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Abstract

We present the discovery and characterization of HIP 33609 b, a transiting warm brown dwarf orbiting a late B
star, discovered by NASA’s Transiting Exoplanet Survey Satellite as TOI-588 b. HIP 33609 b is a large (R, =
1.58070:978 Ry) brown dwarf on a highly eccentric (e = 0.56070-03;) orbit with a 39 days period. The host star is a
bright (V =7.3 mag), Terr = 10,400 5% K star with a mass of M, =2.3837549< M, and radius of R, =1.863"0:05)
R, making it the hottest transiting brown dwarf host star discovered to date. We obtained radial velocity
measurements from the CHIRON spectrograph conﬁrmln%’ the companion’s mass of M, = 68.0°71 M; as well as
the host star’s rotation rate (vsiniy = 55.6 = 1.8 kms™ ). We also present the discovery of a new comoving
group of stars, designated as MELANGE-6, and determine that HIP 33609 is a member. We use a combination of
rotation periods and isochrone models fit to the cluster members to estimate an age of 150 &+ 25 Myr. With a
measured mass, radius, and age, HIP 33609 b becomes a benchmark for substellar evolutionary models.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Brown dwarfs (185); Young star clusters (1833); Direct
imaging (387); CCD photometry (208); High resolution spectroscopy (2096); Exoplanet evolution (491)

Supporting material: data behind figure

1. Introduction

Brown dwarfs (BDs), defined as objects that fuse only
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Jupiter Masses (M), where an object begins to fuse deuterium
(Spiegel et al. 2011) and an upper limit of 75-80 MJ where
hydrogen fusion begins (Baraffe et al. 2002). However, these
fusion based transitions that distinguish BDs from planets and
stars may occur at masses that depend on multiple factors.
Specifically, the environment that the object formed in, the
effects of convection on the object, and its metallicity can
influence these traditional mass limits (Spiegel et al. 2011).
Therefore, it may be preferable to define BDs in the context of
their formation and evolution, an idea suggested by Chabrier
et al. (2014), Burrows et al. (2001), and Carmichael
et al. (2021).

It is likely that some BDs form and evolve in similar ways to
giant planets, providing the opportunity for comparative studies
with the known exoplanet sample and possibly gaining insight
into the evolutionary pathways of BDs. We know that planets
can migrate through quiet mechanisms like disk-driven
migration (D’Angelo et al. 2003) as well as dynamical
interactions such as planet—planet scattering or Kozai-Lidov
cycles (Kozai 1962; Lidov 1962; Fabrycky & Tremaine 2007).
Such dynamical interactions lead to a fraction of the population
residing in close-in, highly misaligned as well as highly
eccentric orbits (Rasio & Ford 1996; Wu & Lithwick 2011).
We can measure these misalignments using Doppler tomo-
graphy (Collier Cameron et al. 2010; Zhou et al. 2016) and the
Rossiter—McLaughlin effect. These techniques constrain the
orbital obliquity of the companion by tracking the effects of the
transiting planet’s shadow on the rotationally broadened stellar
spectral line profile or on the apparent radial velocity of the
host star. If BDs are indeed subject to the same dynamical
interactions as planets, then we should expect to see similar
signatures in the transiting BD population.

In order to fully understand the formation and evolutionary
history of BDs, we need robust, well-tested models for
substellar evolution. Current substellar evolutionary models
show that BDs rapidly contract in the first billion years after
formation (Burrows et al. 2001; Baraffe et al. 2003; Saumon &
Marley 2008; Phillips et al. 2020), and then continue slowly
contracting out to ~10 Gyr. Combining this with the fact that
BDs are held up by electron degeneracy pressure and therefore,
at late times, tend to have radii that decrease with mass reveals
the significance of obtaining precise age estimates for transiting
BDs. Thus, in order to test our models of substellar evolution,
we need precise, independent measurements of BD radii,
masses, and ages. Through the combined efforts of NASA’s
Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015), ground-based follow-up programs, and ESA’s Gaia
mission (Gaia Collaboration et al. 2022) we are able to obtain
precise measurements of transiting BD radii and masses with
transit photometry, radial velocity measurements, spectral
energy distributions (SEDs), and Gaia parallaxes.

Precisely measuring the age of the BD, while difficult, is
vital to furthering our understanding of BD evolution because it
provides a direct test of substellar evolutionary models.
Unfortunately, only four of the 37 published transiting BD
systems have precisely measured ages (>30) determined either
through stellar cluster memberships (Gillen et al. 2017; Beatty
et al. 2018; David et al. 2019) or leveraging gyrochronology
and lithium abundances (Carmichael et al. 2021). The simplest
method for obtaining precise ages of BDs would be to discover
more around host stars that are members of clusters. This kind
of targeted discovery is already underway for planets by the
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Figure 1. The TESS light curves from sectors 6, 8, 33, 34, and 35 extracted
using the techniques described in Section 2.1. We note that the gap in flux
located at BJD 2459270 is caused by a period of coarse pointing. These poor
data were removed in our fit as described in Section 2.1.

TESS Hunt for Young and Maturing Exoplanets consortium
(Newton et al. 2019) and can also be applied to BDs in order to
better understand their evolutionary pathways.

In this paper, we present the discovery of HIP 33609 b from
NASA’s TESS mission. HIP 33609 b adds to the growing
number of transiting BDs discovered by TESS that is
approaching a population large enough to begin performing
robust demographic analyses. It is also a benchmark system for
testing BD formation and evolution since it has an age
measurement from membership in a stellar association, and its
host star is both the brightest (V=7.3 mag) and hottest
(Torr= 10,4003 K) star with a transiting BD companion
discovered so far. HIP 33609 b’s high orbital eccentricity
(e =0.560"50%)) could be indicative of a dynamically active
past, and we should therefore search for additional evidence of
past interactions (such as a large stellar obliquity). In Section 2
we present our follow-up photometric and spectroscopic
observations obtained through the TESS Follow-up Observing
Program (TFOP) Working Group. We establish HIP 33609’s
cluster membership and age in Section 3. In Section 4 we
describe our global modeling methodology using EXOFASTv2
(Eastman et al. 2013, 2019) as well a separate analysis on the
effects of gravity darkening. We place HIP 33609 b in context
with other transiting substellar companions and discuss future
characterization prospects in Section 5. We present our
conclusions in Section 6.

