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ABSTRACT

Context. We report the discovery of TOI-519 b (TIC 218795833), a transiting substellar object (R = 1.07RJup) orbiting a faint
M dwarf (V = 17.35) on a 1.26 d orbit. Brown dwarfs and massive planets orbiting M dwarfs on short-period orbits are rare, but
more have already been discovered than expected from planet formation models. TOI-519 is a valuable addition into this group of
unlikely systems, and adds towards our understanding of the boundaries of planet formation.
Aims. We set out to determine the nature of the Transiting Exoplanet Survey Satellite (TESS) object of interest TOI-519 b.
Methods. Our analysis uses a SPOC-pipeline TESS light curve from Sector 7, multicolour transit photometry observed with
MuSCAT2 and MuSCAT, and transit photometry observed with the LCOGT telescopes. We estimate the radius of the transiting
object using multicolour transit modelling, and set upper limits for its mass, effective temperature, and Bond albedo using a phase
curve model that includes Doppler boosting, ellipsoidal variations, thermal emission, and reflected light components.
Results. TOI-519 b is a substellar object with a radius posterior median of 1.07 RJup and 5th and 95th percentiles of 0.66 and
1.20 RJup, respectively, where most of the uncertainty comes from the uncertainty in the stellar radius. The phase curve analysis
sets an upper effective temperature limit of 1800 K, an upper Bond albedo limit of 0.49, and a companion mass upper limit of
14 MJup. The companion radius estimate combined with the Teff and mass limits suggests that the companion is more likely a
planet than a brown dwarf, but a brown-dwarf scenario is more likely a priori given the lack of known massive planets in ≈ 1 day
orbits around M dwarfs with Teff < 3800 K, and the existence of some (but few) brown dwarfs.

Key words. Stars: individual: TIC 218795833 - Planet and satellites: general - Methods: statistical - Techniques: photometric

1. Introduction

Current planet formation models predict a very low prob-
ability for a low-mass star to harbour a brown dwarf or
a massive planet on a short-period orbit (Mordasini et al.
2012), and M dwarf planet occurrence rate studies based on
the Kepler data have corroborated this paucity (Dressing
& Charbonneau 2015). However, against the expectations,
a set of such objects have been discovered during the last
years. Five brown dwarfs1 and four gas-giant planets2 are
currently known to orbit M dwarf hosts cooler than 4000 K
with orbital periods smaller than five days. The formation
and subsequent evolution of these systems is an open ques-
tion, as is their actual prevalence. A larger sample is re-

1 TOI 263.01 by Parviainen et al. 2020, NGTS-7 A b by Jack-
man et al. 2019, LP 261-75b by Irwin et al. 2018, AD 3116 by
Gillen et al. 2017, and NLTT 41135 b by Irwin et al. 2010.
2 Kepler-45b by Johnson et al. 2012, HATS-6b by Hartman
et al. 2015, HATS-71b by Bakos et al. 2018, and NGTS-1b by
Bayliss et al. 2018.

quired to find out whether the currently known systems
are all rare objects, born from random formation accidents,
or whether these systems belong to a family with a common
formation path.

The Transiting Exoplanet Survey Satellite (TESS )
(Ricker et al. 2014) recently completed the second half of its
two-year primary mission, and has discovered to date over
two thousand transiting planet candidates (TESS objects
of interest, or TOI s). However, since various astrophysical
phenomena can lead to a photometric signal mimicking an
exoplanet transit (Cameron 2012), only a fraction of the
candidates are legitimate planets (Moutou et al. 2009; Al-
menara et al. 2009; Santerne et al. 2012; Fressin et al. 2013),
and the true nature of each individual candidate needs to
be resolved by follow-up observations (Cabrera et al. 2017;
Mullally et al. 2018). A mass estimate based on radial veloc-
ity (RV) measurements is the most reliable way to confirm
a planet candidate, but RV observations are practical only
for a subset of candidates (Parviainen et al. 2019).

Article number, page 1 of 15

ar
X

iv
:2

01
1.

11
45

8v
1 

 [
as

tr
o-

ph
.E

P]
  2

3 
N

ov
 2

02
0

https://orcid.org/0000-0001-5519-1391
https://orcid.org/0000-0003-0987-1593
https://orcid.org/0000-0001-5664-2852
https://orcid.org/0000-0002-4909-5763
https://orcid.org/0000-0001-9087-1245
https://orcid.org/0000-0001-8511-2981
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-4881-3620
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0002-0076-6239
https://orcid.org/0000-0002-4671-2957
https://orcid.org/0000-0001-7139-2724
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0001-9911-7388
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-1286-5231
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0001-6763-6562
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-5402-9613
https://orcid.org/0000-0001-9665-8429


A&A proofs: manuscript no. toi_519

We recently reported the validation of TOI-263.01, a
substellar companion orbiting an M dwarf on an extremely
short-period orbit of 0.56 days (Parviainen et al. 2020). The
validation was based on ground-based multicolour photom-
etry following a multicolour transit modelling approach de-
scribed in Parviainen et al. (2019). This approach models
transit light curves observed in different passbands (filters)
jointly, and yields posterior estimates for the usual quanti-
ties of interest (QOIs) in transiting planet light curve analy-
sis, such as orbital period, impact parameter, stellar density,
and an estimate for the true companion radius ratio. The
true radius ratio is a conservative radius ratio estimate3
that accounts for possible light contamination from unre-
solved objects inside the photometry aperture. The true
radius ratio combined with a stellar radius estimate gives
the absolute (conservative) radius of the companion, and
if this is securely below the theoretical lower radius limit
for a brown dwarf (∼ 0.8RJup, Burrows et al. 2011), the
candidate can be considered a validated planet. If the true
radius is ∼ 1RJup, the nature of the companion is am-
biguous due to the mass-radius degeneracy for objects with
masses in gas giant planet and brown dwarf regime, and for
radii larger than 1RJup the probability that the object is a
brown dwarf or a low-mass star increases rapidly.

