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ABSTRACT

Context. The G-type st ar GJ50 4A is known to host a 3–35 MJup companion whose temperature, mass, and projected separation all
contr ibute to making it a test case for planet for mation t heor ies and atmospher ic models of giant planets and light brown dwar fs.
Aims. We aim at revisiting t he system age, architecture, and companion physical and chemical proper ties using new complement ar y
inter ferometr ic, radial-velocity, and high-contrast imaging dat a.
Methods. We used t he CHARA inter ferometer to measure GJ50 4A’s angular diameter and obt ained an estimation of its radius in
combination wit h t he H I P PA R C O S parallax. The radius was compared to evolutionar y track s to infer a new independent age range for
t he system. We collected dual imaging dat a wit h IRDIS on VLT/SPHERE to sample t he near-infrared (1.02–2.25 m) spectral energy
distr ibution (SED) of t he companion. The SED was compared to five independent g r ids of atmospher ic models ( , ,

, Morley et al., and ) to infer t he atmospher ic parameters of GJ 50 4b and evaluate model-to-model systematic er rors. In
addition, we used a specific model g r id explor ing t he ef fect of dif ferent C/O ratios. Contrast limits from 2011 to 2017 were combined
wit h radial velocity dat a of t he host st ar t hrough t he tool to define upper limits on t he mass of additional companions in t he
system from 0.01 to 100 au. We used an MCMC fitting tool to constrain t he companion’s orbit al parameters based on t he measured
astrometr y, and dedicated for mation models to investigate its or igin.
Results. We repor t a radius of 1 35 0 04 R for GJ50 4A. The radius yields isochronal ages of 21 2 Myr or 4 0 1 8 Gyr for
t he system and line-of-sight stellar rot ation axis inclination of 162 4 3 8

4 3 deg rees or 18 6 4 3
3 8 deg rees. We re-detect t he companion in

t he Y2, Y3, J3, H2, and K1 dual-band images. The complete 1–4 m SED shape of GJ50 4b is best reproduced by T8-T9.5 objects
wit h inter mediate ages ( 1 5Gyr), and/or unusual dusty atmospheres and/or super-solar met allicities. All atmospher ic models yield
Te 550 50 K for GJ50 4b and point toward a low sur face g ravity (3.5–4.0 dex). The accuracy on t he met allicity value is limited
by model-to-model systematics; it is not degenerate wit h t he C/O ratio. We der ive log L L 6 15 0 15 dex for t he companion
from t he empir ical analysis and spectral synt hesis. The luminosity and Te yield masses of M 1 3 0 6

0 3 MJup and M 23 10
9 MJup for

t he young and old age ranges, respectively. The semi-major axis (sma) is above 27.8 au and t he eccentr icity is lower t han 0.55. The
poster ior on GJ 50 4b’s orbit al inclination suggests a misalignment wit h t he rot ation axis of GJ 50 4A. We exclude additional objects
(90% prob.) more massive t han 2.5 and 30 MJup wit h semi-major axes in t he range 0.01–80 au for t he young and old isochronal ages,
respectively.
Conclusions. The mass and semi-major axis of GJ 50 4b are marginally compatible wit h a for mation by disk-inst ability if t he system
is 4 Gyr old. The companion is in t he envelope of t he population of planets synt hesized wit h our core-accretion model. Additional
deep imaging and spectroscopic dat a wit h SPHERE and JWST should help to confir m t he possible spin-orbit misalignment and refine
t he estimates on t he companion temperature, luminosity, and atmospher ic composition.

Key words. techniques: high angular resolution – st ars: fundament al parameters – techniques: radial velocities –
techniques: inter ferometr ic – planets and satellites: atmospheres – planets and satellites: for mation

Based on obser vations collected at t he European Organisation for Astronomical Research in t he Sout her n Hemisphere under ESO prog rams
093.C-0500, 095.C-0298, 096.C-0241, and 198.C-0209, and on inter ferometr ic obser vations obt ained wit h t he VEGA instr ument on t he CHARA
Ar ray.
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1. Introduction

