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ABSTRACT

We report the discovery of two exoplanets orbiting around HD 212729 (TOI 1052, TIC 317060587), a Ter = 6146 K star
with V = 9.51 observed by TESS in Sectors 1 and 13. One exoplanet, TOI-1052b, is Neptune-mass and transits the star, and an
additional planet TOI-1052c is observed in radial velocities but not seen to transit. We confirm the planetary nature of TOI-1052b
using precise radial velocity observations from HARPS and determined its parameters in a joint RV and photometry analysis.
TOI-1052b has a radius of 2.871)3) Rg, a mass of 16.9 + 1.7 Mg, and an orbital period of 9.14 d. TOI-1052c does not show
any transits in the TESS data, and has a minimum mass of 34.31“3‘:% Mg and an orbital period of 35.8 d, placing it just interior
to the 4:1 mean-motion resonance. Both planets are best fit by relatively high but only marginally significant eccentricities of
0.187(07 for planet b and 0.247 0 for planet c. We perform a dynamical analysis and internal structure model of the planets as
well as deriving stellar parameters and chemical abundances. The mean density of TOI-1052b is 3.9f{j§ gcm™3 consistent with
an internal structure similar to Neptune. A nearby star is observed in Gaia DR3 with the same distance and proper motion as

TOI-1052, at a sky projected separation of ~1500 au, making this a potential wide binary star system.

Key words: planets and satellites: detection —planets and satellites: individual: (TOI-1052, TIC 317060587).

1 INTRODUCTION

The Transiting Exoplanet Survey Satellite (TESS), launched in April
2018, has discovered more than 6000 exoplanet candidates and more
than 300 confirmed exoplanets to date (Ricker et al. 2015), (see
NASA Exoplanet Archive, Akeson et al. 2013). TESS has observed
nearly the entire sky, in a series of 27-d sectors, with many stars
observed for two or more sectors.

This large number of candidates is made up of both real exoplanets
and false positives. High resolution and stable spectroscopy for
radial velocity measurements is essential not only to confirm the
candidate exoplanets but also to measure the mass of the planet
precisely. Knowing both mass and radius of a planet provides us
an estimation of the bulk density, internal structure, and planetary
composition. High resolution spectroscopy allows us to fully derive
stellar parameters and chemical abundances allowing studies of
planetary origin, formation, and evolution (Alibert et al. 2010, 2015).

* E-mail: d.j.armstrong @ warwick.ac.uk

The discovery of thousands of exoplanets over recent years has
revealed a diverse population of exoplanets ranging from Earth-
mass to Jupiter-mass, which also can be categorized in various sub-
types including hot-Jupiters and super-Earths. A less well known
group is the Neptunian exoplanets, raising questions about their
overall occurrence, and an apparent lack of short period Neptune-
mass exoplanets — the so-called Neptunian desert (Szabd & Kiss
2011; Mazeh, Holczer & Faigler 2016) which could be due to tidal
disruption and photoevaporation (Beaugé & Nesvorny 2013; Mazeh
etal. 2016), combined with potential migration of evaporating planets
(Boué et al. 2012). Different programs including our NCORES
and NOMADS HARPS large programs aim at a more detailed
investigation of Neptunian planets, and have successfully discovered
several such exoplanets (e.g. Nielsen et al. 2020; Hoyer et al. 2021;
Otegi et al. 2021). The number of discoveries in this parameter space
remains low and more exoplanets are needed to better understand the
population.

In this paper we report the discovery and confirmation of TOI-
1052 b, a Neptune-like planet orbiting HD 212729, a GO high-proper
motion southern star with a visual magnitude of 9.51 (TESS mag of
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Figure 1. Full TESS PDCSAP light curve of TOI-1052 at 2-min cadence with the best fit model overplotted in red. A typical error bar is shown in the top left.

Binned data points of width 0.7d are shown.

9.02), and a non-transiting additional planet. We use high-precision
radial velocity (RV) measurements from the High Accuracy Radial
velocity Planet Searcher spectrograph (HARPS, Pepe et al. 2002)
mounted at the ESO La Silla 3.6-m telescope, in the framework of the
NCORES program (e.g. Armstrong et al. 2020; Nielsen et al. 2020).
Simultaneous analysis of the HARPS RV measurements using high
resolution spectroscopy and TESS photometry enable us to confirm
the nature of the planets as well as determine the stellar parameters
of the host star.

The paper is organized as follows: the observations and data of the
system are described in Section 2. The stellar parameters and signal
analysis are described in Section 3. In Section 4, we describe the
joint model and the discussion is presented in Section 5.

2 OBSERVATIONS

2.1 TESS photometry

TESS observed TOI 1052 (TIC 317060587) in Sectors 1 and 13,
obtaining data from 2018 July 25 to August 22 and from 2019
June 19 to 17 July. The data were reduced in the TESS Science
Processing Operations Centre (SPOC, Jenkins et al. 2016) pipeline.
This pipeline is adapted from Kepler mission pipeline at NASA
Ames Research Centre (Jenkins et al. 2010a). Transit events with
9.1 d orbital period were detected in the SPOC search of the 2-min
cadence light curve for Sector 1 on 2018 August 28 and for Sector
13 on 2019 July 27 with an adaptive, noise-compensating matched
filter (Jenkins 2002; Jenkins et al. 2010b, 2020). A limb-darkened
transit model was fitted (Li et al. 2019) and a suite of diagnostic
tests were conducted to assess the planetary nature of the signal
(Twicken et al. 2018). The TESS Science Office (TSO) reviewed the
SPOC data validation reports and issued an alert for TOI 1052.01
following the Sector 13 transit search on 2019 August 16 (Guerrero
et al. 2021). In a search of the combined data from both sectors, the
SPOC reported a signal-to-noise ratio (SNR) of 10.62 and transit
depth value of 358.4 + —33.7 parts-per-million (ppm) for the 9.14-d
period transit event. The transit signal passed all diagnostic tests,
and the source was localized within 2.12 4 / —4.55” of the target
star.