We report the discovery of TOI-519 b, a transiting sub-
stellar object (0.66RJup < R < 1.20RJup, where the lower
and upper limits correspond to 5th and 95th percentiles,
respectively) orbiting a faint M dwarf (TIC 218795833, see
Table 1) on a 1.27 d orbit. The object was originally iden-
tified in the TESS Sector 7 photometry by the TESS Sci-
ence Processing Operations Center (SPOC) pipeline (Jenk-
ins et al. 2016), and was later followed up from the ground
using multicolour transit photometry and low-resolution
spectroscopy. The planet candidate passes all the SPOC
Data Validation tests (Twicken et al. 2018), but the faint
host star (V = 17.35) makes radial velocity follow up chal-
lenging. However, the large transit depth makes the sys-
tem amenable to validation using multicolour transit pho-
tometry, although the uncertainties in estimating M dwarf
radii complicate the situation by allowing solutions with
R > 1.2RJup. In this case, a radius estimate is not sufficient
for validation, and we turn to phase-curve modelling to fur-
ther constrain the companion’s mass and effective temper-
ature.

2. Observations

2.1. TESS photometry

TESS observed TOI-519 b during Sectors 7 and 8. Sec-
tor 7 was observed for 24.4 days covering 18 transits with
a two-minute cadence. Sector 8 was observed for for 24.6
days covering 13 transits (some of the transits occur dur-
ing useless sections of the light curve), but the two-minute
time cadence is not available, and the light curve must be
created from the Full Frame Image (FFI) data.

We chose to use the Sector 7 Presearch Data Condi-
tioning (PDC) light curve (Stumpe et al. 2014, 2012; Smith
et al. 2012), produced by the SPOC pipeline, for the anal-
ysis. We add back the crowding correction ("CROWD-
3 Here a "conservative radius ratio estimate" means that it
should not underestimate the radius ratio, but rather give its
reliable upper limit when assuming complete ignorance about
the possible third light contamination.

Table 1. TOI-519 identifiers, coordinates, properties, and mag-
nitudes. The stellar properties are based on a spectrum observed
with ALFOSC, and their derivation is described in detail in
Sect. 3

Main identifiers

TIC 218795833
2MASS J08182567-1939465
WISE J081825.63-193946.2

Equatorial coordinates

RA (J2000) 8h 18m 25s.62
Dec (J2000) −19◦ 39′ 46′′.05

Stellar parameters

Eff. temperature Teff [K] 3350+100
−200

Bolometric flux Fbol [erg s−1cm−2] (3.13± 0.11)× 10−11

Mass M? [M� ] 0.369+0.026
−0.097

Radius R? [R� ] 0.373+0.020
−0.088

Parallax [mas] 8.626± 0.069
Spectral type M3.5+1.0

−0.5

Magnitudes

Filter Magnitude Uncertainty

TESS 14.4347 0.0074
B 17.869 0.175
V 17.350 0.200
Gaia DR2 15.7067 0.0004
J 12.847 0.027
H 12.226 0.027
K 11.951 0.024

SAP")4 removed by the pipeline, since the crowding cor-
rection can introduce a bias into our parameter estimation
if the crowding is overestimated by the SPOC pipeline.5
The TOI-519 light curve can be expected to contain a sig-
nificant amount of flux contamination from a nearby star
with a similar brightness (see Fig. 1), and our parameter es-
timation approach leads to an independent TESS contam-
ination estimate based on the differences in transit depths
between the TESS and ground-based transit observations.

The TESS photometry used in the transit analysis con-
sists of 18 3.6 hour-long windows of SPOC data from Sector
7 centred around each transit based on the linear ephemeris,
and each subset was normalised to its median out-of-transit
(OOT) level assuming a transit duration of 2.4 h. The
photometry has an average point-to-point (ptp) scatter of
18.7 parts per thousand (ppt). We do not detrend the pho-
tometry, but model the baseline in the transit analysis.

The phase curve analysis uses all the SPOC Sector 7
data except the transits. We also created long-cadence light
curves for Sectors 7 and 8 using the Eleanor package (Fe-
instein et al. 2019), since while the short transit duration
makes long-cadence less-than-optimal for transit modelling,
having two sectors of data instead of one could still be ben-
4 The PDC crowding metric, C, corresponds to the ratio of the
target flux to the total aperture flux, and the contamination
defined in this paper, c, to the ratio of the contaminating flux
to the total flux, and the two are related as c = 1− C.
5 As is the case here, see Discussion for details.
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Fig. 1. TOI-519 and its surroundings observed by DSS with
the TESS aperture used by the SPOC pipeline shown in pink
and TOI-519 marked with a square. The nearest star lower-right
from TOI-519 introduces a significant amount of flux contami-
nation in the TOI-519 light curve.

eficial for the phase curve modelling. However, we were not
able to produce light curves with Eleanor that would have
matched the SPOC-produced light curve in quality. The
long-cadence light curves show significantly higher system-
atics that led them to be useless in the phase curve analysis.