The most recent for mation and dynamical evolution models of
t he solar system (e.g., Walsh et al. 2011; Raymond & Izidoro
2017) propose t hat t he wide-orbit giant planets (Jupiter, Satur n)
have largely influenced t he composition and/or t he architecture
of t he inner solar system. Those models are guided by t he pop-
ulation of exoplanets est ablished below 8 au mainly t hrough
transit and radial velocity sur veys (e.g., Udr y & Santos 2007;
Marcy et al. 2008; Wr ight et al. 2009; Coughlin et al. 2016;
Crossfield et al. 2016; Mor ton et al. 2016). Several pieces of evi-
dence suppor t t he universality of t he core-accretion (CA; Pollack
et al. 1996; Aliber t et al. 200 4) for mation scenar io in t his separa-
tion range (e.g., Mordasini et al. 2009; Bowler et al. 2010). Some
systems (planets wit h large sky-projected obliquities; packed
systems; see Winn et al. 2005; Car ter et al. 2012; Bour r ier et al.
2018) highlight t he dramatic role played by dynamical interac-
tions such as disk-induced mig ration (for a review, see Bar uteau
et al. 2014), and planet–planet scatter ing (Nagasawa et al. 2008;
Ford & Rasio 2008) in st abilizing or (re)shaping t he system
architectures in t he first astronomical units.

Our knowledge of t he for mation and dynamical evolution of
planet ar y systems at large separation ( 8 au) is limited. It relies
for t he most par t on t he direct imaging (DI) met hod whose sensi-
tivity to low-mass companions increases on nearby (d 150 pc)
young systems (age 150 Myr). At t hese ages, planets can still
be hot and self luminous from t heir for mation (depending on t he
accretion phase, e.g., t he so called “hot” and “cold” st ar t condi-
tions; Marley et al. 2007; Mordasini et al. 2017) and be detected
at favorable contrasts in t he near-infrared (NIR; 1–5 m). The
implement ation of dif ferential met hods (Racine et al. 1999;
Marois et al. 2000, 2006) on 8 m g round-based telescopes
equipped wit h adaptive optics in t he late 2000s led to t he break-
t hrough detections of massive (5–13 MJup ) Jovian planets at shor t
physical separations (9–68 au) around t he young ( 17 30 Myr)
inter mediate-mass (AF) st ars HR 8799 (Marois et al. 2008,
2010), Pictor is (Lag range et al. 2009, 2010), and HD 95086
(Rameau et al. 2013a,b). Systems such as HR8799 challenge t he
CA paradigm whose timescales are too long at large orbit al radii
compared to t he circumstellar disk lifetimes (Haisch et al. 2001).
The g ravit ational inst ability scenar io (hereaf ter GI; e.g., Boss
1997; Forgan & Rice 2013) has been proposed as an alter native
to solve t hat issue. But t he GI model outcomes depend on t heir
sophistication (e.g., Kratter et al. 2010; Müller et al. 2018) and
some fine tuning is possible (e.g., Baehr et al. 2017; Boss 2017).

The model development can be guided by t he discover y of
new systems and by t he st atistics infer red from t he DI sur veys
(e.g., Janson et al. 2012; Vigan et al. 2017). The second gen-
eration of DI instr uments SPHERE (Beuzit et al. 2008), GPI
(Macintosh et al. 2008), and SCExAO (Jovanovic et al. 2015)
have been designed to detect fainter companions closer to t heir
st ars (10 6 contrasts at 500 mas). Ambitious sur veys such as t he
SpHere INfrared sur vey for Exoplanets (SHINE) aim at build-
ing a meaningful st atistics (400 600 st ars) on t he occur rence
and proper ties of t he giant planets from 5 au. These instr uments
have already detected two more planet ar y systems around t he
AF -type st ars 51 Er i and HIP 65426 (Macintosh et al. 2015;
Chauvin et al. 2017) and four BD companions around F and G-
type st ars (Konopacky et al. 2016; Milli et al. 2017; Cheet ham
et al. 2018a,b).

