 b is consistent with a bare rocky
core. While such a formation pathway can produce the observed
mass and radius, it poses difficulties from the point of view of
formation models, as it implies that the planet accreted only
rocky material and no iron at all. Its position above the Earth-like
model implies that another plausible scenario for TOI-5788 b is
an Earth-like core with some amount of atmosphere. TOI-5788 ¢
lies in the region where the H/He atmospheres are expected to be
stable, but nevertheless close above the HWW triangle.

To assess this scenario, we analysed the stability of H/He and
100 per cent water vapour atmospheres for both planets in the
system. In the first case, we employed the atmospheric evolution
models based on Modules for Experiments in Stellar Astrophysics
(MESA; see B. Paxton et al. 2013) framework presented in D.
Kubyshkina et al. (2020) and D. Kubyshkina & L. Fossati (2022),
combining the thermal evolution of H/He atmospheres with hy-
drodynamic atmospheric escape (A. Reza et al. 2025). For each
planet, we probed the mass ranges reflecting the observational
constraints. Initial atmospheric mass fractions for the H/He at-
mosphere models, wgnvelope ~0.5-10 per cent, were taken from
the value given by the analytical approximation by C. Mordasini
(2020). For the water vapour atmosphere models, wgnvelope is al-
lowed to vary freely. We adopt the orbital distances provided in
Table 6. For the stellar mass, we take a value of 0.9M, which
is consistent with the value quoted in Table 3 while minimizing
the differences in stellar temperatures with the stellar evolution
model used in our simulations (C. P. Johnstone, M. Bartel & M.
Giidel 2021). We also considered different scenarios for the stellar
rotation evolution of TOI-5788 as a proxy for the activity history
of the star. This is quantified by the rotation period at a stellar
age of 150 Myr, PL°. We consider values of P.? between 1 and
15 d. This covers a wide range of expected activity evolution
history. In total, we ran 48 models for TOI-5788 b and 96 models
for TOI-5788 c. We find an evaporation timescale of a H/He at-
mosphere around TOI-5788 b to be between ~0.01 and 200 Myr.
This implies that a H/He atmosphere would not be stable for
TOI-5788 b at its current age of > 3.1 Gyr. On the other hand,
TOI-5788 ¢ was reproduced for each considered stellar history,
for the initial mass of the planet 26.5 Mg and wgnvelope ~ 3-25.5
per cent. The present-day atmospheric mass fractions predicted
by the evolution model for these cases range between 0.1 per
cent and 1 per cent of the planet’s mass, which is consistent with
the analysis performed in Section 6.2. Therefore, retaining the
primordial H/He-dominated atmosphere is a plausible scenario
for planet c.

We also analysed the stability of water vapour in the planet
atmospheres. Our approach is described in more detail in J. A.
Egger et al. (2025), though we provide a brief summary here. For
each planet, we run backwards models to probe the atmospheric
evolution for a grid of planetary masses, radii, and system age
ranging within the observational constraints and for all possible
combinations of the following parameters: planetary cores of stel-
lar, iron-rich, and unconstrained compositions (models 1-3 in
Section 6.2, quantified here by the core silicate mass fractions
wy), core luminosities Leye of 10, 10?1, and 10%® ergs™' (kept
constant throughout the evolution), and the atmospheric heating
efficiency parameter n of 1 per cent, 5 per cent, 10 per cent, and 15
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Figure 11. Same as Fig. 10 but for TOI-5788 c.

per cent. The value of n ~10-15 per cent is commonly considered
plausible for H/He dominated atmospheres, while for water-rich
atmospheres, 1 is expected to be significantly lower (e.g. C. P.
Johnstone 2020). The hydrodynamic simulations performed in J.
A. Egger et al. (2025) suggest that at the young ages (when the at-
mospheric escape is most relevant) n =~ 5 per cent is a reasonable
estimation for hot mini-Neptunes similar to TOI 5788 b, while
for the cooler TOI 5788 ¢ 1 is likely closer to 1 per cent (see, e.g.
estimates for GJ 9827 d C. Piaulet-Ghorayeb et al. 2024). For the
stellar input, we use the same models as for H/He atmospheres
and PL° of 1 and 15 d.