2.2. MuSCAT2 photometry

We observed four full transits of TOI-519 b simultaneously
in g, r, i, and zs bands with the MuSCAT2 multicolour im-
ager (Narita et al. 2019) installed at the 1.52 m Telescopio
Carlos Sanchez (TCS) in the Teide Observatory, Spain, on
the nights of 22.11.2019, 8.1.2020, 13.1.2020, and 29.2.2020.
The exposure times were optimised on per-night and per-
CCD basis, but were generally between 60 and 90 s. The
observing conditions were excellent through all the nights
(see Fig. 2 for an example frame).

The photometry was carried out using standard aper-
ture photometry calibration and reduction steps with a
dedicated MuSCAT2 photometry pipeline, as described in
Parviainen et al. (2020). The pipeline calculates aperture
photometry for the target and a set of comparison stars and
aperture sizes, and creates the final relative light curves via
global optimisation of a model that aims to find the optimal
comparison stars and aperture size, while simultaneously
modelling the transit and baseline variations modelled as a
linear combination of a set of covariates.

2.3. MuSCAT photometry

We also observed one full transit of TOI-519 b simulta-
neously in g, r, and zs bands with the multicolour im-
ager MuSCAT (Narita et al. 2015) mounted on the 1.88 m
telescope at Okayama Astro-Complex on Mt. Chikurinji,
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MuSCAT2 example frame of TOI 519.01 in r'

Fig. 2. MuSCAT2 field observed in r band. TOI-519 is marked
with a cross, and the dotted circle marks the 2.5′-radius region
centred around TOI-519.

Japan, on 30.11.2019. The observation was conducted for
3.4 hours covering the transit, during which the sky con-
dition was excellent. The telescope focus was slightly de-
focused so that the full width at half maximum (FWHM)
of stellar point-spread function (PSF) was around 3′′. The
exposure times were set at 60, 40, and 60 s in g, r, and zs

bands, respectively.
Image calibration (dark correction and flat fielding) and

standard aperture photometry were performed using a cus-
tom pipeline (Fukui et al. 2011), with which the aperture
size and comparison stars were optimised so that the point-
to-point dispersion of the final light curve was minimised.
The adopted aperture radius was 10 pixels (3.6′′) for all
bands.

2.4. LCOGT photometry

Three full transits of TOI-519 b were observed using the Las
Cumbres Observatory Global Telescope (LCOGT) 1 m net-
work (Brown et al. 2013) in g, i, and zs bands on the nights
of 29.03.2019, 01.04.2019, and 16.04.2019, respectively. We
used the TESS Transit Finder, which is a customised ver-
sion of the Tapir software package (Jensen 2013), to sched-
ule our transit observations. The g and zs transits were
observed from the LCOGT node at Cerro Tololo Inter-
American Observatory, Chile, and used 60 s and 150 s ex-
posures, respectively. The i transit was observed from the
LCOGT node at South Africa Astronomical Observatory,
South Africa, and used 150 s exposures. The 1 m telescopes
are equipped with 4096× 4096 pixel LCO SINISTRO cam-
eras having an image scale of 0′′.389 pixel−1 resulting in a
26′ × 26′ field of view.

The images were calibrated by the standard LCOGT
BANZAI pipeline (McCully et al. 2018) and the photo-
metric data were extracted using the AstroImageJ (AIJ)
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software package (Collins et al. 2017). The g and zs images
have PSFs with FWHM ∼ 1′′.8, and the i images were defo-
cused resulting in FWHMs ∼ 3′′.2. Circular apertures with
radius 11, 15, and 10 pixels were used to extract differential
photometry in the g, i, and zs bands, respectively.

2.5. Spectroscopy

On 16.3.2020, we obtained the optical low-resolution spec-
trum of TOI-519 with the Alhambra Faint Object Spec-
trograph and Camera (ALFOSC) mounted at the 2.56 m
Nordic Optical Telescope (NOT) on the Roque de los
Muchachos Observatory. ALFOSC is equipped with a
2048×2064 CCD detector with a pixel scale of 0.2138
′′pixel−1. We used grism number 5 and an horizontal long
slit with a width of 1.0′′, which yield a nominal spectral
dispersion of 3.53 Å pixel−1 and a usable wavelength space
coverage between 5000 and 9400 Å. Two spectra of 1800
s each were acquired at parallactic angle and airmass of
1.51. ALFOSC observations of the white dwarf G191–B2B
were acquired with the same instrumental setup as TOI-
519, with an exposure time of 120 s, and at an airmass of
1.65. Raw images were reduced following standard proce-
dures at optical wavelengths: bias subtraction, flat-fielding
using dome flats, and optimal extraction using appropri-
ate packages within the IRAF6 environment. Wavelength
calibration was performed with a precision of 0.65 Å using
He i and Ne i arc lines observed on the same night. The in-
strumental response was corrected using observations of the
spectrophotometric standard star G191–B2B. Because the
primary target and the standard star were observed close
in time and at a similar airmass, we corrected for telluric
lines absorption by dividing the target data by the spectrum
of the standard normalised to the continuum. The two in-
dividual spectra of TOI-519 were combined and the final
spectrum, which has a spectral resolution of 16 Å (R ≈ 450
at 7100 Å), is depicted in Fig. 3.

