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Figure 2. Phase folded light curves of TOI-1260b (top), TOI-1260c (middle),
TOI-1260d (bottom). The TESS data are shown in the left panels and the
CHEOPS data are shown in the right panels. Residuals of each transit are
shown below each phase-folded light curves. The phase binned data are
denoted by green points and the orange line shows the best-fitted transit

models for each planet.

mass determination of planets b and c are consistent within 1-sigma
with values derived in G21.

The mass precision of the planets is the main source of uncertainty
in the determination of the planetary bulk densities in the system.
This work highlights the need to strategically obtain more RVs for
the system in order to understand the effect of stellar activity on the
RVs of the system and better constrain the planetary masses.

MNRAS 000, 1-17 (2022)

6 DISCUSSION

The follow-up photometric observations of TOI-1260 allows the pre-
cise characterisation of the two inner transiting planets and confirms
the planetary nature of the transiting outer planetary companion.
Figure 5 shows the mass-radius diagram of known exoplanets with
masses below 30 Mg and radii less than 4 Rg. We proceed now with
the discussion of the interior composition and atmospheric evolution
of the planetary system.
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Figure 3. Top: Time-series HARPS-N RVs of TOI-1260. The RVs were modelled using a three-planet Keplerian RV model and a GP simultaneously to model
the activity-induced RV variations (see Section 5). The green dash line shows the 3-planet Keplerian model and the orange dash-dot line shows the GP model
that accounts for activity induced RV variations. The blue solid line shows the median three-planet Keplerian + GP model. The 1-sigma credible intervals of the
best fit Keplerian + GP model is indicated by the blue shaded region.

Bottom: Residuals of the RV data.
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Table 3. System parameters obtained from the joint light curves and radial velocities analysis. The median values and 1-sigma uncertainty are reported.

Parameter [Unit] Planet b Planet ¢ Planet d
Fitted parameters

Period P [day] 3.127463 + 0.000005 7.493134 + 0.000020 16.608164 + 0.000083
Epoch TO [BJD-2457000] 2065.564269 + 0.000396  2068.270505 + 0.000577  2062.017406 + 0.001309
Planet-to-Stellar radius ratio [Rp/Rs] 0.0329 + 0.0006 0.0377 + 0.0007 0.0425 + 0.0009
Impact paramater b 0.20+0.12 0.75+0.02 0.53 £ 0.05
Radial velocity semi-amplitude K [m s~ 4.93+0.83 5.67+1.77 3.90 £2.54
Eccentricity e 0 (adopted) 0 (adopted) 0 (adopted)
Angle of periastron w [°] 0 (adopted) 0 (adopted) 0 (adopted)
Derived parameters

Transit duration T14 [hr] 2.06 +0.02 1.97 +£0.03 3.19 +£0.07
Transit depth [ppm] 1082 + 37 1421 £ 55 1808 + 78
Scaled semi-major axis a/Rs 11.73 +£0.35 20.99 +0.63 35.69 + 1.06
Orbital semi-major axis a [au] 0.0367 £ 0.0011 0.0657 + 0.0020 0.1116 £ 0.0033
Inclination i [deg] 89.03 £ 0.61 87.97 £0.11 89.14 +£0.10
Planet radius R, [Rg] 2.41 +£0.05 2.76 £0.07 3.12+0.08
Planet mass M, [Mg] 8.56 + 1.54 13.20 +4.23 11.84+7.79
Planet density p, [g cm™3) 3.35+£0.64 345+1.14 2.14+£1.42
Planet surface gravity log g, 3.16 £ 0.09 3.23+0.15 3.08 £0.30
Equilibrium dayside temperature [K] 871 +24 651 + 18 499 + 14
Stellar insolation [Sg] 95.58 +0.07 29.81 +0.05 10.32 +0.07
TESS instrument offset orgss [ppm] 64.0 £ 8.6

CHEORPS instrument offset orgss [ppm] 48.8 + 14.7

HARPS jitter ogagps [m s~'] 0.22 + /-0.79

Systemic radial velocity ygarps [m s 10.73 £2.63

Limb darking parameter u| Tgss 0.21 £0.18

Limb darkening parameter u> Tgss 0.53+£0.26

Limb darking parameter 1 cHEOPS 0.92+0.18

Limb darking parameter 1 cHEOPS -0.33 +0.21

GP RotationTerm parameters

GP rotation period Ryor,Gp [day] 30.63 +3.81
oGp 6.62 + 1.45
Q0 0.83 £ 1.48
do 1.94 + 3.67
f 0.70 £ 0.23
Stellar mass Mg [Mg] 0.67 +£0.06
Stellar radius R [Ro] 0.67 £ 0.01
Stellar density ps [g cm3) 3.12+0.33

