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Two directly-imaged, wide-orbit giant planets around the young, solar analogue TYC 8998-760-1*
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ABSTRACT

Even though tens of directly imaged companions have been discovered in the past decades, the number of
directly confirmed multi-planet systems is still small. Dynamical analysis of these systems imposes important
constraints on formation mechanisms of these wide-orbit companions. As part of the Young Suns Exoplanet
Survey (YSES) we report the detection of a second planetary-mass companion around the 17 Myr-old, solar-
type star TYC 8998-760-1 that is located in the Lower Centaurus Crux subgroup of the Scorpius-Centaurus
association. The companion has a projected physical separation of 320 au and several individual photometric
measurements from 1.1 to 3.8 microns constrain a companion mass of 6+ 1 Mj,,;,, which is equivalent to a mass
ratio of ¢ = 0.57 & 0.10% with respect to the primary. With the previously detected 14 + 3 M}, companion
that is orbiting the primary at 160 au, TYC 8998-760-1 is the first directly-imaged multi-planet system that is
detected around a young, solar analogue. We show that circular orbits are stable, but that mildly eccentric orbits
for either/both components (e > 0.1) are chaotic on Gyr timescales, implying in-situ formation or a very specific
ejection by an unseen third companion. Due to the wide separations of the companions TYC 8998-760-1 is an
excellent system for spectroscopic and photometric follow-up with space-based observatories such as JWST.

Keywords: planets and satellites: detection — planets and satellites: formation — astrometry — stars: solar-
type — stars: pre-main-sequence — stars: individual: TYC 8998-760-1

1. INTRODUCTION

Driven by the installation of extreme adaptive-optics (AO)
assisted imagers such as the Gemini Planet Imager (GPI;
Macintosh et al. 2014) and the Spectro-Polarimetric High-
contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019)
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* Based on observations collected at the European Organisation for Astro-
nomical Research in the Southern Hemisphere under ESO programs 099.C-
0698(A), 0101.C-0341(A), 2103.C-5012(B), and 0104.C-0265(A).

instrument, the number of directly imaged extra-solar planets
has been increasing continuously over the past years. Even
though several sub-stellar companions have been identified
and characterized with these instruments (e.g. Macintosh
et al. 2015; Galicher et al. 2014; Chauvin et al. 2017a; Kep-
pler et al. 2018; Miiller et al. 2018; Janson et al. 2019; Mesa
et al. 2019), only two systems have been detected so far that
show unambiguous evidence for the presence of more than
one directly imaged companion: one of these multi-planet
systems is HR 8799 — an approximately 30 Myr-old star of
spectral class A5 that is harboring four giant planets at orbits
with semi-major axes ranging from 15au to 70 au (Marois
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etal. 2008, 2010; Wang et al. 2018). The other one is PDS 70, with NACO (Lenzen et al. 2003; Rousset et al. 2003) and
which is a K7-type star at an age of approximately 5.4 Myr SPHERE/IRDIS in classical and dual-band imaging modes
that is hosting at least two accreting protoplanets inside the (Vigan et al. 2010). A detailed description of all observa-
gap of a transitional disk that is surrounding this pre-main se- tions, applied Iters, and weather conditions is presented in
quence star (Keppler et al. 2018{iNer et al. 2018; Haffert Appendix A.

et al. 2019). These multi-planet systems are intriguing labo- ~ The data reduction was performed as described in Bohn
ratories to study dynamical interactions and scattering events et al. (2020) using a custom processing pipeline based on ver-
between several planetary-mass companions, which is is cru- sion 0.8.1 of PynPoint (Stolker et al. 2019) that includes dark
cial for understanding the formation and dynamical evolution and at calibration, bad pixel cleaning, and subtraction of the

of planetary systems (e.g. Morbidelli 2018).

To obtain a statistically signi cant census of wide-orbit
companions to solar-type stars we launched the Young Suns
Exoplanet Survey (YSES; Bohn et al. 2020) targeting a ho-

sky and instrument background. A more detailed description
is presented in Appendix B.