We used the publicly available Pre-search Data Conditioning
Simple Aperture Photometry (PDC-SAP, Twicken et al. 2010; Smith
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Figure 2. Fig. 1 data phase-folded on the best-fitting period for TOI-1052
b with the best fit model overplotted. Binned data points of width 0.002 in
phase are shown.

et al. 2012; Stumpe et al. 2012, 2014) light curves provided by
the SPOC for the transit modelling. Fig. 1 shows the 2 min
cadence TESS light curve, and Fig. 2 shows the phase-folded
curve for TOI1052b. We also identified the 9.14-d transit event
independently using the Transit Least Squares (TLSs) algorithm
Hippke & Heller (2019) with a Signal detection efficiency (SDE) of
19.67. No further significant periodic signal was detected in the light
curve.

Following Aller et al. (2020) we searched for sources of flux
contamination by over-plotting the Gaia DR3 catalogue to the TESS
Target Pixel Files (TPFs), shown in Fig. 3. According to Gaia DR3
(Gaia Collaboration et al. 2022), one star exists inside the TESS aper-
ture in addition to TOI-1052 (Gaia DR3 6357524189130821376),
with a magnitude contrast in the Gaia pass-band of 5.38, leading
to negligible dilution of the transit. The nearby star is separated
from TOI-1052 by 11.517, is at a distance of 128.9 pc consistent
with the distance to TOI-1052, and has similar proper motion to
TOI-1052 as shown by the proper motion vectors in Fig. 3. As
such, the stars potentially form a bound system with a projected
sky separation of ~1500au. The secondary star has a temperature
of 3600K derived from the Gaia passbands (Fouesneau et al.
2022).

MNRAS 524, 5804-5816 (2023)
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Figure 3. TESS pixel data with Gaia DR3 data sources overplotted in
sector 1 (top) and 13 (bottom). TOI-1052 is marked with a white cross and
the magnitude contrast is shown as red circles. Arrows show the proper
motion of each star. Aperture pixels are highlighted in red. Star 2 is a
potential bound companion to TOI-1052 with consistent distance and proper
motion.

2.2 High-resolution imaging

TOI-1052 was observed on 2021 July 07 UT using the Zorro
speckle instrument on the Gemini South 8-m telescope (Scott et al.
2021; Howell & Furlan 2022). Zorro provides simultaneous speckle
imaging in two bands (562 nm and 832 nm) with output data products
including a reconstructed image with robust contrast limits on
companion detections. Five sets of 1000 x 0.06s images were
obtained at 832nm only and processed in the standard reduction
pipeline (see Howell et al. 2011). TOI-1052 was found to have no
close companions within the angular and 5o contrast limits (5-7
magnitudes below the target star) achieved by the observations (see
Fig. 4). The angular limits from the 8-m Gemini telescope range
from the diffraction limit (20 mas) out to 1.2”. At the distance of
TOI-1052 (d = 129.8 pc) these angular limits correspond to spatial
limits of 2.6 — 155.8 au.

MNRAS 524, 5804-5816 (2023)
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Figure 4. 5o contrast curve for high-resolution imaging observations with
Zorro/Gemini. The 832 nm reconstructed image is shown in the upper right.

2.3 HARPS follow-up

We collected 53 HARPS high-resolution spectra of TOI-1052 in three
observation programmes, between 2021 May 24 and 2021 September
22. The spectrograph is mounted at the ESO 3.6-m telescope at
La Silla Observatory, Chile (Mayor et al. 2003) and optimized to
measure high-precision RVs. The observations were carried out
as part of the NCORES large program (46 obs, ID 1102.C-0249,
PI: Armstrong), with supplementary observations from the NGTS-
HARPS Program (5 obs, ID 0105.C-0773(A), PI: Wheatley) and the
Small planets inside and out program (2 obs, ID: 1106.C-0597(A),
PI: Gandolfi).

We used the HARPS Data Reduction Software (DRS) to re-
duce the data, using a GO template in order to measure RVs
using a cross-correlation function (CCF) (Baranne et al. 1996;
Pepe et al. 2002). The spectrum signal-to-noise ratio (SNR) is
approx. 40 per pixel leading to a mean photon-noise uncertainty
of 2.06ms~!. The DRS was used to measure the full width half
maximum (FWHM), the line bisector, and the contrast of the CCF,
as well as several activity indicators. The mean log(R};x) of the
star is —5.32 £ 0.02 implying a relatively low-magnetic activity
level.

The full RV timeseries is shown in Fig. 5.

3 HOST STAR FUNDAMENTAL PARAMETERS

3.1 Spectroscopic analysis

The stellar spectroscopic parameters (T, log g, microturbulence,
[Fe/H]) were estimated using the ARES + MOOG methodology.
The methodology is described in detail in Santos et al. (2013); Sousa
(2014); Sousa et al. (2021). To consistently measure the equivalent
widths (EWs) we used the latest version of ARES! (Sousa et al.
2007,2015). The list of iron lines is the same as the one presented in
Sousa et al. (2008). For this we used a co-added HARPS spectrum
of TOI-1052. In this analysis we use a minimization process to

I'The latest version, ARES v2, can be downloaded at https://github.com/sou
sasag/ARES
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Figure 5. The full RV HARPS timeseries showing the combined best fit model from planets b and c in red. Residuals after subtracting the model are shown

further.

find the ionization and excitation equilibrium to converge on the
best set of spectroscopic parameters. This process makes use of a
grid of Kurucz model atmospheres (Kurucz 1993) and the radiative
transfer code MOOG (Sneden 1973). We also derived a more accurate
trigonometric surface gravity using recent Gaia data following the
same procedure as described in Sousa et al. (2021) which provided
a consistent value when compared with the spectroscopic surface
gravity. The resulting spectroscopic parameters are given in Table 1.
The derived temperature of 6146 + 62 K is indicative of a late F star
as opposed to the GO type specified in the literature (Houk & Cowley
1975), but not different at high enough confidence for us to reclassify
the spectral type.