MNRAS 000, 1-17 (2022)
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Figure 4. Phase-folded radial velocities and residuals of TOI-1260b (top),
TOI-1260c¢ (middle), TOI-1260d (bottom). The best-fit RV models are indi-
cated by the solid blue line and the corresponding 1-sigma credible interval
is shown by the blue shaded region.
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Figure 5. Mass-radius diagram showing low mass planets in the range of 0.4-
30 Mg which have mass and radius precision measured to better than 30%
and 15%, respectively. TOI-1260b, TOI-1260c, TOI-1260d, are indicated
by the star symbols. All exoplanets are colour-coded according to their the
equilibrium dayside temperatures as shown in the colour bar. The different
lines plotted are the theoretical mass-radius relations corresponding to the
planet interior compositions (Zeng et al. 2019).
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6.1 Interior composition of the planets

The TOI-1260 system has three sub-Neptune transiting exoplanets
where planets b, ¢ and d have masses of 8.56 + 1.54 Mg, 13.20
4.23 Mg and 11.84 + 7.79 Mg, respectively, and their radii are
2.41 £0.05 Rg, 2.76 £ 0.07 Rg, and 3.12 + 0.08 Rg, respectively.
This means that the three sub-Neptunes TOI-1260 b, ¢ and d have
bulk densities of 3.35 + 0.64 g cm™, 3.45 + 1.14 g cm™3, and
214 £ 142 ¢ cm™3, respectively. Figure 5 shows the distribution
of known exoplanet with precise mass and radius measurements in
the mass-radius diagram, alongside some theoretical mass-radius
relations for different planet interior compositions. The interior of
TOI-1260 b is likely to be consisted of up up 50% rocky core and a
50% H,O layer. In the case of TOI-1260 c, the sub-Neptune planet is
likely a water world or it could be composed of a water-rich core with
a small fraction of H2 atmosphere. For the outermost planet TOI-
1260 d, its interior is likely to consist of a water-rich or Earth-like
rocky core with up to ~ 2% of H2 atmosphere.

The interior compositions of exoplanet correlates with the compo-
sitions of their host stars (Adibekyan et al. 2021a). This is because
they were formed from accretion of the same disk material. There-
fore, using physical parameters of the host star in addition to the
planet’s mass and radius provides a better constrain to the planet’s
interior composition. Using the values of radius, mass, and stellar
properties derived in Section 5, we performed an analysis of the
internal structure of the three planets in the TOI-1260 system. Our
method is based on a global Bayesian model that fits the observed
properties of the star (mass, radius, age, effective temperature, and the
photospheric abundances [Si/Fe] and [Mg/Fe]) and planets (planet-
star radius ratio, the RV semi-amplitude, and the orbital period). The
hidden parameters in the Bayesian model are, for each planet, the
masses of solids (everything except the H or He gas), the mass frac-
tions of the core, mantle and water, the mass of the gas envelope, the
Si/Fe and Mg/Fe mole ratios in the planetary mantle, the S/Fe mole
ratio in the core, and the equilibrium temperature. All details on the
methods are presented in Leleu et al. (2021).

The Bayesian analysis relies on a forward models that computes
the expected planetary radius and bulk internal structure as a function
of the hidden parameters. In the forward model, we assume a fully
differentiated planet made of a core (composed of Fe and S), a mantle
(composed of Si, Mg, Fe, and O), a pure water layer, and a H and He
layer. The temperature profile is adiabatic, and the equations of state
(EoS) used for these calculations are taken from Hakim et al. (2018)
and Fei et al. (2016) for the core materials, from Sotin et al. (2007)
for the mantle materials, and Haldemann et al. (2020) for water.
The thickness of the gas envelope is determined as a function of the
gas mass fraction, the equilibrium temperature, the mass and radius
of the solid planet, and the age (assumed to be equal to the stellar
age), using the semi-analytical model of Lopez & Fortney (2014).
Importantly, the radius of the high-Z part of the planet (core, mantle
and water layer) is computed independently of the thickness of the
gas layer. This implies in particular that the compression effect of the
gas envelope onto the core, as well as the effect of the temperature at
the basis of the gas envelope are not included in the mode.

The Bayesian analysis is done assuming the following priors: the
mass fractions of the planetary cores, mantles, and water layers have
uniform positive priors (the mass fractions of water being limited
to a maximum value of 0.5). The prior on the gas mass is uniform
in log, and the bulk Si/Fe and Mg/Fe mole ratios in the planet are

MNRAS 000, 1-17 (2022)

assumed to be equal to the values determined for the atmosphere of
the star, given above 3,

The posterior distribution of the main planetary hidden parame-
ters are presented in Fig. 6. All planets have some fraction of gas,
the mass of gas increasing for decreasing equilibrium temperatures
(see Fig. 7). The fraction of water, on the other hand, is essentially

unconstrained.