3. RESULTS AND ANALYSIS

mogeneous sample of 70 solar-mass pre-main sequence stars We report the detection of a second, very red companion to

in the Lower Centaurus Crux subgroup of the Scorpius-
Centaurus association (de Zeeuw et al. 1999; Pecaut & Ma-
majek 2016). Within the scope of this survey, we already
detected a self-shadowed transition disk around Wray 15-
788 (Bohn et al. 2019) as part of a stellar binary with the
debris disk host HD 98363 (Chen et al. 2012; vt al.
2017; Hom et al. 2020). Most recent was the announce-
ment of al4 3M,,, companion that is orbiting the solar
analogue TYC 8998-760-1 (2MASSJ13251211-6456207) at
a projected separation of 160au (Bohn et al. 2020). The
primary is al6:7 1:4Myr-old K3IV star with a mass of
1:00 0:02M |, located at a distance 8#:6 0:3pc (Bailer-
Jones et al. 2018; Gaia Collaboration et al. 2018). We refer
to Table 1 of Bohn et al. (2020) for further information on the
host star.

In this article we present new data on this system and report
the detection of a second, farther separated, yet lower-mass
companion to this young solar analogue. Sect. 2 outlines the
observations that we acquired on TYC 8998-760-1 and how
the data were reduced. In Sect. 3 we present the results of this
analysis and study the properties of this gas-giant companion.
Our conclusions and further prospects on characterization of
this intriguing multi-planet system are presented in Sect. 4.

2. OBSERVATIONS AND DATA REDUCTION

On the night of 2020 February 16 we acquired data on
TYC 8998-760-1 with SPHERE/IRDIS (Dohlen et al. 2008)
which was operated in dual-polarization imaging mode (DPI;
de Boer et al. 2020; van Holstein et al. 2020) with the in-
strument de-rotator switched off (Pl: A. Bohn). SPHERE
is mounted at the Very Large Telescope (VLT) of the Eu-
ropean Southern Observatory (ESO) and it is supported by
the SAXO extreme AO system (Fusco et al. 2006) to provide
Strehl ratios better than 90 % in H band. Within the scope of

TYC 8998-760-1 which we will refer to as TYC 8998-760-

1 c henceforth. A compilation of both con rmed companions
around this young, solar analogue in several SPHERE and
NACO bandpasses is presented in Fig. 1. TYC 8998-760-1 c
was detected with a signal-to-noise ratio greater than 5 from
Y 3to L %band and we did not detect any signi cant ux at the
expected position in th¥ 2 andM © lters. A detailed analy-

sis of the detection signi cance for the individual bandpasses
and nights is presented in Appendix C.

3.1. Astrometric analysis

The main con rmation of the companionship was per-
formed by common proper motion analysis. Because both
companions are well separated from the PSF halo of the pri-
mary and no PSF subtraction was performed, we extracted
the astrometry in the nal images with a two-dimensional
Gaussian t. In theH band data collected on the night of
2017 July 5, we detected TYC 8998-760-1 c at a separation
of 869 (PH33and a position angle &21:1  0:6 with
respect to the primaty From theK 1 band data — which
provides the highest signal-to-noise ratio of the companion
on the night of 2019 March 23 — we derived a separation of
33877 (PD05and position angle d121:2 0:1 east of north.

For the H band data from 2020 February 16, a separation of
3880 (°D06 and a position angle ad221:3  0:1 were
measured. These measurements imply a projected physical
separation of approximateB820au at the distance of the sys-
tem.

This proper motion analysis is visualized in Fig. 2. The
primary has a parallax df0:54 0:03mas and proper mo-
tions of 40:.90 0:04masyr ' and 17:79
0:04 masyr ! based on Gaia DR2 (Gaia Collaboration et al.

1 The uncertainties of these measurements are much larger than the usual
astrometric precision of SPHERE. This is attributed to the non-optimal AO
performance caused by poor atmospheric conditions with an average seeing
of 192 and a coherence time of 2.9ms, resulting in a smeared PSF and
limited astrometric accuracy (see Appendix C).

this work we only used the total intensity frames of the DPI

dataset that are created by adding the left and right sides of
the IRDIS detector. Furthermore, we used parts of the ob-
servations presented in Bohn et al. (2020) that were collected
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Figure 1. Two planetary-mass companions around TYC 8998-760-1. We present the reduced data for several SPHERE and NACO lters. The
white arrows indicate the positions of the con rmed, planetary-mass companions TYC 8998-760-1 b and c as labeled in the bottom left panel.

All other objects in the eld of view are background contaminants con rmed by proper motion analysis. To highlight off-axis point sources an

unsharp mask is applied to the SPHERE data and we smoothed pixel-to-pixel variations in the NACO data with a Gaussian kernel. All images
are displayed with an arbitrary logarithmic color scale. The primary is in the upper left of each panel setting the origin of the coordinate system
that represents the differential offsets in Right Ascension and Declination. In the lower left of each panel, we present the non-coronagraphic

ux PSF as a reference for the corresponding lter. In all frames north points up and east towards the left.