The abundances of the following elements were also derived using
the same tools and models as for the stellar spectroscopic parameters:
Mg, Al, Ti, Si, and Ni (detailed in e.g. Adibekyan et al. 2012, 2015),
neutron capture elements (used later to obtain ages) as explained
in Delgado Mena et al. (2017), and C and O (following Bertran
de Lis et al. 2015; Delgado Mena et al. 2021). Although the EWs
of the spectral lines were automatically measured with ARES, we
performed careful visual inspection of the EWs measurements.

3.2 Stellar mass, radius, and age

The stellar mass, radius, and age were estimated from the spectro-
scopically derived parameters using the PARAM 1.3 web-interface?
(da Silva et al. 2006), leading to R, = 1.264 + 0.033Ry, M, =
1.204 £ 0.025 M, and Age =2.3 £ 1.0 Gyr. As an alternative we
also estimated the stellar mass from the PARAM 1.3 values using the
calibration presented in Torres, Andersen & Giménez (2010a) which
provided a consistent result (M, Tomes = 1.19 & 0.03 M).

As an independent determination of the basic stellar parameters,
we also performed an analysis of the broad-band spectral energy
distribution (SED) of the star together with the Gaia EDR3 parallax
(with no systematic offset applied; see, e.g. Stassun & Torres 2021),
in order to determine an empirical measurement of the stellar radius,
following the procedures described in Stassun & Torres (2016);
Stassun, Collins & Gaudi (2017); Stassun et al. (2018). We pulled the
BV magnitudes from Tycho-2, the JHKs magnitudes from 2MASS,

Zhttp://stev.oapd.inaf.it/cgi-bin/param_1.3

the W1-W4 magnitudes from WISE, and the GGgpGrp magnitudes
from Gaia. Together, the available photometry spans the stellar SED
over the wavelength range 0.4-22 pm.

We performed a fit using Kurucz stellar atmosphere models, with
the main parameters being the effective temperature (7.f), surface
gravity (log g), and metallicity ([Fe/H]), for which we adopted the
spectroscopically determined values. The remaining free parameter
is the extinction Ay, which we limited to the maximum line-of-sight
value from the Galactic dust maps of Schlegel, Finkbeiner & Davis
(1998). The resulting fit has a reduced x? of 1.0 and best fit Ay =
0.04 £ 0.04. Integrating the model SED gives the bolometric flux
at Earth, Fy, = 4.123 #+ 0.096 x 10~°ergs~' cm™2. Taking the
Fpo) and T together with the Gaia parallax, gives the stellar radius,
R, =1.293 £0.030 R In addition, we can again estimate the stellar
mass from the empirical relations of Torres, Andersen & Giménez
(2010b), giving M, = 1.20 £ 0.07 M.

All of our methods of stellar parameter estimation produce
consistent results. We adopt the PARAM 1.3 values going forwards,
and these are listed in Table 1.

3.3 Rotational period and age

Our PARAM fit led to an estimated isochrone age of =2.3 & 1.0 Gyr.
We are also able to estimate the stellar age via the chemical clocks
method (see Delgado Mena et al. 2019). The ages estimated from
different chemical clocks (together with the Teff and [Fe/H]) are
listed in Table 2, giving a weighted average of 1.9 £ 0.3 Gyr
consistent with the PARAM age. This small error bar just reflects the
good agreement between the ages obtained from different chemical
clocks. We conservatively adopt the PARAM age with its larger error
bar, given the uncertainties associated with stellar age estimation.

We do not find any evidence of periodic variability indicative of
rotation in the TESS light curves.

Through the FWHM of the HARPS spectra CCF we are able
to estimate the projected rotation velocity vsini for the star. The
mean FWHM across the spectra is 9.12kms~!. Using a calibration
similar to the one presented in Santos et al. (2002); Maldonado et al.
(2017); Hojjatpanah et al. (2019, and references therein) this FWHM
implies a vsini of 5.63 + 0.5kms~!. We also re-derived the vsin i by
performing spectral synthesis with MOOG on 36 isolated iron lines
and by fixing all the stellar parameters, macroturbulent velocity, and

MNRAS 524, 5804-5816 (2023)
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Table 1. Stellar parameters.

Parameter Value Source
Identifying information

Identifier HD 212729

TOI TOI-1052 TESS

TIC ID 317060587 TESS
2MASS ID 22300272-7538476 2MASS
Gaia ID 6357524189130820992 Gaia DR3
Astrometric parameters

RA (J2000, deg) 337.51023851341 Gaia DR3
Dec. (J2000, deg) —75.64656089247 Gaia DR3
Parallax (mas) 7.74 £ 0.01 Gaia DR3
Distance (pc) 128.7 + 0.2 Gaia DR3
Photometric parameters

B 10.09 £ 0.04 Tycho

v 9.51 £ 0.02 Tycho

T 9.02 +0.01 TESS

G 9.40 + 0.01 Gaia DR3

J 8.56 +£0.02 2MASS

H 8.25+0.04 2MASS

K 8.25 +£0.03 2MASS
Wi 8.160 + 0.023 WISE

w2 8.255 + 0.021 WISE

W3 8.190 + 0.020 WISE

W4 8.119 £ 0.174 WISE
Abundances

[Fe/H](dex) 0.140 + 0.013 Section 3
[Mgl/H](dex) 0.08 + 0.04 Section 3
[AII/H](dex) 0.10 + 0.02 Section 3
[Sil/H](dex) 0.11 £ 0.04 Section 3
[Til/H](dex) 0.12 +0.03 Section 3
[Nil/H](dex) 0.13 +£0.03 Section 3
Bulk parameters

Mass Mg) 1.204 + 0.025 Section 3 (PARAM)
Radius (Rg) 1.264 + 0.033 Section 3 (PARAM)
Tefr (K) 6146 + 62 Section 3
log g (cm s72) 4.30 +0.02 Section 3 (Gaia)
log g (cms~2) 439 +0.11 Section 3 (spec)
Vmic (kms~1) 1.28 £0.02 Section 3
vsini (kms™!) 50+09 Section 3
P/ sini (d) 128 £2.3 Section 3
Age(Gyrs) 234+1.0 Section 3 (PARAM)
mean log(Rly ) —5.32£0.02 HARPS

Note: sources: TESS (Stassun et al. 2019); 2MASS (Skrutskie et al. 2006);
Tycho (Hgg et al. 2000); WISE (Wright et al. 2010); and Gaia (Gaia
Collaboration et al. 2016, 2022)

Table 2. Chemical clock age estimates (see Delgado Mena et al. 2019, Table
10).