3. Stellar characterisation

We used the ALFOSC telluric-free spectrum to determine
the spectral type of TOI-519 by measuring various spectro-
scopic indices, or colour ratios, suitable for M dwarfs. Some
of these indices are nearly insensitive to the instrumental
correction errors and their sensitivity to low and moder-
ate extinction is also reduced, which makes them reliable
indicators of spectral type. Other indices are useful as lumi-
nosity and metallicity discriminants. We obtained the flux
ratios A, B/A, D/A, and TiO5 defined by Kirkpatrick et al.
(1991) and Gizis (1997), all of which explore strong atomic
lines and molecular bands present in M-type stars. Derived
values and a short description of the features covered by the
flux ratios are given in Table 2. All of these indices show
very little dispersion in terms of spectral type and indicate
that TOI-519 is an M3.0–M3.5 dwarf. This spectral type is
fully consistent with the absolute magnitudes of TOI-519
in the optical through mid-infrared wavelengths (see next
subsection).

6 Image Reduction and Analysis Facility (IRAF) is distributed
by the National Optical Astronomy Observatories, which are op-
erated by the Association of Universities for Research in Astron-
omy, Inc., under contract with the National Science Foundation.

Table 2. Spectroscopic indices and color ratios.

Index Feature Value SpT

A CaH λ6975 Å 1.24 M3.0
B/A Ti i λ7358 Å 0.85 M3.5
D/A Ca ii λ8542 Å 0.87 M3.5
TiO5 TiO λλ7042–7135 Å 0.48 M3.0
PC3 pseudo-continuum λλ7569, 8250 Å 1.21 M5.0

Notes. The uncertainty of the indices is 5% or less. All spectral
types have been rounded to the nearest half subtype.

However, spectral indices covering widely separated
pseudo-continuum and feature regions yield later spectral
types. The PC3 index defined by Martin et al. (1996), which
measures the spectroscopic slope between two pseudo-
continuum points of the optical data, delivers M5 spectral
type (Table 2). The best match to the ALFOSC spectrum
among the data set of spectroscopic templates of Kesseli
et al. (2017) is provided by M4.0 spectral type as illustrated
in Fig. 3. This discrepancy of about one spectral type may
be explained by the presence of a moderate extinction or
a higher metallicity. The former scenario, although feasi-
ble given the low Galactic latitude of our target (b ≈ +9
deg), is less likely because of the close distance to TOI-519.
Also, GJHK and WISE colours are compatible with one
single spectral type, which is a signpost of no or very little
extinction towards TOI-519. Nevertheless, to explore the
high metallicity scenario in detail, higher resolution spec-
tra would be needed. To be conservative, we will adopt a
spectral type M3.0–M4.5 for TOI-519.

From the ALFOSC spectrum, Hα is not seen in emis-
sion and we can impose a lower limit of 0.5 Å to the
pseudo-equivalent width of any emission feature around
6563 Å. Potasium and sodium atomic lines, which are fea-
tures rather sensitive to temperature and surface gravity,
are seen in absorption with strengths similar to those of
the M3.0–M4.5 standard stars. This suggests that TOI-519
has a high surface gravity, thus discarding the idea that our
target is a very young or a giant star (and the atomic and
molecular indices of Table 2 also reject our target being a
giant or a subdwarf star).

From the spectral type—Teff relationship given in
Houdebine et al. (2019), we derived Teff = 3350+100

−200 K
for TOI-519, where the quoted errors account for spec-
tral types in the interval M3–M4.5. Houdebine et al. (2019)
claimed that their temperature calibration is valid for solar
and near-solar metallicities (only strongly metal-depleted
M dwarfs deviate from this calibration). TOI-519 does
not show obvious absorption features due to hydrides (
e.g., CaH) in the optical spectrum, which indicates that
it is not a subdwarf (Kirkpatrick et al. 2014). Using vari-
ous Teff—mass—stellar radii relationships available in the
literature (e.g., Schweitzer et al. 2019; Houdebine et al.
2019; Cifuentes et al., submitted), we obtained that TOI-
519 has a radius of R∗ = 0.373+0.020

−0.088 R� and a mass of
M∗ = 0.369+0.026

−0.097 M�. This mass determination is only
slightly larger than that derived from Mann et al. (2019)
relations, M? = 0.36 ± 0.03 M�, and both values are con-
sistent at the 1 σ level.
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Fig. 3. The ALFOSC, telluric-free optical spectrum of TOI-519
is shown in red (spectral resolution of 16 Å). For comparison
purposes, the solar-metallicity M4.0 spectral standard template
from Kesseli et al. (2017) is also plotted as the grey line (this
spectrum has been degraded to the resolution of our target and
it is also corrected for the telluric lines absorption). The most
significant spectral features are labelled. The spectra are nor-
malised to unity at around 7500 Å.