The high-precision astrometr y of t hese instr uments br ings
constraints on t he companion orbit al parameters and system
achitectures in spite of t he slow orbit al motions (Zurlo et al.
2016; Vigan et al. 2016; Maire et al. 2016a; Rameau et al. 2016;

Wang et al. 2016; Delor me et al. 2017c; Chauvin et al. 2018).
Str ingent detection limits can be der ived from t hese obser vations
at multiple epochs and be combined wit h radial velocity dat a of
t he host st ar to provide insightful constraints on t he masses of
undetected companions (Lannier et al. 2017; Chauvin et al. 2018)
over all possible semi-major axes.

SPHERE and GPI have extracted high-quality low-resolution
(R 30 300) NIR (1–2.5 m) spectra of most of t he known sub-
stellar companions found at projected separations below 100 au
(e.g., Bonnefoy et al. 2014c; Hinkley et al. 2015a; De Rosa
et al. 2016; Zurlo et al. 2016; Samland et al. 2017; Delor me
et al. 2017c; Chilcote et al. 2017; Mesa et al. 2018). In addition,
SPHERE uniquely allows for dual-band imaging of t he coolest
companions in nar row-band filters sampling t he H2O and CH4
absor ptions appear ing in t heir SEDs (Vigan et al. 2010, 2016).

An empir ical underst anding of t he companions’ nature can
be achieved t hrough t he compar ison of t heir spectra and photom-
etr y to t hose of t he many ultracool dwar fs found in t he field (e.g.,
Mace et al. 2013a; Best et al. 2015; Rober t et al. 2016) or in young
clusters (e.g., Best et al. 2017; Lodieu et al. 2018). Most young
planet and BD companions studied so far have spectral features
character istic of M- and L -type objects wit h hot atmospheres
1000 Te 3000 K . Some peculiar features appear such as t he
red spectral slopes and shallow molecular absor ption bands t hat
might be caused by t he low sur face g ravity of t he objects (e.g.
Bonnefoy et al. 2016; Delor me et al. 2017c).

Only t hree companions (51 Er i b, GJ 758b, HD 4113C)
wit h Te 800K and noticeable met hane absor ptions typical of
T-type dwar fs have been detected and/or character ized wit h t he
planet imaging instr uments so far (Vigan et al. 2016; Samland
et al. 2017; Rajan et al. 2017; Cheet ham et al. 2018a). The com-
panions 51 Er i b and GJ 758b exhibit peculiar colors (Vigan et al.
2016; Nilsson et al. 2017; Samland et al. 2017; Rajan et al. 2017)
t hat do not match any known object. Bot h t he low sur face g rav-
ity (e.g., 51 Er i b) and non-solar atmospher ic abundances might
explain t hese spectrophotometr ic proper ties. Chemical enr ich-
ments are indeed predicted to happen at for mation (e.g., Öberg &
Bergin 2016; Mordasini et al. 2016; Samland et al. 2017). The
empir ical underst anding of t hese objects is limited by t he small
number of young T-type objects identified to date (Luhman et al.
2007; Naud et al. 2014; Gagné et al. 2015, 2017, 2018a) or found
in met al-r ich environments (Bouvier et al. 2008).

Atmospher ic models aim at providing a global underst and-
ing of t he physical, chemical, and dynamical processes at play in
planet ar y and BD atmospheres. Models face dif ficulties match-
ing t he NIR colors ( J K J H ) of objects at t he so-called
T/Y transition cor responding to a Te of around 500 K (e.g.,
Bochanski et al. 2011), but promising new ing redients have been
introduced to solve t his issue. One is t he for mation of a cloud
deck made of alk ali salts and sulfides (Morley et al. 2012) whose
impact peak s at Te 500 600 K . Anot her g roup chose, rat her,
to introduce a modification of t he temperature g radient caused by
finger ing convection (Tremblin et al. 2015; Leggett et al. 2016).
The ef fect of t he finger ing inst ability on t he t her mal g radient,
however, has recently been questioned (Leconte 2018). The few
detected companions at t he T/Y transition are precious bench-
mark s for atmospher ic models because of t he known ages and
dist ances of t he host st ars.