2. Observations

To measure the mass and orbital parameters of the HIP
33609 system, we used a combination of photometric
(Figures 1 and 2) and spectroscopic (Figure 3) observations.
The observations, gathered through TFOP, were part of the
vetting process to rule out false-positive scenarios. We describe
these observations in the following subsections.

2.1. TESS Photometry

TESS observes a 24° x 96° patch of the sky for approxi-
mately 27 days before moving to a new sector (Ricker et al.
2015). In the prime mission, it observed its entire field of view
at 30 minutes cadence, and a preselected set of stars were
observed at 2 minutes cadence, resulting in >80% of the entire
sky being observed. TESS just completed its first extended
mission in which it observed a portion of the ecliptic plane, the
region of sky observed by the K2 mission (Howell et al. 2014),
which repurposed the Kepler spacecraft to observe the ecliptic
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Figure 2. The TESS and ground-based follow-up transits for HIP 33609 b
described in sections Sections 2.1 and 2.2. The model for each transit is shown
as a black solid line.

plane after the loss of the spacecraft’s second of four reaction
wheels. This region was not observed during the TESS prime
mission, but a portion was observed over a 5 month period in
the first extended mission, and another portion will be observed
over a 4 month period in the second extended mission which
started 2022 September 2. A subset of ~2000 of the 20,000
preselected targets in the extended missions™ are observed at
20 s cadence in addition to 2 minutes cadence, and the
exposure time for the full-frame images (FFI) was reduced to
10 minutes in the first extended mission, and further reduced to
just 200 seconds in the second extended mission. HIP 33609 b
was first observed during the primary mission in the sector six
FFIs at 30 minutes cadence in 2018 and then again in sector 8
in 2019. TESS then observed HIP 33609 again during its first
extended mission at 2 minutes cadence in 2021 during sectors
33, 34, and 35.

TESS observations are downloaded, reduced, and analyzed
on the ground. The original detection of a transiting signal
around HIP 33609 was made by the MIT Quick-Look Pipeline,
and it was then vetted as a TESS Object of Interest (TOI-588,
Table 1) using the process described by Guerrero et al. (2021).
In subsequent observations, the data collected by TESS at 2
minutes cadence were processed by the Science Processing
Operations Center (SPOC) pipeline (Jenkins et al. 2016) based
at NASA Ames Research Center where the image data were
calibrated, and light curves were extracted for each target,
which were then searched for transiting planet signatures. We
then downloaded these SPOC PDC-SAP light curves (Smith
et al. 2012; Stumpe et al. 2012, 2014) from the Mikulski
Archive for Space Telescopes using the Lightkurve 2 software
(Lightkurve Collaboration et al. 2018). The SPOC transit
search over sectors 34 and 35 triggered on the single transit of
HIP 33609 b in sector 34, but at the wrong period.
Nevertheless, the difference image centroiding test located
the source of the transit signature within 172 +2”8. We
conducted a Lomb-Scargle period search on the 2 minutes,
normalized light curve with the transits masked out to search
for stellar rotation from star spots. We searched for periods
ranging from 0.1 to 10 days and found no significant signal as
expected from a relatively quiet B-type star.

30 https: / /heasarc.gsfc.nasa.gov/docs/tess/ the-tess-extended-mission.html
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We found a total of four transits of HIP 33609 in sectors 6, 8,
34, and 35. However, we discarded the sector 35 transit due to
poor data quality caused by a period of unstable pointing of the
TESS spacecraft. During this period, the stars moved around
significantly on the detector, introducing large systematic
errors.

For our global analysis, we used the SPOC 2 minutes light
curve for the sector 34 transit, but we reextracted the 30
minutes FFI light curves for sectors 6 and 8 using a custom FFI
pipeline based on the procedure described by Vanderburg et al.
(2019). In brief, we performed aperture photometry on a series
of 20 apertures, decorrelated each extracted light curve against
the background flux outside the aperture and the mean value
and standard deviation of pointing excursions during each
exposure (measured from the spacecraft quaternion time
series), and selected the light curve from the aperture that
maximized photometric precision. We then removed any long-
term instrumental and stellar variability signals by fitting a
spline to the flux using Keplerspline®' and then dividing the
light curve by the best-fit model (Vanderburg & Johnson 2014).
We then removed most of the out-of-transit baseline from both
light curves keeping only half a transit duration on each side of
the transit since these data provide little to no information to the
global fit while simultaneously being computationally expen-
sive to model. These light curves were fit simultaneously with
all available data on the HIP 33609 system (see Section 4.1).

2.2. Ground-based Photometric Follow Up

In order to rule out contamination by a background eclipsing
binary and refine the ephemeris, we observed HIP 33609 as a
part of SubGroup 1 (seeing limited photometry) of TFOP. We
obtained these observations using the Las Cumbres Observa-
tory Global Telescope (LCOGT) telescope network (Brown
et al. 2013) and the 40 cm ASTEP-400 telescope (Abe et al.
2013; Guillot et al. 2015). Both facilities confirm the existence
of a transit on the target star, HIP 33609, and confirm that there
are no nearby stars that exhibit variability.

We observed an ingress of HIP 33609 b on 2020
December 8 UT from LCOGT-SSO on the 1 m telescope
in the y band at 25 s cadence with a pixel scale of 07389. We
observed an egress on 2020 August 12 UT and a full transit
(save for a brief gap midtransit due to a brief noon twilight)
on 2021 June 23 UT with ASTEP using a 25 s exposure time
with a pixel scale of 0”93. More transit observations were
attempted by LCOGT and ASTEP, however they were at too
low S/N to provide value to our global fit while increasing
the computational cost. We therefore discard these transits
and only show the three ground-based transits used in our
analysis. We reduced these data sets and extracted the light
curves using AstroImaged (Collins et al. 2017). We
detrended the LCO light curve against air mass and
detrended the ASTEP light curves against both air mass
and sky/pixels. See Section D in the appendix of Collins
et al. (2017) for a detailed description of the detrending
parameters.