3.1. Spectral Energy Distribution

As an independent determination of the stellar parameters,
in particular the stellar radius, we performed an analysis
of the broadband spectral energy distribution (SED) to-
gether with the Gaia DR2 parallax following the proce-
dures described in Stassun & Torres (2016) and Stassun
et al. (2017a,b). We pulled the grizy magnitudes from the
Pan-Starrs database, the JHKS magnitudes from 2MASS,
and the W1–W3 magnitudes from WISE. Together, the
available photometry spans the full stellar SED over the
wavelength range 0.4–10 µm (see Fig. 4).

1 10
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Fig. 4. Spectral energy distribution of TOI 519. 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 NextGen
atmosphere model (black).

We performed a fit using NextGen stellar atmosphere
models, adopting the effective temperature from the spec-
troscopically determined value. The extinction (AV ) was
set to zero due to the star being very near. The metallic-
ity was left as a free parameter. The resulting fit, shown in

Fig. 4, has a reduced χ2 of 2.5 and a best-fit metallicity of
0.0 ± 0.5. Integrating the model SED gives the bolometric
flux at Earth of Fbol = (3.20± 0.11)× 10−11 erg s−1 cm−2.
Taking the Fbol and Teff together with the Gaia DR2 par-
allax, adjusted by +0.08 mas to account for the systematic
offset reported by Stassun & Torres (2018), gives the stellar
radius as 0.342± 0.031 R�. Finally, we estimate a mass of
0.36 ± 0.03 M� via Mann et al. (2019) empirical M-dwarf
relations based on the absolute K-band magnitude. These
values are in agreement with the values estimated from the
low-resolution spectrum.

4. Light curve analysis

4.1. Overview

We modelled the TESS light curves simultaneously with
the MuSCAT2, MuSCAT, and LCOGT light curves follow-
ing the approach described in Parviainen et al. (2020) and
Parviainen et al. (2019) to characterise the system and ob-
tain a robust "true radius ratio" estimate for the compan-
ion. Next, we carried out a phase curve analysis using the
TESS light curve to constrain the companion’s effective
temperature and mass. As a double-check, we also carried
out separate analyses using only the TESS or the ground-
based data, but we do not detail those here. We have as-
sumed zero eccentricity in all the analyses given the short
circularisation time scales for a one-day period (Dawson &
Johnson 2018).

The analyses were carried out with a custom Python
code based on PyTransit v27 (Parviainen 2015; Parvi-
ainen et al. 2019), which includes a physics-based contam-
ination model based on the PHOENIX-calculated stellar
spectrum library by Husser et al. (2013). The limb dark-
ening computations were carried out with LDTk 8 (Parvi-
ainen & Aigrain 2015), and Markov Chain Monte Carlo
(MCMC) sampling was carried out with emcee (Foreman-
Mackey et al. 2013; Goodman & Weare 2010). The code
relies on the existing Python packages for scientific com-
puting and astrophysics: SciPy, NumPy (van der Walt
et al. 2011), AstroPy (The Astropy Collaboration et al.
2013; Price-Whelan et al. 2018), photutils (Bradley et al.
2019), astrometry.net (Lang et al. 2010), IPython
(Perez & Granger 2007), Pandas (Mckinney 2010), xar-
ray (Hoyer & Hamman 2017), matplotlib (Hunter 2007),
and seaborn. The analyses are publicly available from
GitHub9 as Jupyter notebooks.

4.2. Multicolour transit analysis

The final multicolour photometry dataset consists of the
18 transits in the TESS data from Sector 7, four transits
observed simultaneously in four passbands (g, r, i, and zs)
with MuSCAT2, one transit observed in three passbands
(g, r, and zs) with MuSCAT, and two transits observed in
two passbands (i and z) with the LCOGT telescopes. This
sums up to five passbands (we consider z and zs the same),
25 transits, and 39 light curves.

The analysis follows standard steps for Bayesian param-
eter estimation (Parviainen 2018). First, we construct a flux

7 https://github.com/hpparvi/pytransit
8 https://github.com/hpparvi/ldtk
9 https://github.com/hpparvi/parviainen_2020_toi_519
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model that aims to reproduce the transits and the light
curve systematics. Next, we define a noise model to explain
the stochastic variability in the observations not explained
by the deterministic flux model. Combining the flux model,
the noise model, and the observations gives us the likeli-
hood. Finally, we define the priors on the model parameters,
after which we estimate the joint parameter posterior dis-
tribution using Markov Chain Monte Carlo (MCMC) sam-
pling.

The posterior estimation begins with a global optimisa-
tion run using Differential Evolution (Storn & Price 1997;
Price et al. 2005) that results with a population of param-
eter vectors clumped close to the global posterior mode.
This parameter vector population is then used as a starting
population for the MCMC sampling with emcee, and the
sampling is carried out until a suitable posterior sample has
been obtained (Parviainen 2018). The model parametrisa-
tion, priors, and the construction of the posterior function
follow directly Parviainen et al. (2020).