In the top panels of Fig. 13, we show the relationship between
wgnvelope and the core composition (here quantified as the core
silicates mass fraction ws). We assume the following nominal
parameters for each planet: stellar-like composition core with
Leore = 10*! ergs™! and 5 = 5 per cent for TOI-5788 b and metal-
poor core with Leoe = 102> ergs™ and n = 1 per cent for TOI-
5788 c. For planet b, the water steam atmosphere is stable for most
of the parameter space, and w? values range from 4.6 per

envelope

cent to 33 per cent for the nominal conditions, which is consistent
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with the predictions of planetary formation models for similar
planets. This estimate depends only weakly on the exact present-
day age of the system or the core luminosity. The strongest de-
pendence is seen on the core composition where we obtain the
largest value of wg ., for the metal-rich core. The dependence
on 7 is only significant in the case of the active star (see the lower
right panel of Fig. 13).

For TOI-5788 ¢, W, o Varies between 16 per cent and 47
per cent for the nominal parameters. If, however, we consider
the stellar composition core and moderate L., as for planet b,
the median value of w{ . increases to ~58 per cent and to
65 per cent for metal-rich core, which is hard to explain from
the point of view of formation models. Therefore, although we
cannot fully rule out the scenario where TOI-5788 ¢ evolved with
a water-dominated atmosphere, the H/He atmosphere scenario
appears more realistic. It is worth noting that the gas dwarf model
poses its own theoretical difficulties. J. Venturini et al. (2020b)
show that, for planets formed via pebble accretion, dust growth is
limited by fragmentation. A consequence of this is that the result

of pebble-accretion planet formation is sensitive to the disc tur-
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Figure 12. Mass-radius diagrams indicating the hot-water-world trian-
gles of J. A. Egger et al. (2025) as blue shaded regions. This is the region
of parameter space in which purely H/He atmospheres are expected to
have evaporated within a few tens of Myr. The upper and lower panels
show the hot-water-world triangles for equilibrium temperatures of 970
K (corresponding to planet b) and 707K (corresponding to planet c),
respectively. The green, pink and purple lines correspond to models with
Mercury-like cores, Earth-like cores, and pure silicate cores, respectively.
Solid lines are the relationships for the bare cores, and dotted lines show
the relationships for planets with a 1 per cent H/He atmosphere. The
masses and radii of planets b and c are shown in the top and bottom
panels, respectively.

bulence, with low (« < 10~*) viscosity discs typically producing
terrestrial (M < 3Mg) cores. J. Venturini et al. (2020b) also show
that planets with core masses (Mcre & 5Mg) are able to retain
significant H/He envelopes, resulting in gas-dwarf planets. Inter-
estingly, they do not obtain any planets with radii between 2.5Rq
and 6Rg, showing that a combination of gas-dwarf and water-
world evolution scenarios is needed to reproduce the observed
planetary population.

‘We also note that, as with the case of TOI-5788 b, the derived
values of wgnvelope vary only weakly with the age of the system.
Furthermore, the dependence on n weakens even more and the
difference between different stellar rotation scenarios (which is
already relatively small for planet b) becomes negligible (lower
right panel of Fig. 13). By contrast, the dependence on the core pa-
rameters remains strong. As with TOI-5788 b, we find the largest
value of wgnvelope for the metal-rich core scenario.

It is important to note that for both planets, and both atmo-
spheric evolution scenarios considered above, we see a remark-
ably weak dependence on the assumptions about the stellar evo-
lution history, which is usually one of the largest uncertainties in
atmospheric evolution studies (e.g. D. Kubyshkina & L. Fossati
2022). This makes the TOI-5788 system a promising target to test
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Figure 13. The values of wgnvelo . predicted by evolution models for

water-atmospheres of TOI-5788b (left column) and TOI-5788 ¢ (right
column) against the silicate mass fraction of the core (ws), atmospheric
heating parameter (1), and core luminosity (Lcore). The parameters not
quoted in each plot are kept at the nominal values. We plot the minimum,
; : 0

median, and maximum values of Wenvelope®

internal structure and atmospheric evolution models, allowing us
to better connect the present-day observations with the primor-
dial state of the system.