6.2 Atmospheric evolution

We considered the stellar and planetary parameters derived in our
paper, as well as the present-day planetary atmospheric mass frac-
tions presented in Section 6.1, to reconstruct the evolution of the
stellar rotation rate and of the planetary atmospheres. In particular,
we constrain the evolution of the stellar rotation period, which we use
as proxy for the evolution of the stellar high-energy emission affect-
ing atmospheric escape, and the predicted initial atmospheric mass
fraction of the detected planets f32", that is the mass of the planetary
atmosphere at the time of the dispersal of the protoplanetary disk,
which we assume being at 5 Myr.

We reach these results by using the Planetary Atmospheres and
Stellar RoTation RAtes (PASTA; Bonfanti et al. 2021b) code, which
is an updated version of the original code presented by Kubyshk-
ina et al. (2019c,a). In short, PASTA constraints the evolution of
planetary atmospheres and of the stellar rotation rate combining a
model predicting planetary atmospheric escape rates based on hydro-
dynamic simulations (this has the advantage over other commonly
used analytical estimates to account for both XUV-driven and core-
powered mass loss; Kubyshkina et al. 2018), a model of the stellar
high-energy (X-ray plus extreme ultraviolet; XUV) flux evolution
(Bonfanti et al. 2021b), a model relating planetary parameters and
atmospheric mass (Johnstone et al. 2015b), and stellar evolutionary
tracks (Choi et al. 2016). PASTA works under two main assump-
tions: 1) planet migration did not occur after the dispersal of the
protoplanetary disk; 2) the planets hosted at some point in the past
or still host a hydrogen-dominated atmosphere. PASTA returns re-
alistic uncertainties on the free parameters (i.e. the planetary initial
atmospheric mass fractions at the time of the dispersal of the proto-
planetary disk, and the indexes of the power law controlling the stellar
rotation period that is used as proxy for the stellar XUV emission)
by implementing the atmospheric evolution algorithm in a Bayesian
framework (Cubillos et al. 2017), using the system parameters with
their uncertainties as input priors. All details of the algorithm can
be found in Bonfanti et al. (2021b). The only difference with respect
to the analysis of the systems considered by Bonfanti et al. (2021b)
is that here we fit the planetary atmospheric mass fractions given in
Section 6.1 instead of the planetary radii. This enables the code to be
more accurate by avoiding the continuous conversion of the atmo-
spheric mass fraction into planetary radius, given the other system
parameters (see e.g. Delrez et al. 2021).

Figure 8 shows the results obtained from PASTA. As a proxy for
the evolution of the stellar rotation period, Figure 8 displays the pos-
terior distribution of the stellar rotation period at an age of 150 Myr
(Prot,150)> also in comparison to that of stars member of young open
clusters and of comparable mass extracted from Johnstone et al.
(2015a). The posterior distribution is slightly shifted towards slower
rotation compared to that of the open cluster stars, indicating that the

3 1t should be noted however that Adibekyan et al. (2021b) has found that
despite an existing correlation between the abundances of planets and host
stars, the relation is not always strictly one-to-one.
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Figure 6. Corner plot showing the results on the interior composition models of (a) TOI-1260 b, (b) TOI-1260 ¢ and (c) TOI-1260 d. The vertical dashed lines
and the ’error bars’ given at the top of each columns represent the 5 % and 95 % percentiles.

planets were likely subject to somewhat less XUV radiation than the
average.

Figure 8 shows also the posterior distribution of the initial atmo-
spheric mass fraction for planets b (in linear scale), ¢ (in logarithmic
scale), and d (in logarithmic scale) in comparison to the present-day
atmospheric mass fraction (Section 6.1). The posterior distribution
for planet b is flat, indicating that the planet has most likely lost (al-
most) entirely its primordial hydrogen-dominated envelope through
escape at some point in the past, which is why PASTA is unable to
constrain the initial atmospheric mass fraction. Figure 8 indicates
that also planets ¢ and d have gone through significant evolution
through escape that has significantly eroded the primordial atmo-
spheric content, which was however small in comparison to the plan-
etary masses. Therefore, we conclude that both planets (i.e. ¢ and
d) accreted a small hydrogen envelope during the formation process
compared to their masses. This may have been the result of several
physical mechanisms, such as late planet formation compared to the
age of the protoplanetary disk, early dispersal of the protoplanetary
disk, low gas content of the disk.

As the isochronal age is loosely constrained, we performed addi-
tional evolution runs by artificially making the star much younger or
older, further imposing tighter constraints on the stellar age. Despite
the different evolutionary time scales, we did not find significant
changes in the abttr‘;ft of the planets. This is because (1) atmospheric
mass loss is significant only during the first Myrs of evolution and (2)

o and f;ttr?{‘ ., are always found to be rather small, indicating that

MNRAS 000, 1-17 (2022)

the constraints given by system parameters prevent those planets to
host a massive initial atmosphere regardless of the age of the system.