4.3. Phase curve analysis

While multicolour transit analysis allows us to securely es-
timate the companion’s radius ratio, modelling variations
in the TESS light curve over its orbital phase gives us
a tool to estimate the companion’s effective temperature,
Bond albedo, and mass (Loeb & Gaudi 2003; Mislis et al.
2012; Shporer 2017; Shporer et al. 2019). Phase curve mod-
elling is a well-established method for companion mass es-
timation, and has been widely used to study planets and
brown dwarfs found by the CoRoT andKepler missions (i.e,
CoRoT-3b Mazeh & Faigler 2010; TrES-2b Barclay et al.
2012; Kepler-13b Shporer et al. 2011 and Mislis & Hodgkin
2012; Kepler-91b Lillo-Box et al. 2014 and Barclay et al.
2015; and Kepler-41b Quintana et al. 2013, to name a few,
and homogeneous phase-curve studies have been also re-
ported by Esteves et al. 2013; Angerhausen et al. 2015; and
Esteves et al. 2015).

The main four components contributing to the phase
curve are Doppler boosting, ellipsoidal variations, reflec-
tion, and thermal emission, as illustrated in Fig. 5. The
relative importance of the different effects depends on the
orbital geometry, the host star, and the companion prop-
erties. For example, the effects of Doppler boosting (Loeb
& Gaudi 2003) are expected to be significantly more im-
portant than ellipsoidal variations for TOI-519 b, as visible
from Fig. 6 depicting the peak-to-peak expected amplitudes
for TOI-519 b.

Phase curve analysis can be useful in distinguishing be-
tween low-mass stars and substellar objects orbiting low-
mass stars on short-period orbits, and can also be used to
distinguish between brown dwarfs and planets if the pho-
tometric precision is sufficiently high. In our case, the host
star is faint by TESS standards, and we do not expect to
detect significant phase variability if the companion is a
planet or a low-mass brown dwarf. If the companion was a
low-mass star, however, Doppler boosting should give rise
to a clearly detectable signal. Our goal here is to derive up-
per limits for the amplitudes of the different components,
which can then be translated into upper limits for the ef-
fective temperature, companion mass, and Bond albedo.

We model the TESS out-of-transit light curve with a
phase curve model combining reflection, thermal emission,
Doppler boosting, and ellipsoidal variations. The TESS

Fl
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DB + EV + TE + RF
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Fl
ux

EV

0.0 0.2 0.4 0.6 0.8 1.0
Phase

Fl
ux

TE + RF

Fig. 5. Schematic showing Doppler boosting (DB), ellipsoidal
variations (EV), thermal emission (TE), and reflection (RF) and
all the phase curve components combined as a function of orbital
phase.

data are prepared the same way as for the main transit
light curve analysis, but we exclude the transits from the
light curve. We also simplify the model slightly and fix the
radius ratio, zero epoch, orbital period, orbital inclination,
and semi-major axis to their median posterior values de-
rived by the multicolour transit analysis (the uncertainties
left in these quantities after the multicolour modelling have
a very minor effect on the phase curve model), and assume
a circular orbit.

The phase curve model is parameterised by the compan-
ion’s Bond albedo, AB, log companion mass, logMp, host
star mass, M?, and the effective temperatures of the host
and the companion, T? and Tc, respectively. In its most
abstract form, the model is a sum of a constant baseline
level C (≈ 1) and the four components multiplied by their
amplitudes

F (φ) = C +ArFr +AtFt +AbFb +AeFe, (1)

where φ ∈ [0, 2π] is the orbital phase (φ = 0 for a transit),
ArFr is the reflected light, AtFt is thermal emission, AbFb is
the Doppler boosting, and AeFe is the ellipsoidal variation
signal.
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Fig. 6. Amplitudes of the four phase curve components for TOI-519 b as a function of the unknown companion mass, Bond albedo
(Ab), and effective temperature.

We approximate the planet as a Lambertian sphere10
(Russell 1916; Madhusudhan & Burrows 2012), for which
the phase function is given as

ArFr = k2 2

3

AB

a2
s

× (sinα+ (π − α) cosα)
π

E(φ), (2)

where k is the planet-star radius ratio, as the scaled semi-
major axis, α the phase angle α = |φ − π| , and E is the
eclipse function that is modelled as a transit over an uni-
form disk but with depth scaled from 0 (full eclipse) to 1
(out of eclipse).

The thermal emission is simplified to give a constant
contribution to the observed flux over the whole orbital
phase except when the companion is occulted by the star.
The contribution is a product of planet-star area ratio and
planet-star flux ratio calculated by approximating the host
star and the companion as black bodies,

AtFt = k2

∫
T (λ)P (Tp, λ) dλ∫
T (λ)P (T?, λ) dλ

× E(φ), (3)

where T is the TESS passband transmission, P is Planck’s
law, and λ the wavelength.

The expected Doppler boosting is calculated following
Loeb & Gaudi (2003)

AbFb =
β

c

(
2πG

p

)1/3
Mp sin i

M
2/3
?

× sinφ, (4)

where c is the speed of light, G is the gravitation con-
stant, p is the orbital period, and β is the photon-weighted
passband-integrated beaming factor (Bloemen et al. 2010),
described as

β =

∫
T (λ)λFλB dλ∫
T (λ)λFλ dλ

, (5)

where Fλ is the stellar flux at wavelength λ, and B =
5 + d logFλ/d log λ is the beaming factor (Loeb & Gaudi
10 Lambertian reflectance is admittedly rather a poor reflectance
model for a gas giant or a brown dwarf, but sufficient for our
purposes here.