7 PROSPECTS FOR FOLLOW-UP
OBSERVATIONS

7.1 Further RV observations

Although we obtain a 50 mass measurement of TOI-5788 c, we
are unable to detect TOI-5788 b to the same level of precision. To
estimate the number of further observations needed to achieve a
similar precision for TOI-5788 b, we follow the prescription of R.
Cloutier et al. (2018), who show that, in the absence of correlated
noise, the achievable RV precision from N observations is

[2
0K = ORV N’ @)

where oyy is the measurement uncertainty for each observation.
Although the derivation of R. Cloutier et al. (2018) was for a single
Keplerian signal in white noise, it can be shown that equation
(7) holds for multi-planet systems, as long as the orbits of all
planets are well sampled by the data. To estimate ogy, we identify
a contribution from the instrument o, and a stellar component
o, Taking fiducial values of oy, = 2.76 ms™!, the median RV
uncertainty, and oy = 0.42ms™}, the jitter of the RV time series,
we obtain

ORv = m =2.79ms™. (®)

Aiming for a 50 detection of TOI-5788 b, taking K, = 1.42ms™"
from Table 5, we estimate that a total of 191 30-min exposures
are required. Owing to the large amount of HARPS-N time this
would require to further refine the mass of the inner planet, we do
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not recommend further RV follow-up at this stage. We neverthe-
less note the importance of long-term RV monitoring of planet-
hosting stars to investigate the possible presence of large, outer
planets in the system.

7.2 Atmospheric follow-up

We have shown in Section 6.2 that TOI-5788 c occupies an inter-
esting and highly degenerate region of mass-radius space, being
consistent with both a 50 per cent water world and a rocky planet
with a 0.1-1 per cent H, atmosphere. Although the atmospheric
evolutionary analysis of Section 6.3 favours the latter option, a
model-independent way to break this degeneracy is via spectro-
scopic measurement of the planet’s atmosphere. In this section,
we will discuss the feasibility of such a follow-up programme with
the James Webb Space Telescope (JWST).

7.2.1 Transmission spectroscopy

By observing starlight that has been attenuated by the atmosphere
of an exoplanet, it is possible to infer the atmospheric chemical
composition. The ideal target for transmission spectroscopy is
a hot, low-density planet orbiting a small, bright star. To quan-
tify the prospects of an individual target for transmission spec-
troscopy with JWST, E. M. R. Kempton et al. (2018) produce a
Transmission Spectroscopy Metric (TSM). The TSM is defined as

RN} /M N\ /R N\ */T.
TSM=a|=-2) (=2 ) x 107/, 9)
Re Me Re K

where m; is the J-band apparent magnitude, and « is a factor
of order unity which varies with planet radius. For TOI-5788 c,
o = 1.26. It is important to note that, unlike the equilibrium tem-
perature quoted in Section 6.1, equation (9) assumes zero albedo.
Using our adopted parameters, we obtain a TSM of 36.5 for TOI-
5788 c.

7.2.2 Emission spectroscopy

An alternative way of observing an exoplanet’s atmosphere is
to study the reflected light from the surface during secondary
eclipse, Again, for such an observing programme, the ideal can-
didate is a large, hot planet orbiting a small bright star. As with
the TSM, E. M. R. Kempton et al. (2018) produce an Emission
Spectroscopy Metric (ESM) to estimate the suitability of reliable
emission spectroscopy observation. The ESM is defined as

2
ESM = 4.29 x 10° x Brs(Teay) (&> x 107™K/3, (10)
B;75(Ter) \R.

where B, 5(T) is the Planck function for a temperature T, eval-
uated at 7.5um and mg is the apparent K-band magnitude. The
day-side temperature, Ty, is taken to be 1.1 x T, following E.
M. R. Kempton et al. (2018). For TOI-5788 c, the ESM has a value
of 1.91.

Although both the TSM and ESM for TOI-5788 c fall below the
values for which E. M. R. Kempton et al. (2018) favour follow-
up observations (90 and 7.5, respectively), the TOI-5788 system
offers an attractive opportunity to investigate planet formation
around metal-poor stars.
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8 CONCLUSIONS

In this paper, we present the detection and characterization of
two transiting exoplanets orbiting the metal-poor solar-type star
TOI-5788. Using photometry from six TESS sectors and three
CHEOPS visits, as well as radial velocities from a dedicated
HARPS-N GTO campaign, we identify an inner super-Earth (P =
6.340758 + 0.000030d, R = 1.528 + 0.075Rg) and outer mini-
Neptune (P = 16.213362 4+ 0.000026 d, R = 2.272 + 0.039 Rg).