2.3. CHIRON Spectroscopy

We observed HIP 33609 on 39 separate nights from 2020
January 24 UT through 2021 November 2 UT (Table 2) using

31 https: //github.com/avanderburg/keplerspline
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Figure 3. The radial velocity observations from CHIRON unphased (left) and phased to our best-fit ephemeris (right).

the CHIRON spectrograph on the 1.5 m SMARTS telescope
located at the Cerro Tololo Inter-American Observatory in
Chile (Tokovinin et al. 2013; Paredes et al. 2021). CHIRON is
a high-resolution echelle spectrograph fed with an image slicer
through a single multimode fiber, which achieves a spectral
resolving power of R = 80,000 over the range 410-870 nm. We
used these spectra to constrain the stellar parameters of the host
star and extract the radial velocities (RVs). In order to extract
the RVs, we derived the line profiles from our observed spectra
by performing a least squares deconvolution (Donati et al.
1997; Zhou et al. 2020). We deconvolved against synthetic
spectral templates generated using the ATLAS9 model atmo-
spheres (Kurucz 1992) with our rotational broadening kernel
applied.

We measured the projected rotational velocity v sin iy of the
host star by modeling the line profiles from our spectra with a
convolution of kernels as prescribed by Zhou et al. (2018).
They consisted of rotation and radial-tangential macroturbu-
lence kernels from Gray (2005) and an instrumental broadening
kernel which is represented as a Gaussian with a width
equivalent to the instrumental resolution. From this analysis,
we found that HIP 33609 has a projected rotational velocity of
vsiniy = 55.6 + 1.8 kms~!. We constrained the stellar
atmospheric parameters such as metallicity and effective
temperature by comparing our spectra to an interpolated library
of spectra classified by the stellar parameter classification
package (Buchhave et al. 2012). However, we only utilized this
analysis as a consistency check as determining stellar
parameters through spectra is highly uncertain for rapidly
rotating B-type stars like HIP 33609 (Gaudi et al. 2017).
Therefore, we adopt the stellar parameters derived in our global
fit, which are constrained by simultaneously fitting to the SED
and stellar isochrones.

2.4. Spectral Energy Distribution

We fit the broadband SED simultaneously as a part of our
global EXOFASTv2 analysis (see Section 4.1). However, we
also performed a separate analysis of the SED in order to
independently determine the basic stellar parameters and serve
as a consistency check for our global analysis. We analyzed the
SED of the star together with the Gaia DR3 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 et al. (2017), and Stassun & Torres (2018). We
pulled the B7V; magnitudes from Tycho-2, the JHKg
magnitudes from 2MASS, the W1-W4 magnitudes from WISE,
and the G Ggp Ggrp magnitudes from Gaia. We also used
the UV measurements at 157-274nm from the TD1 UV
satellite (Boksenberg et al. 1973; Thompson et al. 1995).
Together, the available photometry spans the full stellar SED
over the wavelength range 0.15-22 um (see Figure 4).

We performed a fit to the SED using Kurucz stellar
atmosphere models, with the main parameters being the
effective temperature (T.), surface gravity (logg), and
metallicity ([Fe/H]), for which we adopted the spectro-
scopically determined values: Ty = 10, 5707550,
log g = 4.2597002], [Fe/H] = —0.260:2%. The remaining free
parameter was the extinction Ay, which we limited to the
maximum line-of-sight value from the Galactic dust maps of
Schlegel et al. (1998). The resulting fit has a reduced x> of 1.5
and best-fit Ay, = 0.20 £ 0.03. Integrating the model SED gives
the bolometric flux at Earth, Fyo=25.124+0.24 x 108
erg s tem ™2 Taking the Fy, and T.g together with the Gaia
parallax yields the stellar radius, R, =1.814+0.27 R.. In
addition, we used the empirical relations of Torres et al. (2010),
to estimate the stellar mass M, =2.38 +0.14 M., which is
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consistent with the value of 2.18 £0.66 M. determined
empirically via R, and log g.

Finally, we can extrapolate the model atmosphere below
0.1 nm (see Stassun & Torres 2016) to estimate the XUV
radiation in the BD’s environment, for which we find
Fxuy = 3027332 ergs ' ecm™? at a distance of 1au from the
star. Overall, we find this analysis is consistent at the 1o level
with the results of our global analysis, and so we adopt the
results of our EXOFASTv?2 fit since it simultaneously fits all
available data.

2.5. High-resolution Imaging

If an exoplanet host star has a spatially close companion, that
companion (bound or line of sight) can create a false- positive
transit signal if it is, for example, an eclipsing binary. The flux
from a close companion star constitutes “third-light” and may
lead to an underestimated planetary radius if not accounted for
in the transit model (Ciardi et al. 2015) and cause nondetections
of small planets in the same exoplanetary system (Lester et al.
2021). Additionally, the discovery of close, bound companion
stars, which exist in nearly one-half of FGK type stars (Matson
et al. 2018), provides crucial information toward our under-
standing of exoplanetary formation, dynamics and evolution
(Howell et al. 2021). Thus, to search for close-in bound
companions unresolved in TESS observations, we obtained
high-resolution imaging speckle observations of HIP 33609.

HIP 33609 was observed on 2022 March 03 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. Three sets
of 1000 x 0.06 s exposures were collected on HIP 33609 and
subjected to Fourier analysis in our standard reduction pipeline
(see Howell et al. 2011). Figure 4 shows our final contrast
curves and the two reconstructed speckle images. We find that
HIP 33609 is a single star with no companion brighter than 5-9
mag below that of the target star from the diffraction limit (20
mas) out to 172. At the distance of HIP 33609 (d = 154 pc)
these angular limits correspond to spatial limits of 3—185 au.

We also observed HIP 33609 on 2019 May 18 UT from the 4.1
m Southern Astrophysical Research telescope with speckle
interferometry in the I-band (Tokovinin 2018). We took these
observations in line with the general observing strategy for TESS
targets described in Ziegler et al. (2020) with an estimated contrast
of Amag="7.7 at 1”. We found no nearby companions out to 3”.