2003).11 The beaming factor is calculated based on a stellar
spectrum modelled by Husser et al. (2013) rather than a
black body approximation.

The ellipsoidal variation model follows from Pfahl et al.
(2008) assuming a circular orbit, and is

AeFe =
0.15(15 + u)(1 + g)

3− g
Mp

M?

(
R?
a

)3

× sin2 i (− cos 2φ) ,

(6)

where u is the linear limb darkening coefficient, g is the
gravity darkening coefficient, a is the semi-major axis, and
R? is the stellar radius.

We model the correlated noise in the light curve as a
Gaussian process (GP) following an approximate Matern
3/2 kernel using the celerite package (Foreman-Mackey
et al. 2017). This is because the expected phase curve signal
amplitudes are very small, and correlated noise could either
lead to a false detection or mask an existing real signal, and,
especially, affect the posterior density tails. The flexibility
from a GP model leads to a conservative analysis where
we can be secure we do not underestimate the component
amplitudes allowed by the data, and that the derived upper
limits are robust. The GP noise model is parametrised by
log white noise, log input scale and log output scale, all
of which are kept free in the optimisation and posterior
estimation.

We set a normal prior on the host star effective tem-
perature of N (3300, 100) K and uniform priors on the
log companion mass (from 0.3 to 300MJup, see also dis-
cussion about the posterior sensitivity on the prior and
parametrisation in Sect. 6), effective temperature (from 500
to 3000 K), and Bond albedo (from 0 to 1). We set a normal
prior on the log white noise standard deviation, N (ŝ, 0.15),
where ŝ is a white noise estimate calculated from the flux
point-to-point scatter. The log GP input scale has a uni-
form prior U(−8, 8), and the log output scale a wide normal
prior N (−6, 1.5).
11 Methods to calculate the photon-weighted passband-
integrated beaming factor and the different phase curve com-
ponents can be found from PyTransit.
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5. Results

We show the photometry used in the multicolour analysis
with the transit model in Fig. 7, the posterior densities for
the true radius ratio, contaminant effective temperature,
impact parameter, and stellar density in Fig. 8, and the fi-
nal marginal posterior densities for the apparent and true
radius ratio, and the apparent and true absolute radius in
Fig. 9. The multicolour analysis gives a TESS contamina-
tion estimate of 0.31+0.04

−0.02, allows us to exclude significant
flux contamination from sources of different spectral type
than the host in the ground-based photometry, and also al-
lows us to constrain the contamination from sources with a
same spectral type as the host star to < 15% in the ground-
based photometry. This leads to median true radius ratio
of 0.298 with a 5th percentile posterior lower limit of 0.290
and a 95th percentile posterior upper limit of 0.315.

The posterior densities for the companion mass, effec-
tive temperature, and Bond albedo from the phase curve
analysis are shown in Fig. 10. The phase curve analysis
leads to a Teff,C posterior that is uniform between 0 K and
1750 K and then quickly slopes to zero. A tentative mode
can be seen near 1700 K, but this is not statistically sig-
nificant, and both the companion mass and Bond albedo
have their modes at lower prior limit. The analysis allows
us to set an upper limit of 1800 K (corresponding to the
95th posterior percentile) for the companion Teff , an up-
per albedo limit of 0.49, and upper companion mass limit
of 14MJup. The companion mass posterior has a long tail,
with a 99th percentile at ∼ 22MJup.

The companion mass posterior derived from the Doppler
boosting and ellipsoidal variation signals can be sensitive
on the prior set on the mass. We parameterise the compan-
ion mass using log mass on which we set a uniform prior
(which translates to a non-uniform prior on the mass), since
the companion mass is a "scale" parameter with an un-
known magnitude (Gelman et al. 2013; Parviainen 2018).
We tested the posterior sensitivity on the parameterisation,
and while the body of the posterior changes, the 95th pos-
terior percentile is not affected significantly.

6. Discussion and Conclusions

The reliability of transiting planet candidate validation
based on constraining the size of the transiting object de-
pends crucially on the reliability of the stellar radius esti-
mate. Large (∼ 1RJup) companions around low-mass stars
are especially problematic due to the mass-radius degener-
acy for objects in this radius regime and uncertainties in
the low-mass star radii. For TOI-519 b, while the radius
ratio is well-constrained, the companion’s absolute radius
depends on the stellar radius estimate based on M dwarf
mass-radius relations and stellar classification based on low-
resolution spectroscopy template matching. The companion
radius posterior ranges from 0.66 RJup (certainly a planet)
to 1.20 RJup (low-mass star or young brown dwarf). Only
with the effective temperature and companion mass limits
from the phase curve analysis can we assess if the object is
substellar.

The radius, effective temperature, and mass constraints
from the multicolour and phase curve analyses validate
TOI-519 b as a substellar object. That is, with R ∼ 1RJup,
M < 14MJup, and Tmathrmp < 1800 K, TOI-519 b is
either a very low mass brown dwarf or a massive planet

located in a very sparsely populated region in the period-
radius space for substellar objects around M dwarfs. Here,
the mass limit from the Doppler boosting creates a stronger
constrain on the nature of the companion than the temper-
ature limit, since the system is likely old enough that even
a low-mass star could have cooled down below our detec-
tion threshold. Further, the upper mass limit favours the
hypothesis that TOI-519 b is a planet rather than a brown
dwarf, but a brown dwarf scenario is strongly favoured a
priori. The currently known hot Jupiters around M dwarfs
generally orbit hosts hotter than 3700 K with periods larger
than 2 days, with the exception of Kepler-45b (see Fig. 11),
and the (period, radius, host Teff) space TOI-519 b falls in
is dominated by brown dwarfs.