2018). In the top panel we present the additional astro-
metric measurement of the con rmed co-moving compan-
ion TYC 8998-760-1 b which was detected at a separation
of 1°708 (PD03 and a position angle 02121 0:1

on the night of 2020 February 16. The bottom panel dis-
plays the relative astrometric offsets that we measured for
background contaminants within the SPHERE/IRDIS eld
of view. Whereas TYC 8998-760-1 b shows no relative mo-
tion with respect to the primary within the measurement un-
certainties, the background data points clearly follow the ex-
pected trajectory of a static object at in nity as indicated by
the blue dashed line. Minor deviations from this trajectory in-
dicate intrinsic nonzero proper motions of these background
objects, the measured motions, however, clearly disfavor any
bound orbits for these contaminants. As presented in the mid-
dle panel of Fig. 2, the relative proper motion of TYC 8998-
760-1 cis highly inconsistent with the expected movement of

a static background object. Analogously to TYC 8998-760-
1 b (top panel) its relative motion with respect to the primary
is close to zero within the provided uncertainties and the mea-
surements from 2017 July 5 and 2019 March 23 are signi -
cantly distinct from the cloud of background objects for the
corresponding reference epochs. This is in good agreement
with the in nitesimal amount of orbital motion expected for
an object at a projected physical separation of 320 au.

3.2. Photometric analysis

To corroborate the companion status and to further charac-
terize TYC 8998-760-1 c, we analyzed its spectral energy
distribution (SED) that we constructed from the SPHERE
and NACO detections ranging froi3 to L® band. The
Y 2 andM °data imposed additional upper limits to the SED.
As described in Bohn et al. (2020) we extracted the com-
panion ux in the SPHERE lIters by aperture photometry,
choosing an aperture size equivalent to the PSF FWHM of



Figure 2. Multi-epoch proper motion assessments of TYC 8998-
760-1 b, c, and con rmed background objects. The coloured mark-
ers represent the extracted relative astrometry of objects in the
SPHERE eld of view. The blue, dashed line represents the tra-
jectory of a static background object and the white circles indicate
the expected position of such an object, evaluated at the epochs in-
dicated in the top and middle panels. Whereas the origin of the
coordinate system is located at the position of the star for the co-
moving companions (top and middle panel), we present the relative
offsets to reference epoch 2020 February 26 for con rmed back-
ground objects (bottom panel). The eld of view sizes of the plots
and the relative positions of the background trajectories are identical
for all three panels, so that individual measurements of companions
and background objects can be compared amongst each other.

BOHN ET AL.

Table 1. Photometry of TYC 8998-760-1 c and its host. We present
5 upper limits of the companion ux in th¥ 2 andM ° bands.

Filter Magnitude star Mag Flux companion
(mag) (mag) ¢érgs tcm 2 m 1)
Y2 947 > 1322 <049 10 “
Y3  9.36 1301 0:31 (056 0:16) 10
J2 9.13 1268 022 (0:69 0:14) 10
J3 8.92 1225 0:15 (0:95 0:13) 10
H2  8.46 11:32 0:08 (157 0:11) 10 “
H 8.44 11:25 0:23 (1.62 0:34) 10 “
H3  8.36 10:96 0:06 (204 0:12) 10 “
K1 831 10:03 0:04 (221 0:09) 10
K2  8.28 957 0:09 (267 0:51) 10
L 8.27 8:02 0221 (1:58 0:30) 10 *
M 8:36 > 4:45 <1583 10

NoTE— The broadbandi data is reported for the night of 2020
February 16, which is superior to the data collected on 2017 July 5
due to the longer integration time and better weather conditions.

the corresponding Iter. The magnitude contrast with re-
spect to the primary is evaluated using the non-coronagraphic
ux images that were acquired alongside the observations.
As we performed a PCA-based PSF subtraction for the re-
duction of the NACOL? data, we extracted the magnitude
of the companion by injection of negative arti cial compan-
ions that were generated from the unsaturated stellar PSF in
each individual frame. This analysis was performed with the
SimplexMinimizationModule of PynPoint that is it-
eratively minimizing the absolute value norm within a circu-
lar aperture around the estimated position of the companion
(Wertz et al. 2017) using a simplex-based Nelder-Mead opti-
mization algorithm (Nelder & Mead 1965). The upper limits
for Y3 andM © bands were calculated as the Betection
limits at the position of the companion. The extracted ux
values are presented in Table 1 and visualized in Fig. 3.