3. Membership and Age Determination of HIP 33609
3.1. MELANGE-6

We searched for evidence that HIP 33609 is a member of a
young stellar association using the FriendFinder’”
(Tofflemire et al. 2021). FriendFinder used Gaia DR3
positions and parallaxes to identify all sources that fell within
our selected three-dimensional search radius around HIP
33609. It then calculated the predicted tangential velocity
(Vian) for every nearby source assuming they have an identical
UVW as the source. FriendFinder then compared that
value to the true vy,,, derived from the Gaia proper motions. For
this grouping, we selected targets with separation <25 pc and a
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Table 1
Literature and Measured Properties for HIP 33609

Other identifiers
TOI-588
TIC 130415266
HD 52470
HIP 33609
TYC 8122-01924-1
2MASS J06585996-

4701240
TESS Sector [6, 8, 33, 34, 357]
Parameter Description Value Reference
Q000" R.A. (RA) 06:58:59.966 1
812000° decl. (Decl.) —47:01:24.121 1
G Gaia G mag. 7.26 £0.02 1
Bp Gaia Bp mag. 7.27 +£0.02 1
Rp Gaia Rp mag. 7.30 £ 0.02 1
T TESS mag. 7.312 £ 0.006 2
Br Tycho By mag. 7.271 £0.02 3
Vr Tycho Vy mag. 7.284 £ 0.02 3
J 2MASS J mag. 7.245 £ 0.020 4
H 2MASS H mag. 7.326 £ 0.031 4
Ky 2MASS Ky mag. 7.278 £ 0.027 4
WISE1 WISEI mag. 7.263 £ 0.036 5
WISE2 WISE2 mag. 7.326 £ 0.030 5
WISE3 WISE3 mag. 7.354 £ 0.030 5
WISE4 WISE4 mag. 74+£0.1 5
Lha Gaia DR3 proper -9.505 £ 0.073 1
motion
in R.A. (mas yr’l)
s Gaia DR3 proper -4.467 £ 0.071 1
motion
in DEC (mas yr ")

v sini, Rotational velocity 556+1.8 Section 2.3

(kms™h
™ Gaia DR3 paral- 6.49 4+ 0.05 1

lax (mas)

Notes. The uncertainties of the photometry have a systematic error floor
applied.

2 R.A. and decl. are in epoch J2000. The coordinates come from Vizier where
the Gaia R.A. and decl. have been precessed and corrected to J2000 from epoch
J2015.5.

® Values have been corrected for the —0.30 pas offset as reported by Lindegren
et al. (2018) but this is not significant for these systems.

References. (1) Gaia Collaboration et al. (2022), (2) Hgg et al. (2000), (3)
Stassun et al. (2018), (4) Cutri et al. (2003), (5) Cutri & Wright (2012).

difference in predicted and measured vy, of <5 km sTLA
larger physical search radius yielded more objects consistent
with membership, but the narrow selection was more than
sufficient for aging the star and demonstrating the existence of
an association.

Our selection yielded 283 stars, including HIP 33609. The
population color-magnitude diagram (CMD) followed a tight
Pleiades-like sequence (Figure 5). Further, a high fraction of
the candidate comovers had Gaia radial velocities consistent
with HIP 33609. Importantly, FriendFinder did not use
radial velocities or CMD information for selection, so
consistency here made it clear this is a true comoving and
coeval population. We denoted this population MELANGE-6,
following the convention from Tofflemire et al. (2021).


https://github.com/adamkraus/comove

THE ASTRONOMICAL JOURNAL, 165:268 (13pp), 2023 June

TOI588

Vowell et al.

562 nm 562 nm 832 nm
832 nm

Am
log AF, (erg s cm?)

0.0 02 04 06 08 10 1.2 0.1
angular separation (arcsec)

100 12000 9000

A (um) Ter (K)

Figure 4. (Left) The 50 speckle imaging contrast curves in both filters as a function of the angular separation from the diffraction limit (20 mas) out to 1”2, the end of
speckle coherence. The inset shows the reconstructed 562 nm and 832 nm images with a 1” scale bar. HIP 33609 was found to have no close companions to within the
angular and contrast levels achieved. (Middle) Spectral energy distribution of HIP 33609. Red symbols represent the observed photometric measurements, where the
horizontal bars represent the effective width of the passband. Blue symbols are the model fluxes from the best-fit Kurucz atmosphere model (black). (Right) The best-
fitting MESA Isochrones and Stellar Tracks (MIST) evolutionary track shown in blue with the 3o contours on the best-fit MIST track in black. The red point indicates
the median value and 1o error bars from our global analysis, while the green contours show the 3¢ errors. The blue point indicates the location of 0.5 Gyr on the

evolutionary track.

Table 2
The Radial Velocity Measurements for the HIP 33609 System

BID1ps RV (ms™ ) orv (M s ) BID1pp RV (m s ") ory (M s )
2458872.64968 32201.9 769.6 2459364.44268 31314.1 873.7
2458874.68716 29813.7 1029.1 2459497.86645 32346.2 1247.6
2459265.59795 31140.8 1125.7 2459498.86337 33896.8 823.9
2459271.58653 29249.9 1019.7 2459502.88700 31873.6 702.7
2459276.56080 28538.2 842.3 2459505.82903 31722.4 1189.3
2459281.57067 30041.5 1049.7 2459506.88278 29142.3 896.2
2459286.69996 33204.2 974.2 2459508.84044 29556.2 785.5
2459294.55752 32251.1 1093.2 2459509.76436 27200.5 998.3
2459303.54558 32293.7 1167.0 2459510.79825 27373.0 1564.7
2459321.52137 30560.4 900.5 2459511.77084 27838.5 820.2
2459323.52343 30998.6 9925 2459512.81732 27742.1 886.0
2459331.46144 31450.3 685.8 2459513.82850 29202.6 853.4
2459333.48087 31801.6 1571.2 2459514.80241 29779.1 889.0
2459336.46010 32079.4 868.0 2459515.76514 30906.6 792.1
2459340.49478 32912.0 930.0 2459516.81742 31576.8 9173
2459342 47356 31829.6 1002.2 2459517.82665 30789.3 7115
2459344.46994 32443.8 1230.7 2459518.73563 31764.7 927.9
2459347.50808 31687.2 979.7 2459519.81360 31232.3 1781.9
2459351.46803 26993.6 1195.5 2459520.79849 33014.2 944.1
2459361.44832 30419.7 591.6