Clock Value (Gyr)
[Y/Zn] 2.1£05
[Y/Ti] 1.6 £0.7
[Y/Mg] 14 +£0.6
[St/Ti] 23+£13
[St/Mg] 20+ 1.1
[Y/Si] 1.6 £0.7
[Sr/Si] 1.8+£1.2
[Y/Al] 27+£03
Weighted mean 1.9+0.3

MNRAS 524, 5804-5816 (2023)
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Figure 6. /; Periodogram as discussed in Section 3.4 showing significant
peaks at 9.14 and 36.6 d. Peak values and false alarm probabilities (FAPs) are
shown above in the periodogram.

limb-darkening coefficient (Costa Silva, Delgado Mena & Tsantaki
2020), leading to a consistent value of vsini = 5.0 £ 0.9kms™,
which we adopt. The linear limb-darkening coefficient (0.7) was
determined using the ExoCTK package (Bourque et al. 2021)
using the determined stellar parameters. The macroturbulent velocity
(44kms™") was determined using the temperature and gravity
dependent empirical formula from Doyle et al. (2014).

We estimated the (projected) rotation period directly via the
spectroscopic vsini and the R, determined earlier, which gives
P /sini = 12.8 & 2.3d. Assuming the stellar orbital inclination
is i &~ 90°, then this would represent approximately the true rotation
period.

3.4 Signal identification

We computed the /; periodogram (e.g. Hara et al. 2017, 2020)
to find periodicities in the RV data. The /; periodogram uses the
theory of compressed sensing adapted for handling correlated noise
to analyse the RV without the estimation of the frequency iteratively,
see Hara et al. (2017, 2020) for more information. A fundamental
difference of the I/; periodogram over the typically used Lomb-
Scargle (Lomb 1976; Scargle 1982; VanderPlas 2018) is that all
possible frequencies are tested simultaneously. This method reduces
aliases in the periodogram. Fig. 6 shows two significant signals,
considering the model noise with a 1.5ms™! jitter noise, consistent
with the eventual jitter found by our best fit model in Table 4. Both
the 9.14-d transiting planet period and an additional 36.6-d period
were found to be significant with a False Alarm Probability (FAP)
< 1.0 percent for the 9.14d and 1.2 percent for the 36.6d, as
opposed to the other shown peaks which have FAP > 99 per cent.
Lomb-Scargle periodograms of the RVs with and without the planet
signals, FWHM, bisector span (BIS), log RHK, and CCF contrast,
calculated with astropy (Astropy Collaboration et al. 2022), are
shown in Fig. 7, to investigate the planet peaks further and consider
a potential activity source for the significant signals. No significant
power is found at the 9-d or 36-d periods in any of the indicators.
Fig. 7 also demonstrates that two periodic components are required
to model the RVs, with no further periodic signals found once the
two planets are removed. Note the the initially most significant peak
seen in the RVs in the Lomb—Scargle periodogram is at 22 d, which
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Table 3. Prior distributions used in our joint fit model, fully described in
Section 4. The priors are created using distributions in PyMC3 with the
relevant inputs to each distribution described in the table footer. Fit results
and derived parameters can be found in Table 4.

Parameter (unit) Prior distribution
Planet b

Period Py, (days) N(9.13966, 0.001)
Ephemeris 19, , (BJD-2457000) N(1332.9448,0.02)
Radius log (Rp) (log Rp) N(=3.733*,1.0)
Impact parameter U, 1+ Ry/Ry)

by

epsin wp U (Unit disc)

epCos wp U (Unit disc)

Ky (ms™1) U(0.0, 50.0)

Planet ¢

Period P, (days) N (35.97306, 4.0)
Ephemeris 79, . (BJD-2457000) N(2423.3168, 20.0)
ecsin we U (Unit disc)

€.COS W, U (Unit disc)

K. (ms™1) U(0.0, 50.0)

Star

Mass M, Mp) N3(1.204,0.025, 0.0, 3.0)
Radius R, Rp) N5(1.264,0.033, 0.0, 3.0)
Photometry

TESS mean N(0.0, 1.0)

log (Jitter) (ms~h) N(=7.40%, 10)
HARPS RVs

Offset (ms~1 N (54945.0, 10.0)
log (Jitter) (ms™h) N(0.37F,5.0)

Notes.Distributions:

N (1, o): a normal distribution with a mean . and a standard deviation o;
Np(u,o,a,b): a bounded normal distribution with a mean u, a standard
deviation o, a lower bound a, and an upper bound b (bounds optional);

U(a, b): a uniform distribution with a lower bound a, and an upper bound b.
Prior values:

* equivalent to 0.5(log (D)) + log(R,) where D is the transit depth (ppm
multiplied by 107%) and R, is the mean of the prior on the stellar radius (Rp);
T equivalent to the log of the minimum error on the HARPS data (ms™),
or the mean error on the TESS data. We fit a log value to enforce an broad,
non-zero prior covering several orders of magnitude.

is seen with low significance in the /; periodogram. The 22-d peak
is an artefact arising from both the 9.14-d and 36-d planet peaks and
vanishes when both planets are removed. Similarly, the 6-d signal
seen in both periodograms is an artefact of the planet b peak.

Given the robust detection of the transiting planet in the radial
velocities, we are able to confirm the known planetary candidate as
TOI-1052 b. Given that there is no sign of stellar activity in any
indicator at the 36.6-d additional period, and this period does not
match the estimated stellar rotation period or its harmonics, we claim
this as an additional planet in the system, TOI-1052 c. The joint fit of
photometry and spectroscopy in Section 4 finds a period for planet ¢
of 35.817043d. TOI-1052 ¢ is just within the 4:1 resonance of planet
b. The system dynamics are discussed in Section 5.1.