A faint companion was resolved in 2011 at 2.5 projected
separation (43.5 au) from t he nearby (17 56 0 08 pc; van
Leeuwen 2007) G0-type st ar GJ 50 4 (Kuzuhara et al. 2013)
in t he course of t he “Strategic Exploration of Exoplanets and
Disk s wit h Subar u” (SEEDS) sur vey (Tamura 2009). The com-
panion mass was estimated to be 4 4 5

1 0 MJup , making it t he first
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Jovian exoplanet resolved around a solar-type st ar. This mass
estimate is nonet heless tied to t he host st ar age of 160 350

60
Myr infer red from gyrochronology and activity indicators. Some
tension existed between t his age and t he one der ived from evolu-
tionar y track s (Kuzuhara et al. 2013), but t he aut hors argued t hat
a reliable isochronal age could not be infer red because it would
have relied on Te measurements of t he st ar for which inconsis-
tent values exist in t he literature (e.g., Valenti & Fischer 2005;
da Silva et al. 2012). Fuhr mann & Chini (2015) der ived t heir
own Te estimate from t he modeling of a high-resolution opti-
cal spectr um of t he st ar. They found an isochronal age of 4 5 2 0

1 5
Gyr, implying a mass of 24 MJup for t he companion. D’Orazi
et al. (2017b) made a str ictly dif ferential (line-by-line) analy-
sis of GJ 50 4A spectra to der ive new atmospher ic parameters
and abundances. They confir med t hat t he st ar has a met allicity
above solar ([Fe H] 0 22 0 04) and infer red an isochronal
age of 2 5 1 0

0 7 Gyr, leaving GJ 50 4b in t he brown-dwar f mass
regime.

The companion has NIR broad-band photometr y
( J H K s L ) similar to late T-type objects (Kuzuhara et al.
2013). Janson et al. (2013) obt ained dif ferential imaging dat a
t hat showed a strong met hane absor ption at 1.6 m which
confir ms t he cool atmosphere of GJ 50 4b. Complemen-
t ar y obser vations (Skemer et al. 2016) were obt ained wit h
LBT/LMIRCam at wavelengt hs of 3.71, 3.88, and 4.00 m.
Skemer et al. (2016) estimate a Te 543 11 K consistent
wit h an object close to t he T/Y transition. The analysis also
reveals t hat t he companion might be enr iched in met als wit h
respect to GJ 50 4A. They also find a low sur face g ravity which
is more consistent wit h t he age estimated by Kuzuhara et al.
(2013). However, t hey did not study t he ef fect of possible
systematics related to t he choice of t he atmospher ic models used
to inter pret t he companion photometr y.

GJ 50 4A is br ight (V 5 19; Kharchenko et al. 2009)
and obser vable from most nor t her n and sout her n obser vator ies
(Dec = +09.42 ). Consequently, t he system is suit able to obser-
vations wit h an ar ray of techniques. This paper aims at revisiting
t he system proper ties based on inter ferometr ic measurements,
high-contrast imaging obser vations, and existing and new radial-
velocity (RV) dat a. We present t he obser vations and t he related
dat a processing in Sect. 2. We der ive a new age estimate for
t he system in Sect. 3. We analyze t he companion photomet-
r ic proper ties following an empir ical approach (Sect. 4) and
using atmospher ic models (Sect. 5). Section 6 summar izes t he
mass estimates of GJ50 4b t hat can be infer red from t he analy-
sis presented in t he previous sections. In Sect. 7, we exploit t he
companion astrometr y, t he RV measurements, and t he inter fero-
metr ic radius of GJ 50 4A to study t he system architecture. We
discuss our results in Sect. 8 and summar ize t hem in Sect. 9.

2. Observations

2.1. SPHERE high-contrast observations

We obser ved GJ 50 4 on seven dif ferent nights wit h t he SPHERE
instr ument mounted on t he VLT/UT3 (Table 1) as par t of t he
guaranteed time obser vation (GTO) planet search sur vey SHINE
(Chauvin et al. 2017). All t he obser vations were acquired in
pupil-tracking mode wit h t he 185 mass-diameter apodized-Lyot
coronog raph (Carbillet et al. 2011; Guer r i et al. 2011).