3.2. Measuring MELANGE-6’s Age

To determine the age of MELANGE-6 (and hence the age of
HIP 33609) we first compared the Gaia magnitudes to model
isochrones following Mann et al. (2022). To briefly summarize,
we used a mixture model as outlined in Hogg et al. (2010). The
mixture contained two models, one for the single-star coeval
population, and an outlier population to account for non-
members and binaries, inclusion of which tends to bias the
isochronal age to older or younger ages, respectively. The fit
was done in an MCMC framework using emcee (Foreman-
Mackey et al. 2013). The six free parameters were age (7),
reddening (E(B — V) [mags]), the amplitude of the outlier
population (Pg), the offset from the main population to the
outlier population (Y [mags]), the variance in the outlier
population (V) and a parameter to account for underestimated
uncertainties or differential reddening (f [mags]).

We tested fits using the PARSECv1.2 (Bressan et al. 2012) and
the Dartmouth Stellar Evolution Program (DSEP; Dotter et al.
2008) with magnetic enhancement (Feiden & Chaboyer 2012).

We initially restricted our analysis to Solar metallicity, but tested
[M/H] = —0.1 and +0.1 with the PARSEC models. The DSEP-
magnetic models were only available at Solar metallicity and did
not extend to the highest-mass stars in the group. We ran the fit
with 20 walkers for 10,000 steps following a burn-in of 2000
steps, which was >50 times the autocorrelation time.

As we show in Figure 5, ages 2200 Myr or <80 Myr failed to
reproduce the pre-main-sequence M dwarfs. The isochrone fit
yielded an age of 106" Myr, with negligible reddening (E
(B—V)<0.05) and a small outlier population (Pg=
0.15 4 0.05). The errors on the age are likely underestimated
due to our assumptions and limitations of the models. For
example, a slightly metal-rich grid ([M/H]=+0.1) gave a similar
fit and yielded an older age 1187}* Myr. Additional adjustments,
such as down weighting the coolest stars, where models struggle
to reproduce observations, changed the age at the 10 Myr level.

As an additional constraint on age, we also measured
rotation periods for candidate members of MELANGE-6 from
their TESS light curves. The rotation sequence provides an age



THE ASTRONOMICAL JOURNAL, 165:268 (13pp), 2023 June

Spectral Type

A0 FO GO K2 Mo M3
1.0
on = Model Samples
€ o — = 60 Myr -
, x 200 Myr 082
S o Friends of TOI588 candidates 8
\&\Q» X HD52470 3
-
o 4 \ 0.6 g_
N -
E [ 3 2
o 6 ;&. 0.4 ‘_5
= Qs o
»;Q [6)
8 %\o\ ~ 3
e 0.2 g
LY
A 0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Bp—Rp (mag)

Figure 5. Color—magnitude diagram (CMD) of stars spatially and kinemati-
cally near HIP 33609. The green lines show random draws from our MCMC fit
posterior. Points are shaded by the probability that they are part of the outlier
model. HIP 33609 is denoted with a red X. The orange and purple lines
designate age extremes for reference.

constraint that is (largely) independent of the isochronal
measurement, instead relying on the relation between age,
color, and rotation period (Gyrochonology; Barnes 2003).

We followed the method outlined in Barber et al. (2022). To
briefly summarize, we generated TESS light curves from the
FFI cutouts, first creating raw flux light curves from the FFI
cutouts centered on each candidate. Then, we generated a
Causal Pixel Model (CPM) of the telescope systematics using
the unpopular package (Hattori et al. 2022) using the
“Similar Brightness” to generate the model for each star. We
subtracted the resulting CPM systematic model from the initial
light curves. In total, we extracted usable light curves for 117
targets; the majority of the remaining were too faint or had
significant contaminating flux from nearby stars.

We searched every single-sector light curve for each star for
rotation periods from 0.1-30 days using the Lomb-Scargle
algorithm (Lomb 1976). Each identified period was inspected
by eye and assigned a quality score following Rampalli et al.
(2021) with an additional quality flag of —99 for stars with no
data or stars beyond TESS rotation period detection limits
(TESS mag >15 or contamination ratio >1.6). We retained
periods with a score of QO or Q1 (105 stars).

We show the rotation sequence in Figure 6. The slowly
rotating sequence of FGK dwarfs in MELANGE-6 sits above
the Pleiades (Rebull et al. 2016), indicating an age >112 Myr
(Dahm 2015). The sequence also closely matches that of Theia
456 (Kounkel & Covey 2019), which was recently determined
to be 150-200 Myr (Andrews et al. 2022).

The gyrochronological age is somewhat older than our
isochronal value. However, the systematics in the isochronal
age were sufficient that the measurements are consistent. We
adopted a generous age of 150 425 Myr which encompasses
both estimates.

4. Analysis
4.1. EXOFASTv2 Global Fits

We globally fit all available data using the public exoplanet
fitting suite EXOFASTv2 (Eastman et al. 2013, 2019) in order to
determine the host star and companion parameters for the HIP
33609 system (Tables 3 and 4). We fit the SED and used the
MIST stellar evolution models (Paxton et al. 2011, 2013, 2015;
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Figure 6. Rotation periods of candidate members of MELANGE-6 as a
function of Bp — Rp color. The rotation periods show a clear sequence as
expected for a coeval association, and the outliers tend to be further from HIP
33609 kinematically (see color coding). We show the sequences for Theia 456
(150-200 Myr Andrews et al. 2022) and Pleiades (112 Myr Rebull et al. 2016)
for comparison.

(The data used to create this figure are available.)