We caution that, in the case of TOI-519, the TESS
crowding metric appears to be overestimated by the PDC
pipeline. The CROWDSAP value that corresponds to the "ra-
tio of target flux to the total flux in optimal aperture"
is 0.51, corresponding to a contamination of 0.49, while
our derived TESS contamination posterior median is 0.31.
Our TESS contamination estimate can be considered secure
since it is directly related to the differences in the apparent
transit depths measured from the TESS and ground-based
light curves. The ground-based transits are shallower than
expected based on the crowding-corrected (PDC) TESS -
observations, and this can only happen if the crowding is
overestimated. Overestimated crowding leads to an over-
estimated radius ratio, and, thus, overestimated absolute
radius. While this may be a rare occurrence, it is recom-
mended to check for discrepancies between the TESS and
ground-based photometry when carrying out a transit anal-
ysis, and include a free contamination factor for the TESS
photometry if a joint transit analysis can be carried out
with ground-based photometry.

Figure 11 shows TOI-519 b in the context of all currently
known planets and brown dwarfs transiting cool host stars,
and Fig. 12 extends these to include eclipsing M dwarf bi-
naries. While the small number of objects does not allow to
make any statistically significant inferences, we can recog-
nise some curious features whose significance will be uncov-
ered in the future. First, all large (R > 0.5RJup) objects
orbiting cool (Teff < 4000 K) dwarfs with periods shorter
than 2 d are brown dwarfs. If TOI-519 b is confirmed to
be planet it will be the only inhabitant of this parameter
space. However, this feature is not very significant in the
current context of low-number statistics, since all four of the
known hot Jupiters orbiting M dwarfs have periods from 2
to 4 d (i.e also relatively short). More significant is the lack
of large objects around cool dwarfs in the period range of 4
to 200 d, but this can be largely due to observational biases
(the figure includes only transiting objects with measured
radii).

The lower panel of Figure 11 shows a radius versus
host stellar temperature. We note that giant planets and
brown dwarfs seem to be found orbiting distinct spectral
types. All large objects (R > 0.5RJup) around the coolest
dwarfs (Teff < 3400 K) are brown dwarfs, except for HATS-
71 A b, and these transiting brown dwarfs seem to be
clustered orbiting cool dwarfs with Teff ∼ 3100 − 3400 K.
On the contrary, giant planets are found around spectral
types with Teff > 3700 K. For the spectral types with
Teff ∼ 3400 − 3700 K there is a desert of any companions
with a R > 0.5RJup. Whether this apparent clustering is
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Fig. 7. The phase folded and binned TESS light curve, MuSCAT2 light curves, MuSCAT light curves, and LCOGT light curves
together with the posterior median models and the residuals. The median baseline model has been removed from the observed and
modelled photometry for clarity.

of any significance needs to be verified by more hot Jupiter
and brown dwarf discoveries around cool dwarfs.
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Fig. 8. Marginal and joint posterior distributions for a set of parameters of interest from the joint light curve analysis.

Table 3. Relative and absolute estimates for the stellar and companion parameters derived from the multicolour transit analysis.

Ephemeris

Transit epoch T0 [BJD] 2458491.8771169± 1.3× 10−4

Orbital period P [days] 1.2652328± 5× 10−7

Transit duration T14 [h] 1.2332± 0.0097

Relative properties

Apparent radius ratio kapp [R?] 0.2939± 0.0037
True radius ratio ktrue [R?] 0.30 (−0.0058) (+0.0091)
Scaled semi-major axis as [R?] 10.11± 0.14
Impact parameter b 0.19 (−0.09) (+0.06)

Absolute properties

Apparent companion radiusa Rp,app [RJup ] 0.73± 0.20
True companion radiusa Rp,true [RJup ] 0.75± 0.21
Semi-major axisa a [AU] 0.012± 0.004
Eq. temperatureb Teq [K] 760± 54
Stellar density ρ? [g cm−3] 12.20 (−0.44) (+0.55)
Inclination i [deg] 88.9± 0.4

Notes. The estimates correspond to the posterior median (P50) with 1σ uncertainty estimate based on the 16th and 84th posterior
percentiles (P16 and P84, respectively) for symmetric, approximately normal posteriors. For asymmetric, unimodal posteriors, the
estimates are P50

P84−P50
P16−P50

. (a) The semi-major axis and planet candidate radius are based on the scaled semi-major axis and true
radius ratio samples, and the stellar radius estimate shown in Table 1. (b) The equilibrium temperature of the planet candidate
is calculated using the stellar Teff estimate, scaled semi-major axis distribution, heat redistribution factor distributed uniformly
between 0.25 and 0.5, and planetary albedo distributed uniformly between 0 and 0.4.

search Center for the production of the SPOC data products. This
work makes use of observations from the LCOGT network.
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