The t arget was obser ved on May 6, 2015, June 3, 2015,
March 29, 2016, and Febr uar y 10, 2017 wit h t he IRDIFS mode
of SPHERE. The mode enables operation of t he IRDIS instr u-
ment (Dohlen et al. 2008) in dual-band imaging mode (DBI;

Vigan et al. 2010) wit h t he H2H3 filters, and t he integ ral field
spectrog raph (IFS; Claudi et al. 2008) in Y J (0.95 1.35 m,
R 40) mode in parallel. The companion lies inside t he circu-
lar field of view (FOV) of 5 radius. It is however outside of
t he 1.7 1.7 IFS FOV.

We obt ained additional obser vations wit h t he IRDIFS_EXT
mode on June 5, 2015. The mode enables DBI wit h t he K1K2
filters (Table 1) and t he simult aneous use of t he IFS in t he Y H
mode (0.95 1.6 4 m, R 30). GJ 50 4 was t hen re-obser ved
on June 6 and 7, 2015 wit h IRDIS and t he DBI Y2Y3 and J2J3
filters (Table 1).

We collected additional calibration frames wit h t he waf-
fle patter n created by t he defor mable mir ror for t he May and
June 2015 epochs. Those frames were used to ensure an accu-
rate registration of t he st ar position behind t he coronag raph.
The waf fle patter n was maint ained dur ing t he whole sequence
of 2016 and 2017 IRDIFS obser vations to allow a registration
of t he individual frames along t he deep-imaging sequence. We
also collected nonsaturated exposures of t he st ar before and af ter
t he sequence of coronog raphic exposures for astrometr ic and
photometr ic extraction of point sources.

The IRDIS and IFS dat asets were reduced at t he SPHERE
Dat a Center (DC; Delor me et al. 2017b) using t he SPHERE Dat a
Reduction and Handling (DRH) pipeline (Pavlov et al. 2008).
The DRH car r ied out t he basic cor rections for bad pixels, dark
cur rent, and flat field. The DC per for med an improved wave-
lengt h calibration, a cor rection of t he cross-t alk , and removal
of bad pixels for t he IFS dat a (Mesa et al. 2015). It also applied
t he anamor phism cor rection to t he IRDIS dat a. We registered t he
frames fitting a two-dimentional mof fat function to t he waf fles.

We temporally binned some of t he registered cubes of IRDIS
frames to ensure we could r un t he angular dif ferential imaging
(ADI; Marois et al. 2006) algor it hms ef ficiently (binning fac-
tors of 2, 4, and 8 for t he K1K2, J2J3, and Y2Y3 dat a; factors
of 7 and 2 for t he May 2015 and June 2015 H2H3 dat a). We
selected t he resulting IFS dat acubes based on t he ratio of aver-
age fluxes in an inner and an outer r ing centered on 75 and
597 mas separation to ensure t hat we kept t he frames wit h t he
best Strehl ratio (flux ratio 1 3). Conversely, we selected 80%
(H2H3, K1K2, J2J3 dat asets) to 60% (Y2Y3 dat aset) of t he
frames wit h t he lowest halo values beyond t he AO cor rection
radius where GJ 50 4b lies (e.g., in a r ing located between 19 and
26 full-widt h-at-half-maxima).

The absolute on-sky or ient ation of t he instr ument and t he
detector pixel scale were calibrated as par t of a long-ter m mon-
itor ing conducted dur ing t he GTO (Maire et al. 2016a,b). The
values are repor ted in Table 2.

We used t he pipeline (Galicher et al 2018) to apply
t he ADI steps on t he IRDIS dat a. We applied t he Template
Locally Optimized Combination of Images (TLOCI; Marois
et al. 2014) algor it hm to extract t he photometr y and astrometr y
of t he companion and to der ive detection limits. The algor it hm
has been shown to extract t he flux and position of such compan-
ions wit h a high fidelity (Chauvin et al., in prep.). We also used
t he pr incipal component analysis (PCA; Soummer et al. 2012)
implemented in l and ANDROMEDA (Mugnier et al.
2009; Cant alloube et al. 2015) algor it hms to confir m our results.
We processed t he IFS dat a wit h a custom pipeline exploiting t he
temporal and spectral diversity (Vigan et al. 2015). The pipeline
der ived detection limits following t he estimation of t he flux
losses based on t he injection of fake planets wit h flat spectra. The
sensitivity cur ves account for t he small-number st atistics af fect-
ing t he noise estimates at t he inner most working angles (Mawet
et al. 2014).
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Table 1. Log of SPHERE obser vations.