Choi et al. 2016; Dotter 2016) in order to constrain the parameters
of the host star. We account for smearing from the 30 minutes
cadence in our FFI light curves from sectors 6 and 8. Our ground-
based photometric follow up from both LCOGT and ASTEP were
additively detrended against the parameters described in
Section 2.2 (Collins et al. 2017).

We initially exclude all ground-based transits from the fit,
incorporating only the TESS transits, CHIRON radial velo-
cities, and the SED. We turn off the Claret (Claret 2017) tables
for these fits since they are less reliable for hot stars (>10,000
K) and allow the fit to constrain the quadratic limb-darkening
coefficients directly from the TESS transits. The TESS 30
minutes and 2 minutes light curves have out-of-transit standard
deviations of 110 ppm and 310 ppm, respectively, which was
precise enough to independently constrain the limb-darkening
coefficients in the TESS bandpass. We then add in each
ground-based transit iteratively, ensuring that each successive
fit is still consistent with the TESS only fit to 1o. Since the
ground-based light curves have too low S/N to constrain limb
darkening in their respective bandpasses, we apply Gaussian
priors on the limb-darkening coefficients according to the
methods suggested by Patel & Espinoza (2022). The results
presented in Tables 3, and 4 are the final iterations of this
process including all ground-based light curves discussed in
Section 2.2.

We adopted the age, as discussed in Section 3, of
150 &£ 25 Myr as a Gaussian prior in our global fits, and placed
a Gaussian prior on the parallax from Gaia DR3 (Gaia
Collaboration et al. 2022) while correcting for the parallax bias
according to Lindegren et al. (2021). We also placed an upper
limit on the line-of-sight extinction as described in Schlegel
et al. (1998) and Schlafly & Finkbeiner (2011). Because HIP
33609 is a rapidly rotating B star, stellar parameters derived
from spectroscopic observations are not reliable. Therefore, we
do not obtain precise measurements for the stellar metallicity
from our spectral analysis and thus set a Gaussian prior of



THE ASTRONOMICAL JOURNAL, 165:268 (13pp), 2023 June

Table 3

Median Values and 68% Confidence Interval for Global Model of HIP 33609

Stellar Parameters:

M,
Ry
Fpor
P

log g
Teff

[Fe/H]
[Fe/H]y
Age
EEP

Ay
OSED

w

d

Mass (Mg)
Radius (Rg)
Bolometric flux (cgs)
Density (cgs)
Surface gravity (cgs)
Effective temperature (K)
Metallicity (dex)
Initial metallicity®
Age (Gyr)

Equal evolutionary phase”
V-band extinction (mag)
SED photometry error scaling
Parallax (mas)
Distance (pc)

Planetary Parameters:

2.3837049
1.8634008
0.0000000492- 6666000097
0.519%0568
4.274*3%42
10400759
—0.01"53
0.027918
0.153 £ 0.024
3143173
0.13470583
1.28%03¢
6.483 + 0.049
1543 + 1.2
b

P Period (days) 39.471814 £+ 0.000014
Rp Radius ( Ry) 1.580+0974
Mp Mass ( Mj) 68.0174
Tc Time of conjunction (BJDtpg) 2459231.75856 + 0.00021
Ty Optimal conjunction time® 2458915.98404 + 0.00017
(BJD1pg)
a Semimajor axis (au) 0.305870:9047
i Inclination (degrees) 89.13 +0.15
e Eccentricity 056070037
Wy Argument of periastron (degrees) 1659133
Teq Equilibrium temperature (K) 1237473
Teire Tidal circularization time- 98007935
scale! (Gyr)
K RV semiamplitude (m s ™) 2700 + 290
Rp/R. Radius of planet in stellar radii 0.08715+0:9003¢
a/Ry Semimajor axis in stellar radii 3534:{:?
T Ingress/egress transit dura- 0.02401f8_‘888§§
tion (days)
m Total transit duration (days) 0.26960 + 0.00080
b Transit impact parameter 0.328+0042
Ts.14 Total eclipse duration® (days) 0.341f8:8§§
Pp Density (cgs) 21.339
loggp Surface gravity 4.829+990%
(F) Incident flux (10° erg s™' cm™?) 0.39840:4
T Time of eclipse (BJD1pg) 2459238 47107
€ Ccos Wy —0.541+3037
e sin wy 0.136:59929
d/Ry Separation at midtransit 21.37%3

Notes. See Table 3 in Eastman et al. (2019) for a list of the derived and fitted
parameters in EXOFASTV2.

# Initial metallicity is the metallicity of the star when it formed.

® The equal evolutionary point is a proxy for age and corresponds to static
points in a stars evolution when using MIST isochrones. See Section 2 in
Dotter (2016) for a more detailed description of EEP.

¢ Transit midpoint time that minimizes the covariance between TC and Period.
9 The tidal quality factor (Q,) is assumed to be 10°.

€ All values in this table for the secondary occultation of HIP 33609 b are
predicted values from our global analysis.

0.0 £ 0.5 dex. We also set a Gaussian prior of 0% =+ 10% of the
contamination ratio reported in the TESS Input Catalogue
(TIC; Stassun et al. 2018) in order to fit for a dilution term in
the TESS band. While the SPOC PDC-SAP light curves are
corrected for known nearby companions, fitting for a dilution
term accounts for unknown nearby blended stars in the TESS
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aperture and serves as an independent check on the reported
contamination correction. We adopted the convergence criteria
of Eastman et al. (2019) which recommend a Gelman—Rubin
statistic <1.01 and over 1000 independent draws.

4.2. Gravity-darkening Fit

Given that HIP 33609 is a rapidly rotating B star, we expect
that gravity darkening would have a significant effect on the
light curve (Barnes 2009). Hence, we performed two additional
fits in order to investigate the effects of gravity darkening on
HIP 33609’s light curve. We perform a symmetric fit based on
the standard Mandel & Agol (2002) transit model as well as an
additional, similar fit following the techniques described in
Hooton et al. (2022) in order to account for deviations induced
by oblateness and brightness variations that arise from gravity
darkening (see Figure 7). For this analysis, we fit only the
transits from TESS because of the much lower signal to noise
ratios of the ground-based light curves, as well as the fact that
systematics in ground-based observations can imitate the
effects of gravity darkening.