4 JOINT MODELLING

The photometry from TESS and spectroscopy from HARPS were
combined in a joint fit using the exoplanet (Foreman-Mackey
et al. 2021) code framework. This package also makes use of
starry (Luger et al. 2019) and PYMC3 (Salvatier, Wieckid &
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Fonnesbeck 2016). The photometric model is adjusted to account
for the TESS exposure time of 2 min.

The model constructs two Keplerian orbits, one for each planet,
with orbital period P, epoch 7y, impact parameter b, eccentricity e and
angle of periastron w as free parameters determining the orbit. The
orbital period and epoch are drawn from Gaussian prior distributions
with a mean drawn from initial fits and a standard deviation of
0.001 and 4d for planets b and c, respectively, approximately
10 times larger than the eventual errors on those parameters. The
impact parameter is drawn uniformly between 0 and 1 + R,/R,,
where R, is the planetary radius. e and w are drawn via sampling
esinw and ecosw from a unit disc distribution then deriving e
and w. Additionally the stellar mass and radius are allowed to
vary in a Gaussian distribution according to their values from
Section 3.

Once the orbit is defined, the planet to star radius ratio R,/R,
and RV semi-amplitude K are drawn from wide uniform distribu-
tions. Limb darkening parameters are drawn from the quadratic
limb darkening parametrization of Kipping (2013). We introduce
a systematic RV offset, a TESS photometry offset, and instrumental
jitter parameters for both instruments as extra parameters. Jitter is
drawn from a broad Gaussian distribution in log-space to allow for a
wide range of orders of magnitude, and is then added to the measured
instrumental noise in quadrature All model priors are detailed in
Table 3.

We do not include a model for the stellar noise, apart from the
jitter term in the RVs, as no significant periodic signal was found in
either the RVs, stellar activity indicators or photometry aside from
the two planetary signals.

We use a No U-Turn Sampler (NUTS) variant of the Hamil-
tonian Monte Carlo (HMC) algorithm to draw samples from the
posterior chain, for which we use 12 chains each with 5000 steps
for a total of 60000 iterations. We treat the first 1500 samples
drawn from each chain as burn-in and subsequently discard them.
The resulting Gelman—Rubin statistics (Brooks & Gelman 1998)
for each variable are <<1.05, demonstrating the chains have
converged.

Our initial fits revealed a marginally significant eccentricity for
both planets (at 2.50 for planet b and 2.9¢ for planet c). We present
fit posterior values with eccentricity, and with both planets fixed at
zero eccentricity, in Table 4. The resulting planet parameters are
consistent in both models. To compare the models we calculate the
WAIC (widely applicable information criterion), which estimates the
expected log pointwise predictive density (elpd) of the models (for
details on the criterion see Watanabe 2010; Vehtari, Gelman & Gabry
2017). The eccentric model is slightly favoured with a higher elpd,
with a difference of 4.0, although this difference is not large enough
to be considered significant. We adopt the free eccentricity results
going forwards.

Through the results of this analysis, we determine that TOI-
1052 b is a mini-Neptune of radius 2.8770% R and mass
16.9 £ 1.7Mg. From these values we infer a bulk density of
3.9*17 g cm™. The non-transiting planet TOI-1052 ¢ is found to have
M sini, = 34.3731 Mg. No evidence of transits is seen for planet
c. Fig. 10 shows the two planets in the context of the exoplanet
population.

The near 4:1 ratio of the orbital periods, and potential eccentricity,
invite questions as to whether there is a third planet in between planets
b and ¢, forming a 1:2:4 ratio. Two planets may mimic a single planet
with an eccentric orbit in RV observations, although TOI-1052 c is
below the 3¢ significant eccentricity criterion for this issue found in
Wittenmyer et al. (2019). We could not find any evidence of such a
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Table 4. TOI-1052 fit and derived parameters: median and 68 per cent confidence interval.

Model

With eccentricity (adopted)

Fixed eccentricity

System parameters:

UL TESS « v oveeenennanens 0.807951

U2 TESS <o vveneneaeanens —0.07193%

TESSoffset -« vnvevenenn ppm -7.9%33

OTESS « e evveeeeaiieeanns ppm 61 Of%%

O HARPS ms! 0.7910¢5

Systemic RV ............. ms! 54946.02+0-38
Planetary parameters: b
P days 9.139703 10000159

TO oo BID — 2457000 1332.944215:0057
Koo, ms~! 4.70f8j32
0.18075:7)
rad 207752
15515057
deg 87.53103
0.019475013
0.808* 0055
b
Mg 16.9%}7
Re 2.870%
g cm™ 3.93'_"}:;
au 0.09103 000062
Se 246 + 13
K 1135
Mg -

+0.59
0.85737

+0.54
—0.12%57%

~7.9%33
61.0733
1627543
54945751038
c b c
35.8067035)

+0.000191 +0.466
9.139664 25, 000209 357790 420

1.63 0.0060 0.54
2425.137%3 1332.9454+) 005 2427.46" 2%
6117050 445103 533506
0.237790% 0 (fixed) 0 (fixed)

0.47
—-0.791043 - -
386+ 1.1 15.537943 38.6+ 1.1
0.46
- 87.557039 -
0.0013
- 0.0184%0 0012 -
0.052
- 0.727% 02z -
c b c
2.0
- 16-43.9 -
0.22
- 2.724)5; -
- 4.48129 -
0.2263+0:0024 0.09102 + 0.00062  0.2261 =+ 0.0024
39.733 245114 39.733
719 1134 719
4.1 3.6
34.3737 - 30.973%

Notes.x For TOI 1052¢ T corresponds to the time when the planet would have transited.

tAssuming a Bond Albedo of 0.3.

hidden planet, which might be expected to show in the RV residuals if
the model is forced to be circular. Absent that evidence, we proceed
with the two-planet model but note this possibility in case future
observations can probe the system further.