Date UT-Time Instr ument Neutral DIT NDIT N EXP PA Seeing Air mass 0 Notes
(hh:mm) density (IRDIS/IFS) ( ) ( ) (ms)

06-05-2015 02:28 IRDIFS ND_3.5 8 16 s 8 4 1 1 0.46 1.63 1.22 0.9 unsat
06-05-2015 02:39 IRDIFS none 4 16 s 2 2 1 1 0.07 1.72 1.21 0.9 waf fles
06-05-2015 02:41 IRDIFS none 4 16 s 56 16 16 16 29.32 0.89 1.21 1.9
06-05-2015 03:59 IRDIFS none 4 16 s 2 2 1 1 0.07 0.83 1.24 1.9 waf fles
06-05-2015 0 4:00 IRDIFS ND_3.5 8 16 s 8 4 1 1 0.43 0.71 1.24 2.2 unsat
03-06-2015 00:32 IRDIFS ND_2.0 0 84 2 s 16 8 1 1 0.18 1.53 1.23 2.9 unsat
03-06-2015 00:33 IRDIFS none 16 16 s 2 2 1 1 0.23 1.67 1.23 2.7 waf fles
03-06-2015 00:34 IRDIFS none 16 16 s 16 16 16 16 28.77 1.30 1.21 2.8
03-06-2015 01:54 IRDIFS none 16 16 s 2 2 1 1 0.23 1.11 1.23 4.7 waf fles
03-06-2015 01:56 IRDIFS ND_2.0 0 84 2 s 16 8 1 0.19 0.85 1.23 6.1 unsat
05-06-2015 00:50 IRDIFS_EXT ND_2.0 0 84 2 s 16 8 1 0.20 1.47 1.21 1.9 unsat
05-06-2015 00:51 IRDIFS_EXT none 16 16 s 2 2 1 1 0.23 1.49 1.21 1.8 waf fles
05-06-2015 00:54 IRDIFS_EXT none 16 16 s 16 16 1 1 27.88 1.79 1.22 1.39
05-06-2015 02:11 IRDIFS_EXT none 16 16 s 2 2 1 1 0.19 1.75 1.26 1.5 waf fles
05-06-2015 02:13 IRDIFS_EXT ND_2.0 0 84 2 s 16 8 1 1 0.17 1.74 1.26 1.4 unsat
06-06-2015 00:41 IRDIS-Y2Y3 ND_3.5 4 s 15 1 0.50 1.27 1.21 2.1 unsat
06-06-2015 00:4 4 IRDIS-Y2Y3 none 2 s 3 1 0.05 1.30 1.21 2.2 waf fles
06-06-2015 00:45 IRDIS-Y2Y3 none 2 s 40 64 35.17 1.34 1.23 2.2
06-06-2015 01:49 IRDIS-Y2Y3 none 2 s 3 1 0.06 1.42 1.23 2.1 waf fles
06-06-2015 02:18 IRDIS-Y2Y3 none 2 s 3 1 0.05 1.21 1.28 2.6 waf fles
06-06-2015 00:41 IRDIS-Y2Y3 ND_3.5 4 s 15 1 0.38 1.31 1.28 2.5 unsat
07-06-2015 00:56 IRDIS-J2J3 ND_2.0 4 s 15 1 0.50 1.63 1.21 1.5 unsat
07-06-2015 00:59 IRDIS-J2J3 none 8 s 3 1 0.19 1.42 1.21 1.7 waf fles
07-06-2015 01:00 IRDIS-J2J3 none 8 s 32 16 28.27 1.95 1.23 1.38
07-06-2015 02:21 IRDIS-J2J3 none 8 s 3 1 0.14 2.55 1.30 1.2 waf fles
07-06-2015 02:28 IRDIS-J2J3 ND_2.0 4 s 15 1 0.35 2.33 1.32 1.3 unsat
29-03-2016 05:07 IRDIFS ND_3.5 8 16 s 21 11 1 1 1.25 1.29 1.21 1.7 unsat
29-03-2016 05:11 IRDIFS none 32 32 s 4 4 26 26 31.22 1.10 1.22 2.1 waf fles
29-03-2016 06:07 IRDIFS ND_3.5 8 16 s 21 11 1 1 0.19 1.12 1.22 1.8 unsat
10-02-2017 08:05 IRDIFS ND_3.5 8 16 s 21 11 1 1 1.23 0.65 1.22 5.1 unsat
10-02-2017 08:09 IRDIFS none 32 32 s 4 4 28 28 31.17 0.78 1.22 3.4 waf fles
10-02-2017 09:29 IRDIFS ND_3.5 8 16 s 21 11 1 1 1.12 0.93 1.24 2.6 unsat