In both fits, we adopted Gaussian priors based on the
EXOFASTv2 outputs where possible. We reparameterized the
limb-darkening coefficients u;, u, taken directly from the
Claret (2017) tables according to Kipping (2013) and adopted
Gaussian priors with standard deviations of 0.5 and 0.1,
respectively. We used wide uniform priors on the period, time
of conjunction, and planetary radius in addition to a uniform
prior ranging from —1 to 1 on +/e cosw and /e sinw. We also
used a wide uniform prior on the impact parameter » for both
fits. However, in the case of the gravity-darkening fit, we
allowed b to also sample negative values as we can no longer
assume a symmetric stellar disk. Finally, we fixed the gravity-
darkening exponent 3 according to Claret (2017).

We found that both of these fits are in good agreement with
our global EXOFASTv2 fit as all parameters commonly fit
among the three methods agreed within 2 sigma. We found no
significant asymmetries induced by gravity darkening, and
therefore we adopt the results from our global EXOFASTv2 fit.
While our gravity darkening fit is unable to strongly constrain
the alignment, the fit favors a potential large misalignment. We
encourage additional characterization through Doppler tomo-
graphy or Rossiter-McLaughlin techniques in order to further
constrain the orbital architecture of the HIP 33609 system.

4.3. CEPAM Evolutionary Models

Using CEPAM (Guillot & Morel 1995), we calculate
evolutionary tracks of HIP 33609 b. Our models are based
on the same approach as in Bouchy et al. (2011), using the
analytical atmospheric boundary conditions from Guillot
(2010). Our fiducial model has a solar metallicity interior
(Z erior = Zo) and thermal and visible mean opacities set to
ki = 0.04 gem™2 and KY = 0.024 g cm™2, respectively. As
shown in Figure 8, this model reproduces the observed radius
for the age of HIP 33609 b. Because of the brown dwarf’s large
mass and intrinsic luminosity (L;, =4 X 10*° erg sfl), we find
that the interior is entirely convective and therefore its
evolution is not affected by changes of the interior opacities.
The energy supplied by tidal dissipation, Lyges & 10*° ergs™'
for a tidal quality factor (Q' = 10°) (e.g., Bodenheimer et al.
2001), is also too low to affect the evolution, as is that due to
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Table 4
Median Values and 68% Confidence Interval for Global Model of HIP 33609

Wavelength Parameters R z TESS
U Linear limb-darkening coeff 0.04310:9¢) 0.04310:9¢) 0.359 £ 0.050
uy Quadratic limb-darkening coeff 0.03259:078 0.0447598 —0.050038¢
Ap Dilution from neighboring stars 0.0001 £+ 0.0016
Telescope Parameters CHIRON
Yrel Relative RV offset (ms™") 31130 £ 150
oy RV jitter (ms™") 0.0073%
o2 RV jitter variance —300007155000

Transit Parameters:

a? Added variance

TESS (30 minute)
0.00000000450.9900000022

TESS (2 minute)
0.0000000016 05560600051

Fy Baseline flux

1.000011 £ 0.000014

1.000045 £ 0.000014
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Figure 7. (Top) The TESS transits for HIP 33609 b phase-folded and binned to
30 minutes. 32 independent draws from the posteriors of the symmetric Mandel
& Agol (2002) fit are plotted in orange, and 32 independent draws from the
gravity darkening fit (Hooton et al. 2022) are plotted in purple (see Section 4.2).
While the median models are very similar betwen the two fits, we note the
slight asymmetries seen in the gravity-darkening posteriors hint at a potential
misalignment.

internal dissipation Lgigsipation ~ 10?7 erg s ! (see Thorngren &
Fortney 2018).

The radius of HIP 33609 b is thus mainly affected by three
factors: the initial formation entropy (here we assume a hot start
initial entropy of S=13.4 kg/baryon), the deep interior
mean molecular weight and the atmospheric opacity (see
Guillot 2005). Figure 8 shows that the latter is by far the
dominant effect: when multiplying the atmospheric opacities
by 2 over their fiducial values, we obtain a theoretical radius
that is 25% larger (at the measured age) than our fiducial model
and clearly incompatible with the observations. On the other
hand, when multiplying the interior metallicity by a factor 5
(equivalent to adding 4.2 My,;, of heavy elements in its interior)
the radius change remains limited. Although a wider ensemble

1.0

1071 100 10?1
Age [Gyr]

Figure 8. The radius evolution of HIP 33609 b. The black point signifies the
measured age and radius with 1o error bars. The orange line is our fiducial
evolutionary model (see Section 4.3). The pink line multiplies the atmospheric
opacities of the fiducial model by 2, and the red line multiplies the interior
metallicity by 5.
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of dedicated evolution models should be calculated, this
already shows that observations of HIP 33609 b with the
James Webb Space Telescope would be extremely important,
by independently yielding its atmospheric metallicity (that we
predict should be solar) and intrinsic luminosity (our evolution
models predict Te = 2630 K).

5. Discussion

HIP 33609 b joins a population of 37 transiting BDs
published to date (Grieves et al. 2021; Carmichael et al. 2022;
Psaridi et al. 2022; Sebastian et al. 2022), and is one of the
most extreme substellar companions yet discovered. HIP 33609
not only has a precise age measurement of 150 & 25 Myr, but is
also the brightest and hottest host of a transiting BD discovered
to date. The unique combination of host star and BD
parameters (see Figure 9) make the HIP 33609 system a
benchmark for testing theories of substellar evolution, BD
orbital dynamics, and the effects of insolation on BD
atmospheres.