5 DISCUSSION

5.1 Dynamical analysis

The wide range of allowed eccentricities for both planets raise
questions as to their stability and dynamical interactions. Further,
the approximate 4:1 ratio of the planets’ orbital periods invites a
more detailed analysis of a potential resonant interaction and how it
affects the stability of the system.

First, because this system is a two-planet system, we can determine
if it is Hill stable analytically. By using the procedure outlined in
Veras et al. (2013), which is based on the equations in Donnison
(2006, 2011), we find that the TOI-1052 is Hill stable for all planetary
eccentricities in the ranges e, = 0.0 — 0.3 and e, = 0.0 — 0.3. In fact,
the system is comfortably Hill stable: even in the scenario where e, =
e. = 0.3, the system would be Hill stable for a./a, = 2.12, whereas
actually a./ay, ~ 2.49.

Hence, residence in a strong mean-motion resonance is not
necessarily required to stabilize the system. Nevertheless, the

MNRAS 524, 5804-5816 (2023)

system’s proximity to a strong mean-motion resonance is of in-
terest, particularly in context of the entire exoplanet population.
Fig. 5 of Weiss et al. (2022) illustrates a statistically significant
asymmetry in the population of two-planet pairs which reside just
interior versus just exterior to the strongest (first-order) mean-motion
resonances, first noted in Fabrycky et al. (2014). The observed
population of 4:1 planetary pairs might not yet be high enough for
a 4:1 asymmetry to be detectable. In this respect, the TOI-1052
system might provide a valuable data point, although it cannot
be excluded that another planet lies between the two detected
planets.

In order to explore the system’s proximity to resonance, we
employ the semi-analytic libration width prescription of Gallardo,
Beaugé & Giuppone (2021). This prescription effectively com-
putes bounds within which mean-motion resonant behaviour is
possible through a numerical procedure mixed in with analytical
theory.

We plot the libration width curves for four cases (e, = 0.0, 0.1,
0.2, 0.3) in Fig. 11 by using an eccentricity resolution of 0.025 in
the numerical integration. Superimposed are the uncertainties for the
current location of TOI-1052 c. Comparing these uncertainties with
the libration width locations indicates that the TOI-1052 system
is definitely not in resonance (at least a third-, second-, or first-
order resonance), and resides just interior to the 4:1 resonance.
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Figure 7. Lomb-Scargle periodogram of HARPS RVs and activity indica-
tors. The orbital period of each planet is shown as vertical dashed lines.
Horizontal dashed lines show the FAP 1 per cent level. A 22-d artefact is seen
in the raw RVs at the top, but vanishes when both planet models are removed.
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Figure 8. Radial velocities phase-folded at the best-fitting period of TOI-
1052 b, with best fit model overplotted in red.

The TOI-1052 planetary system 5811

10.0

TOI-1052c

7.5

5.0

25

0.0

RV [m/s]

=25

-5.0

=75
—— Planet ¢ Model
t

~100 HARPS Data

0.0 0.2 0.4 0.6 0.8 1.0
Phase

Figure 9. Radial velocities phase-folded at the best-fitting period of TOI-
1052 ¢, with best fit model overplotted in red.

108 T I
Exoplanet archive planets
(masses determined to better than 40)
‘ 1
b
102 L
"o
)
12}
£
s
101 L 7' 4
'
|
| A |
100 L

100 101
Orbital period (d)

Figure 10. Period-Mass diagram showing both planets, with TOI-1052c
plotted at its Mpsini value. The background density distribution of known
exoplanets is shown in green.

The system’s close proximity to resonance is characteristic of
many exoplanetary systems, although the proximity to a relatively
high-order resonance is noteworthy. Proximity to resonance can
be a marker for the differential migration rates of planets in their
nascent protoplanetary disc, although to date this has primarily been
investigated in depth for first-order resonances (Huang & Ormel
2023).

5.2 Internal structure

TOI-1052 b is similar to Uranus or Neptune in mass, but has a
considerably smaller radius and therefore a denser interior. Fig. 12,
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The TOI- 1052 system is just outside of the 4:1 MMR
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Figure 11. Proximity of the two planets in the TOI-1052 to the 4:1 mean-
motion resonance. The four pairs of curves are libration widths for this
resonance. These curves, moving outwards, correspond to e, = 0.0, 0.1, 0.2,
0.3. The planet TOI-1052 c is nearly outside all of these curves, adding to the
asymmetry seen around mean-motion commensurabilities in the exoplanet
population. This system is also Hill stable, with the critical limit off the scale
of the plot.
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Figure 12. Mass-radius diagram showing various internal structure lines
from our model labelled in the legend. TOI-1052b can be explained by an
Earth-like composition with either 50 per cent water or a H-He atmosphere
as described in the text.

which shows the Mass—Radius relation, demonstrates that TOI-1052
b is located between the water line and Earth-like compositional
line, suggesting a significant fraction of refractory materials. In
comparison, both Uranus and Neptune are located above the pure-
water line.

For TOI-1052b, two limiting cases come to mind: a planet with
a rocky interior and a substantial hydrosphere and a refractory-rich
planet with a primordial H-He atmosphere. We investigate these
two scenarios with a layered interior model, consisting of up to
four layers: a H-He atmosphere, a water layer, a silicate mantle,
and an iron core (see Dorn et al. 2017). Using the inferred age and
elemental abundances of TOI-1052, we solve the standard structure
equations for two models: 1.) a model where we assume that TOI-
1052 b contains no water (no-water model) and 2.) a model where we
conversely assume that TOI-1052 b contains no H-He atmosphere

MNRAS 524, 5804-5816 (2023)

(no-atmosphere model). We put no constraints on the compositions,
that is, the elemental ratios, of the other layers. As a result, the iron-
to-rock ratio can take any value. For both models, we apply a nested
sampling algorithm (Buchner et al. 2014) to explore the permitted
parameter ranges that reproduce the measured masses and radii of
TOI-1052 b.