Notes. UT-Time at st ar t. The seeing is measured at 0.5 m. DIT (detector integ ration time) refers to t he individual exposure time per frame. NDIT
is t he number of individual frames per exposure, N EXP is t he number of exposures, and PA refers to t he amplitude of t he parallactic rot ation.

The Y3 J3 H2, and K 1 filters sample t he main emission
peak s of cold companions (“on-channels”) while t he central
wavelengt hs of t he Y2 J2 H3, and K 2 filters are chosen to
sample t he molecular absor ptions. The companion is t here-
fore re-detected in t he “on” channels wit h signal-to-noise ratios
(S/Ns) ranging from 10 to 46 (Fig. 1). We also re-detect t he
object in t he Y2 ( Y 2 16 71 0 16 mag) channel at a S/N of
7. To conclude, we also tent atively re-detect t he object in t he H3
band in t he May 2016 dat a, which are t he deepest obt ained on t he
system wit h SPHERE. We considered t he photometr y extracted
from t he H3 channel as an upper limit in Sects. 4 and 5 to be con-
ser vative. We also der ive upper limits in t he J2 and K 2 channels
using t he injection of ar tificial planets.

The PCA and ANDROMEDA photometr y confir ms t he
contrasts and astrometr y found wit h t he TLOCI algor it hm.
Table 2 summar izes t he astrometr y extracted from t he dat a using
TLOCI. The June 2015 astrometr y obt ained wit h t he dif ferent
filter pairs on consecutive days are consistent. We model t hese
measurements in Sect. 7.1. The final contrasts were conver ted
to apparent magnitudes (Table 3) using t he st ar photometr y
estimated for t he SPHERE/IRDIS pass-bands (Appendix A).

We conver ted t he SPHERE apparent magnitudes of GJ 50 4b
to flux densities using a spectr um of Vega (Hayes 1985;
Mount ain et al. 1985), t he filter passbands 1 , and atmospher ic
extinction cur ves computed wit h t he SKYCAL C tool for our
obser ving conditions (Noll et al. 2012; Jones et al. 2013). We
followed t his procedure to conver t t he J H K L , CH4S, and
L photometr y from Kuzuhara et al. (2013) and Janson et al.
(2013) 2 . Finally, we directly used t he zero points and magni-
tudes repor ted in Skemer et al. (2016) to compute t he L_NB6,
L_NB7, and L_NB8 flux densities. Table 3 summar izes t he
companion apparent magnitudes and flux densities used in t his
study.

1

2 We considered Mauna Kea transmissions for an air mass of
1.0 and a water vapor column of 3 mm (

). The transmission has a
negligible impact on t he central values ( 1%) wit h respect to our er ror
bars.
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Table 2. GJ 50 4b astrometr y.