The HIP 33609 system also extends our knowledge of
transiting companions around hot stars. All previously
discovered transiting companions around B- and A-type stars
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Figure 9. (Left) The population of stellar companions ranging from 7-150 Mj in eccentricity and semimajor axis, colored by the apparent magnitude. (Right) The
same population in radius and mass, colored by the effective temperature of the host star. Vertical lines at 13 M; and 80 M; denote the traditional boundaries of the BD
regime. The solid black line shows the ATMO 2020 substellar evolutionary model (Phillips et al. 2020) for HIP 33609 b’s measured age (150 & 25 Myr) with the
green shaded regions depicting the 1, 2, and 3¢ uncertainties. Note: systems where the primary body is a BD or white dwarf are not included. References: Bakos
(2010), Buchhave et al. (2011), Tingley et al. (2011), Parviainen et al. (2014), Bonomo et al. (2015), Esteves et al. (2015), Stassun et al. (2017), Bento et al. (2018),
Cooke et al. (2020), Cortés-Zuleta et al. (2020), Grieves et al. (2021), Carmichael et al. (2022), Gill et al. (2022), Psaridi et al. (2022), Sebastian et al. (2022).

have orbital periods less than 10 days (Shporer et al. 2014;
Morton et al. 2016; Gaudi et al. 2017; Lund et al. 2017; Talens
et al. 2017; Anderson et al. 2018; Johnson et al. 2018; Hellier
et al. 2019; Zhou et al. 2019; Dorval et al. 2020; Stevens et al.
2020; Addison et al. 2021; Giacalone et al. 2022), whereas HIP
33609 provides the first companion on a long-period orbit
(~39 days).

5.1. Placing HIP 33609 in Context

HIP 33609 b orbits a bright (V =7.3) B star with a precisely
measured age, and joins a growing population of 12 BDs with
host stars above the Kraft break (~6250 K, Kraft 1967), an
exciting regime for studying BD evolution in the context of
star-like versus planet-like formation. For example, if BDs do
indeed follow formation and evolutionary pathways similar to
the giant planets, then we can draw comparisons to recent
studies focused on hot Jupiters that have observed a
discontinuity in stellar obliquity at the Kraft break
(Schlaufman 2010; Winn et al. 2010). Rice et al. (2022)
suggest that this discontinuity may only exist for the low
eccentricity population, a trend that would provide strong
evidence for high-eccentricity migration as the dominant
migration mechanism for hot Jupiters. This hypothesis is also
supported by the current population of TESS discovered giant
planets (Rodriguez et al. 2023; Yee et al. 2022). If BDs and
giant planets undergo similar migratory processes, then they
could exhibit the same discontinuity in stellar obliquity. HIP
33609 b’s high-eccentricity (e =0.5607033]) makes it the
second most eccentric BD behind KOI-415 (e=0.698)
(Moutou et al. 2013). However, HIP 33609 is significantly
more accessible to follow up because it is more than 500 times
brighter than KOI-415 (V= 14.2).

Furthermore, HIP 33609 b’s radius is among the largest for
transiting BDs at R, =1.5807007; R;. Substellar evolutionary
models predict that BDs form highly inflated and then contract,
rapidly at first, then slowing over the course of ~10 Gyr
(Burrows et al. 2001; Baraffe et al. 2003; Saumon &
Marley 2008; Phillips et al. 2020). HIP 33609 b’s large radius
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is consistent within 3¢ for substellar models at the estimated
age from our analysis using both CEPAM (Figure 8) and the
ATMO 2020 models (Figure 9).

5.2. Future Characterization Prospects

As the brightest and hottest host star for a transiting BD, the
HIP 33609 system is well-situated for future characterization
via ground-based observations. Although the long transit
duration (~6.5 hours) will make spin—orbit alignment mea-
surements challenging, HIP 33609 b would be a valuable
addition to the population of BDs with well-constrained stellar
obliquities.

We predict a Rossiter—McLaughlin semiamplitude to first
order of 270ms™" for HIP 33609 b using the methods in
Triaud (2018). While this is indeed well below our typical
radial velocity uncertainty of ~1000 ms~' with CHIRON, we
expect orbital obliquity measurements to be more accessible to
Doppler Tomographic techniques (Collier Cameron et al. 2010;
Zhou et al. 2016) given that we can resolve the rotation of the
host star. A finding that HIP 33609 b is highly misaligned, as
tentatively indicated by our gravity-darkening fit, would
provide strong evidence for a dynamically active history. We
also encourage future measurements of more BD obliquities in
general, in order to provide insight into BD evolutionary
pathways similar to that obtained from the obliquity studies of
hot Jupiters discussed in Section 5.1.

HIP 33609 b is also a prime candidate for studying the
effects of insolation on BD and giant planet atmospheres. As a
long-period, massive companion, it can thereby extend the
extensive studies of the irradiated atmospheres of BDs and
giant planets. The BD KELT-1 b (Siverd et al. 2012; Beatty
et al. 2014; von Essen et al. 2021), and giant planets KELT-9 b
(Gaudi et al. 2017; Hoeijmakers et al. 2018; Yan &
Henning 2018) and TOI-1431 b (Stangret et al. 2021) are all
ultrahot (T.q >2000 K) companions with well-studied atmo-
spheres that receive approximately 10 times more incident flux
than HIP 33609 b.



THE ASTRONOMICAL JOURNAL, 165:268 (13pp), 2023 June

6. Conclusion

In this paper, we present the discovery of a benchmark
transiting BD in the HIP 33609 system. We use a combination
of spectroscopic and photometric observations from both
ground- and space-based facilities in order to characterize the
host star and transiting BD. HIP 33609 is a bright (V="7.3),
rapidly rotating B star with an effective temperature of
Tore = 10,40075% K. HIP 33609 b is an inflated BD with a
radius of Ry, =1.5807097¢ Ry and a mass of M, =68.0"7 M,
on a long-period (p=39.47 days), eccentric orbit
(e=0.560"509%)). We also present the discovery of MEL-
ANGE-6, a new, young stellar association, of which HIP 33609
is shown to be a member. We determine the age of the
association (and hence HIP 33609) to be 150 £ 25 Myr. Thus,
the HIP 33609 system is an ideal candidate for testing
substellar evolutionary models, as well as for a comparative
analysis relative to the extensive population of highly
irradiated, short period BDs and giant planets. We encourage
the pursuit of stellar obliquity measurements for HIP 33609 b
and the transiting BD population as a whole in order to provide
more insight into the formation and evolutionary history of
transiting BDs.
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