We find that the no-water model favours a core-to-mantle mass
fraction of nearly unity: 0.96 £ 0.17 with a H-He envelope of 231);‘; %.
In the case of the no-atmosphere model, while the core-to-mantle
mass fraction is poorly constrained (0.6 & 0.5), this model predicts
a water mass fraction of 0.43 £ 0.12. The larger uncertainties are
caused by the wide range of possible core, mantle, and water layer
masses that can reproduce the observed radius and mass compared to
the no-water model. Assuming a fixed iron-to-rock ratio, for example,
similar to the host star’s elemental ratios, decreases the model’s
uncertainty significantly.

We note that at high planetary masses, layers might not be
as distinct as assumed here (e.g. Helled & Stevenson 2017; Bo-
denheimer et al. 2018). Moreover, the atmospheric mass fraction
may be underestimated due to pollution of the H-He envelope
by heavier elements, leading to further contraction of the atmo-
sphere (Lozovsky et al. 2018). The interior model also neglects
any water that is dissolved deep in the interior, which could
increase the overall water mass fraction (Dorn & Lichtenberg
2021). Nevertheless, while these details could change the exact
values inferred here, it is clear that TOI-1052 b is enriched with
refractory materials and any H-He atmosphere is likely to be
minimal.

Additionally, the planet’s elemental abundances could differ from
its host star, which can change the mantle and the temperature
structure. We therefore also considered structure models with varying
elemental abundances to investigate this effect. We find that the
inferred possible compositions and their error for TOI-1052 b do not
change significantly.

6 CONCLUSIONS

We report the discovery and characterization of two new planets
just outside the 4:1 mean-motion resonance in the bright, V = 9.5
TOI-1052 system, using TESS mission data and HARPS RV mea-
surements. We used high-resolution imaging from the Zorro speckle
imaging instrument in order to investigate the presence of any
nearby companions and find none within the detector limits. We
estimated the projected stellar rotation period to be around 12.8d
from measuring line broadening in the spectra, and derived stellar
parameters, chemical abundances and an age estimate to reveal the
system in more detail.

TOI-1052b is a Neptune-mass planet with a sub-Neptune radius,
with a potentially eccentric 9.13-d orbit. The planet’s density of
3.93f}j§gcm’3 implies a composition denser with more heavy
elements than Neptune. Limiting case layered interior models show
a degeneracy between a rocky planet with a 2 percent H-He
atmosphere and a water-rich planet with a water mass fraction of
0.43.

The companion planet TOI-1052c shows an Mpsini of
34.373) Mgy, approx. double the mass of planet b, and orbits on
a 35.8-d period. Given its presence near the 4:1 mean-motion
resonance, and the potential eccentricity of both planets, the system
provides an interesting case study for dynamical interactions.
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Table A1. HARPS spectroscopy.

Time RV ORV FWHM O FWHM Contrast Bis span Smw Ha
[BJD — 2457000] [ms']

2358.879 54939.1291 1.7636 9116.2436 1.6357 33.8180 28.8576 0.0939 0.1816
2359.889 54942.2963 1.8403 9120.0475 1.6576 33.8104 39.9679 0.0952 0.1776
2360.895 54941.4163 1.9099 9116.7254 2.3186 33.7439 28.4139 0.0929 0.1771
2361.823 54947.1419 1.9352 9119.1708 1.9099 33.7593 39.5333 0.0945 0.1767
2368.779 54936.1522 1.4481 9116.7558 1.7636 33.7817 35.7092 0.0961 0.1808
2368.892 54938.6397 1.4729 9112.4784 1.8159 33.7737 35.3361 0.0976 0.1771
2369.822 54941.4063 1.7946 9118.8143 1.5630 33.7737 31.2242 0.0950 0.1767
2369.901 54943.1930 2.7717 9111.5158 1.5019 33.7755 32.1908 0.0965 0.1773
2370.791 54946.6359 2.1584 9119.6451 1.7115 33.8064 30.9872 0.09438 0.1759
2370916 54948.0868 1.7343 9112.1726 2.0355 33.8194 38.4706 0.0926 0.1768
2371.810 54947.3120 2.1132 9119.1244 1.5953 33.7795 33.1299 0.0950 0.1812
2371.890 54945.3488 2.4833 9123.6366 1.5901 33.8088 34.4833 0.0929 0.1815
2372771 54948.3852 2.9147 9118.4646 1.9352 33.8020 40.1501 0.0922 0.1812
2372.896 54946.2718 2.7934 9117.4986 1.6977 33.8151 33.1816 0.0969 0.1818
2376.863 54947.9693 1.5630 9119.9399 1.7149 33.7617 41.4132 0.0975 0.1820
2378.821 54951.3024 2.0355 9107.8579 1.6013 33.7624 37.8135 0.0971 0.1769
2405.829 54938.4662 2.2880 9124.1644 1.8716 33.7738 39.6036 0.0950 0.1820
2409.794 54946.2449 1.8159 9102.3543 2.4664 33.8562 25.0392 0.1001 0.1834
2412.796 54945.5650 1.7984 9126.1584 1.6767 33.7726 28.3786 0.0964 0.1818
2419.683 54954.3765 1.8323 9122.0819 2.1584 33.6817 37.0738 0.0968 0.1827
2419.789 54956.1376 1.6042 9113.9300 1.7343 33.7186 37.8870 0.0959 0.1820
2421.707 54943.2344 1.4407 9126.5836 2.1132 33.7816 34.4838 0.0946 0.1771
2421.806 54947.2486 1.7179 9131.7791 2.4833 33.7808 36.0406 0.0952 0.1770
2422.712 54945.2644 2.5884 9132.1542 2.9147 33.7533 35.6213 0.0899 0.1826
2422.800 54945.6395 1.9274 9134.2216 2.7934 33.7735 43.7364 0.0956 0.1815
2422.935 54942.7393 2.7407 9114.8738 2.5884 33.7706 35.6914 0.0915 0.1817
2423.842 54941.5699 1.5777 9116.5795 1.9274 33.7454 37.4534 0.0947 0.1819
2423.902 54942.5696 2.0993 9133.7634 2.7407 33.7231 33.5343 0.0921 0.1775
2424.785 54948.8373 1.6977 9117.0484 2.0096 33.7747 26.9491 0.0998 0.1783
2425.677 54953.2174 2.0096 9119.6364 2.1990 33.7880 32.6183 0.0971 0.1787
2425.794 54948.1586 2.1990 9109.2590 1.8323 33.7758 35.9231 0.0987 0.1820
2429.803 54944.2671 2.4664 9119.3548 1.6042 33.7349 30.1954 0.0972 0.1804
2443.632 54948.4897 1.5019 9133.8345 2.0077 33.7390 38.6013 0.0981 0.1761
2443.730 54946.2780 1.7115 9120.9396 1.5777 33.7542 28.5068 0.0941 0.1802
2444.647 54947.6991 2.8436 9122.2819 2.0993 33.7997 29.5741 0.0958 0.1811
2444727 54952.9344 3.0458 9109.2394 1.7946 33.7825 27.8161 0.0935 0.1818
2449.604 54943.1374 2.0077 9104.2840 2.7717 33.7045 36.4253 0.0930 0.1806
2460.746 54941.9471 1.6576 9118.0781 2.2880 33.7604 32.3109 0.0967 0.1798
2461.767 54949.5535 1.7149 9125.4479 3.1523 33.7601 35.3355 0.0987 0.1807
2462.793 549459223 1.6357 9124.2665 2.2858 33.7449 27.4409 0.0952 0.1812
2463.802 54948.8167 1.8716 9122.9704 3.3019 33.7807 45.4873 0.0962 0.1752
2464.744 54946.3708 1.6013 9111.8036 2.6251 33.8372 31.8717 0.0916 0.1789
2467.665 54939.5406 2.5859 9114.6408 1.4407 33.7794 33.4307 0.0974 0.1811
2471.654 54941.8031 1.9095 9120.8601 1.7179 33.7775 37.4413 0.0975 0.1815
2473.559 54941.1851 1.5953 9108.0420 1.4481 33.7786 29.5206 0.0994 0.1817
2473.609 54944.5064 1.5901 9122.1321 1.4729 33.7577 28.3784 0.0995 0.1818
2474.613 54944.8060 2.3186 9130.5444 1.7984 33.7461 30.6980 0.0982 0.1825
2475.583 54940.0604 1.8033 9111.5859 1.8403 33.7598 24.7552 0.0992 0.1776
2476.602 54938.6456 2.2858 9128.9792 2.8436 33.5903 39.6079 0.0982 0.1829
2477.579 54935.1412 3.3019 9116.9772 3.0458 33.6390 30.4956 0.0962 0.1800
2477.694 54933.4389 2.6251 9124.6195 1.8033 33.7387 30.3916 0.0986 0.1819
2478.739 54939.0504 3.1523 9112.7792 1.9095 33.7201 40.3934 0.0980 0.1817
2479.654 54941.7172 1.6767 9124.1326 2.5859 33.7251 37.7955 0.1023 0.1830