To assess the planetary parameters of TYC 8998-760-1 ¢
we tted the photometric data points with a grid of BT-Settl
models (Allard et al. 2012) that we evaluated in the corre-
sponding band passes. We restricted this analysis to models
with effective temperatures from 500 K to 2000 K and surface
gravities ranging from 3.5 dex to 5.5 dex with grid spacings
of 100K and 0.5 dex, respectively. In accordance with Sco-
Cen membership, only models with solar metallicity were
considered for this analysis. Furthermore, we assumed a
negligible extinction in agreement with SED modeling of the
primary as described in Bohn et al. (2020). To facilitate
model evaluation at intermediate temperatures and surface
gravities we linearly interpolated the original data grid.
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Figure 3. SED of TYC 8998-760-1. The red squares indicate the
photometric measurements we extracted from SPHERE and NACO
data and the brown triangles dre upper limits for bandpasses with

a non-detection of the companion. The blue line represents the me-
dian of the posterior distributions from our MCMC tting routine
and the grey squares indicate the evaluation of this model in the
SPHERE and NACO bandpasses. We show 100 randomly drawn
models from our MCMC posterior distribution (grey curves) and in
the bottom panel the residuals of the posterior-median model and
the measured photometry are plotted.

The planetary properties were inferred by a Bayesian
parameter study using the af ne-invariant Markov chain
Monte Carlo (MCMC) ensemble sampler implemented in the
emcee python module (Foreman-Mackey et al. 2013). The
tted parameters were the companion's effective temperature
Te , surface gravityog (g), and radiusR. Due to the neg-
ligible uncertainties in system parallax, we set the distance
to a xed value of 94.6 pc. The planet luminosity for any
realization ofT, , log (g), andR was inferred from the in-
tegrated ux of the corresponding BT-Settl model, consider-
ing the previously xed system distance. Our MCMC im-
plementation used uniform priors for each of the input pa-
rameters, samplinge andlog (g) over the full range of in-
terpolated BT-Settl models and allowing for planet radii be-
tween0:5R;,, and5R;,,. We used a Gaussian likelihood
function for the measured photometry of the companion and
additionally required that the likelihood decreases to zero in
case the uxinY or M °bands exceeds the corresponding
limits. We set up an MCMC sampler with 100 walkers and
10,000 steps each for the SED t of the companion. Based
on the derived autocorrelation times of approximately 100
iterations, we discarded the rst 500 steps of the chains as
burn-in phase and continued using only every twentieth step
of the remaining data, which resulted in 47,500 individual
posterior samples.

The SED of TYC 8998-760-1 ¢ and resulting mod-
els from our MCMC tting procedure are presented in
Fig. 3. From this analysis we derived estimatesSof =
1240 %, K, log (g) = 3:51'%93 dex,Rp = 1:1"% S Ryyp
andlog (L=L )= 4:65'%:03 as the 95% con dence inter-

Figure 4. Color-magnitude diagram for TYC 8998-760-1 b and c.
The two objects of interest are highlighted by the red stars. The col-
ored, lled circles indicate the evolutionary sequence of eld dwarfs
of spectral class M to T and the white circles represent con rmed
directly imaged companions.

vals around the median of the posterior distributionghe
uncertainties derived for the surface gravity appear under-
estimated, as photometric measurements alone cannot pre-
cisely constrain this parameter. We thus adopted the spacing
of the original model grid of 0.5dex as the reported uncer-
tainty in the planet's surface gravity henceforth. Future mea-
surements at higher spectral resolution are required though
to place tighter constraints to this parameter.

To convert the derived properties to a planetary mass, we
evaluated effective temperature and luminosity individually
with BT-Settl isochrones at the system agd 67  1:4 Myr.

This yielded masses 043 My, and5:5"% My, for

both parameters, respectively. The planet luminosity is usu-
ally less model dependent than the derived effective temper-
ature (e.g., Bonnefoy et al. 2016), which is apparent in the
uncertainties of both mass estimates. We thus adopted a -
nal mass estimate & 1M, for TYC 8998-760-1 c as
the weighted average of both measurements. This is equiva-
lent to a mass ratio aj = 0:57 0:10 %with respect to the
primary. Fitting theY to K band data with several empirical
spectra of sub-stellar objects from Chiu et al. (2006) showed
best compatibility with a spectral type of L7.5.

We further evaluated the colors of both companions with
respect to eld brown dwarfs and known directly imaged
companions. This analysis is presented within the color-
magnitude diagram in Fig 4. To compile the sample of eld
M, L, and T dwarfs we used data provided by the NIRSPEC

2 The full posterior distributions of this analysis and the correlations between
the tted parameters are presented in Appendix D.
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