The current stellar XUV fluxes impinging on each planet are
Fxuv.p = 2.87 - 10* erg/(cm? 5), Fxyv.c = 8.97 - 10 erg/(cm?
s), and Fxyy,q = 3.10 - 103 erg/(cm2 s). The correspondent mass-
loss rate values expected for the planets right now are M = 1010
/s, M = 1.59 - 10° g/s, and My = 7.43 - 108 g/s. Assuming that
the stellar XUV flux does not change over time in the future, which
is a reasonable assumption given the old age of the star, these values
imply that in the next Gyr the planets are respectively going to lose
0.6%, 0.06%, and 0.03% of their mass. From Fig. 7 these values then
imply that planet b is going to lose entirely its hydrogen-dominated
envelope, while planets ¢ and d are going to keep it. As the results
of planet b are consistent with no hydrogen atmosphere at all, it is
unlikely that the position of these planets in the period-radius dia-
gram (e.g. Fulton et al. 2017) is going to change in the future.

7 CONCLUSIONS

We presented the follow-up observations of the TOI-1260 system
using CHEOPS and TESS. The addition of the recent photometric
dataset allow us to refine the physical parameters of the planetary
system and discover a third additional transiting planet. For planets
TOI-1260 b and ¢, we found that the radii are 2.36 +0.06 Rg, 2.82 +
0.08 Rg, respectively, and the masses 8.52 + 1.45 Mg and 13.29 +
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the median of the posterior distribution, the green triangle is the mean, and
the red stars is located at the mode of the posterior distribution. Finally,
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distribution.

3.94 Mg . The newly discovered TOI-1260-d has bulk properties
3.01 £0.09Rg and 11.8 + 7.5 Mg.

The detailed characterization of the planetary parameters allows
us to derive constraints of their internal composition and evolution
that we related to the formation processes in the system and its future
evolution.

The TOI-1260 system presents an exciting opportunity for compar-
ative exoplanetology using JWST transmission spectroscopy. Moses
et al. (2013) predicted that sub-Neptune sized exoplanets such as
those in the TOI-1260 system can harbour a large diversity of atmo-
spheric compositions. Multi-planet systems such as TOI-1260 give
us the opportunity to test whether such diversity can exist within dif-
ferent sub-Neptunes in the same system. All three of the planets in the
TOI-1260 system appear to be favourable for atmospheric categori-
sation with JWST, with transmission spectroscopy metrics (TSMs
Kempton et al. 2018) of 43.6, 36.1 and 40.4 for planets b, c, and
d, respectively. Figure 9 shows how this compares to similar multi-
planet systems as a function of planetary radius and semi-major axis.
In addition, due to its high northern declination TOI-1260 is partic-
ularly favourable for JWST visibility, with observations possible for
196 days each year (Bourque et al. 2021).

The TOI-1260 system 13
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APPENDIX A: EXTRA MATERIAL

We present in Figure A1l the posterior distribution of the fitted pa-
rameters.

This paper has been typeset from a TgX/IATgX file prepared by the author.
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Figure A1. Corner plot showing the posterior distribution of the fitted parameters.

2459062.0174+39913

i
U

Ve ®

T0q4 =

2459068.2705+3:933¢

2459065.5643+0:99%4

LIK T0.
;ﬁ

7

K. W. F. Lam et al.

J

T0,

®® semeoe e s oesp 9

g e eeeemesee ® e
mDIniry iy,

O] @ @ = @ @ @ ® Jrl

U
=
=L e
P i< 3@ dv
y =@ 8% @& s
B=0CEC as-
e N R T4
y o @ ® o ® Cr
: @ @ 0@ ;!
® @ @ @
CRROIROAC)
@ @ @ @®

Ao

NOnrrrin

e® |,

s@ e/

e

18

h«Q ﬁQ 10 nkQ.ﬁ.Q.Q(ﬂQ Qk;Q V nv
x«ee«o@c«,?cu‘ou.%b%&e&q@m,@%@b@mce
) ) 5O o o 0. 0. “0. 0, "0, "0,
2 0 9 q 9,0 %0 P, % %o g 5 P
0L 0L 'd d d q q q

K
o
N
©

&, 3 S L0, $, 9, 0. 5.
% %o $o % % %o %o % 69/403 % %o

o
o?

S, O O Sk Sk On Sa O S0 9 O S G 9 &
<, <, 9, VA Vaa o Vo "B, G TSy Sk O
o fo To "o %Q.c Q. .9, 0y 052, how hsw
Wmlx >
%,

o
(4 o
AMIJ UAmev $S3aL'lp  SSIL'Tn  SdOIHD'Ipn SdOIHI'Zp sd
3 3
L Y.

a
N

N;
<

=

MNRAS 000, 1-17 (2022)