MNRAS 524, 5804-5816 (2023)

202 UdJBIN 9} U0 18aNB Aq /€22 //¥08S/¥/¥2SG/PI0IHe/SeIuw/wod"dno-olwapeoe//:sdiy oy papeojumoq



5816  D. J. Armstrong et. al.

2Centre for Exoplanets and Habitability, University of Warwick, Gibbet Hill
Road, Coventry CV4 7AL, UK

3 Instituto de Astrofisica e Ciéncias do Espago, Universidade do Porto, CAUP,
Rua das Estrelas, 4150-762 Porto, Portugal

4Laboratoire d’Astrophysique de Marseille, Pole de I’Etoile Site de Chateau-
Gombert, 38 Rue Frederic Joliot-Curie, Marseille 13338, France

SNASA Ames Research Center, Moffett Field, CA 94035, USA

6 Institute for Computational Science, Center for Theoretical Astrophysics &
Cosmology, University of Zurich, Winterthurerstr. 90, 8057 Zurich, Switzer-
land

" Department of Physics and Astronomy, Vanderbilt University, Nashville, TN
37235, USA

8Centre for Space Domain Awareness, University of Warwick, Gibbet Hill
Road, Coventry CV4 7AL, UK

9 Department of Astronomy of the University of Geneva, Geneva Observatory,
Chemin Pegasi 51, 1290 Versoix, Switzerland

ODepartment of Physics and Kavli Institute for Astrophysics and Space
Research, Massachusetts Institute of Technology, Cambridge, MA 02139,
USA

" Caltech/IPAC, Mail Code 100-22, 1200 E. California Blvd. Pasadena, CA
91125, USA

12Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street,
Cambridge, MA 02138, USA

13 Centro de Astrobiologia (CAB, CSIC-INTA), Depto. de Astrofisica, ESAC
campus, 28692, Villanueva de la Caniada (Madrid), Spain

Y European Southern Observatory, Karl-Schwarzschild-Strafe 2, 85748
Garching bei Miinchen, Germany

15 Physikalisches Institut, University of Bern, Gesellsschaftstrasse 6, 3012
Bern, Switzerland

16Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD
21218, USA

l7Departamento de Fisica e Astronomia, Faculdade de Ciéncias, Universi-
dade do Porto, Rua do Campo Alegre, 4169-007 Porto, Portugal

8 Department of Earth, Atmospheric and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA

Y Department of Aeronautics and Astronautics, Massachusetts Institute of
Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA

20SETI Institute, Mountain View, CA 94043, USA

21 Department of Astrophysical Sciences, Princeton University, Princeton, NJ
08544, USA

This paper has been typeset from a TEX/I&TEX file prepared by the author.

© The Author(s) 2023.

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.

MNRAS 524, 5804-5816 (2023)

202 UdJBIN 9} U0 18aNB Aq /€22 //¥08S/¥/¥2SG/PI0IHe/SeIuw/wod"dno-olwapeoe//:sdiy oy papeojumoq


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONS
	3 HOST STAR FUNDAMENTAL PARAMETERS
	4 JOINT MODELLING
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	8 DATA AVAILABILITY

	REFERENCES
	APPENDIX A: HARPS SPECTROSCOPY