From 125 HARPS-N observations, we report mass detections
at the 40 and 50 level for TOI-5788 b (3.72 & 0.94 Mg) and TOI-
5788 ¢ (6.4 + 1.2 Mg), respectively. We performed a stability anal-
ysis of the two-planet system and found potentially stable orbits
between 8 and 14 d. Following this, we searched for a potential
third planet in this stable region of parameter space but found no
evidence of additional planets in the system.

We find that the TOI-5788 planets closely straddle the radius
valley (Fig. 8). The TOI-5788 system is one of the very few metal-
poor solar-type stars with planets straddling the radius valley,
making it an interesting system from the perspective of planet
formation models.

The precision to which we measure the masses and radii of
planets b and c allows us to compare to the bulk-composition
models of L. Zeng et al. (2019); J. G. Rogers et al. (2023). We
show that TOI-5788 c falls in a highly degenerate region of mass-
radius space, consistent with both a water-world model and a
rocky core with a significant hydrogen envelope. To break this
degeneracy, we use plaNETic to model the interior structures
of the planets (Figs 10 and 11). These models also allow for both
a significant H/He atmosphere for TOI-5788 c as well as a water-
world model. We also model the atmospheric evolution history of
both planets. While the water-world scenario for the formation
and evolution of TOI-5788 c can be produced by the atmospheric
evolutionary models of Section 6.3, our analysis hints that the
gas-dwarf hypothesis is marginally preferred. For planet b, our
interior structure and atmospheric evolution models show that
the planet is compatible with having a high mean molecular
weight envelope, whereas a purely H/He envelope would not be
stable to atmospheric mass loss. Our interior modelling of TOI-
5788 b, as well as the stellar abundances in Table 3, shows that
TOI-5788 b follows the correlation between stellar and planetary
iron composition reported by V. Adibekyan et al. (2021).

We also find that the results of the atmospheric evolution mod-
elling are reasonably insensitive to assumptions about the stellar
evolution history of TOI-5788. Despite relatively low values of the
TSM and ESM (Section 7.2), and owing to the metal-poor nature
of the star, the TOI-5788 system remains an interesting one for
planetary atmospheric follow-up.
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APPENDIX A: FULL RESULTS FROM
INTERIOR MODELLING

In Tables A1 and A2 we present the full results from the interior
modelling of TOI-5788 b and TOI-5788 c, repesctively. See Section
6.2 for description of the models.
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Table Al. Results of the internal structure modelling for TOI-5788 b.

‘Water prior

Water-rich prior (formation outside ice line)

Water-poor prior (formation inside ice line)

Si/Mg/Fe prior Stellar (A1)  Iron-enriched (A2) Free (A3) Stellar (B1) Iron-enriched (B2) Free (B3)
Weore [%] 16119 24119 24731 8% 29129 31122
Wantle [%] 77412 68117 68118 g2tls 71+ 69121
Wenvelope [%] 47473 6,077 6377 (B0 st (a0
Zenvelope [%] 99.9192 99.9792 99.9* 0.5792 0.5792 0.5792
XFe core [%] 90.3164 90.4163 90.4163 90.278 90.376> 90.475-
s core [%] 9.7¢% 9.61¢5 9.6765 98763 9.763 9653
Xsi,mantle [%] 421y 35157 28135 4310 347y 2573
XMg mantle [%] a*) 34112 34128 417, 3312 34427
XFe,mantle [%] 16179, 3019 31423 16119 32118 34122

Table A2. Results of the internal structure modelling for TOI-5788 c.

Water prior

Water-rich prior (formation outside ice line)

Water-poor prior (formation inside ice line)

Si/Mg/Fe prior Stellar (A1)  Iron-enriched (A2) Free (A3)  Stellar (B1) Iron-enriched (B2) Free (B3)
Weore [%] 1017 13133 10112 1671 21738 1612
Winantle [%] 51483 48114 51113 831 7912 84112
Wenvelope [%] 39 4017, 391 0.43%513 0.6675% 0.52%5%
Zenvelope [%] 99.7193 99.2798 99.5103 0.5792 0.5792 0.575-2
XFe,core [%] 90.376- 90.376- 90.376-> 90.376¢ 90.476> 90.476>
s core [%] 97765 9.7465 975 9.75¢% 9.653 9.653
Xsi,mantle [%] 42 3815 375 a2ty 3716 36132
XMg mantle [%] at) 36112 37432 40119 36112 37130
XFe,mantle [%] 175, 2513 18733 173, 25139 1813
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