Date Instr ument Filter Platescale Tr ue Nor t h Sep PA
(mas/pixel) (deg) (mas) (deg)

26/03/2011 HiCIAO H 9 500 0 005 0 35 0 02 2479 16 327 94 0 39
22/05/2011 HiCIAO H 9 500 0 005 0 35 0 02 2483 8 327 45 0 19
12/08/2011 IRCS L 20 54 0 03 0 28 0 09 2481 33 326 84 0 94
28/02/2012 HiCIAO K s 9 500 0 005 0 35 0 02 2483 15 326 46 0 36
12/0 4/2012 HiCIAO J 9 500 0 005 0 35 0 02 2487 8 326 54 0 18
25/05/2012 IRCS L 20 54 0 03 0 28 0 09 2499 26 326 14 0 61
05/05/2015 SPHERE H2 12 255 0 009 1 712 0 063 2491 3 323 46 0 07
03/06/2015 SPHERE H2 12 255 0 009 1 712 0 063 2496 3 323 50 0 07
05/06/2015 SPHERE K 1 12 267 0 009 1 712 0 063 2497 4 323 60 0 10
06/06/2015 SPHERE Y2 12 283 0 009 1 712 0 063 2495 5 323 50 0 14
06/06/2015 SPHERE Y3 12 283 0 009 1 712 0 063 2501 3 323 49 0 07
07/06/2015 SPHERE J3 12 261 0 009 1 712 0 063 2499 6 323 40 0 14
29/03/2016 SPHERE H2 12 255 0 009 1 78 0 08 2495 2 322 48 0 05
29/03/2016 SPHERE H3a 12 255 0 009 1 78 0 08 2493 12 322 83 0 32
10/02/2017 SPHERE H2 12 255 0 009 1 719 0 056 2493 3 321 74 0 08

Notes. HiCIAO and IRCS astrometr y from Kuzuhara et al. (2013). (a) Tent ative re-detection at H3.

Table 3. Apparent magnitudes and flux densities of GJ 50 4b.

Filter c Mag Uncer t ainty Flux 1 lower limit 1 upper-limit Ref.
( m) ( m) (mag) (mag) (W m 2 m 1 ) (W m 2 m 1 ) (W m 2 m 1 )

Y2 1.022 0.0 49 20.98 0.20 2.325e-17 1.934e-17 2.795e-17 This work
Y3 1.076 0.050 20.14 0.09 4.237e-17 3.900e-17 4.603e-17 This work
J2 1.190 0.0 42 21.28 . . . . . . . . . 1.078e-17 This work
J3 1.273 0.0 46 19.01 0.17 6.705e-17 5.733e-17 7.841e-17 This work
H2 1.59 3 0.052 18.95 0.30 3.260e-17 2.473e-17 4.297e-17 This work
H3 a 1.667 0.054 21.81 0.35 1.990e-18 1.4 42e-18 2.747e-18 This work
K1 2.110 0 .102 18.77 0.20 1.423e-17 1.184e-17 1.711e-17 This work
K2 2.251 0.109 19.96 . . . . . . . . . 3.690e-18 This work
J 1.252 0.152 19.78 0.10 3.555e-17 3.243e-17 3.898e-17 Janson et al. (2013)
H 1.633 0.288 20.01 0.14 1.131e-17 9.94 4e-18 1.287e-17 Janson et al. (2013)
Ks 2.139 0.312 19.38 0.11 7.591e-18 6.860e-18 8.401e-18 Janson et al. (2013)

CH4S 1.551 0.139 19.58 0.13 1.974e-17 1.752e-17 2.226e-17 Janson et al. (2013)
CH4L 1.719 0.142 20.63 . . . . . . . . . 5.360e-18 Janson et al. (2013)

L’ 3.770 0.700 16.70 0.17 1.093e-17 9.34 4e-18 1.278e-17 Kuzuhara et al. (2013)
L_NB6 3.709 0.188 17.59 0.17 5.154e-18 4.407e-18 6.028e-18 Skemer et al. (2016)
L_NB7 3.875 0.234 16.47 0.19 1.229e-17 1.032e-17 1.46 4e-17 Skemer et al. (2016)
L_NB8 4.000 0.068 15.85 0.17 1.920e-17 1.6 41e-17 2.245e-17 Skemer et al. (2016)

Notes. The J2 and K 2 upper-limit magnitudes cor respond to t he 3 detection level. (a) Tent ative re-detection at H3. The photometr y cor responds to
t he one extracted from . We considered it as an upper limit for t he empir ical and atmospher ic model analysis.

2.2. Radial velocity

We obt ained 38 spectra between March 31, 2013, and May 23,
2016, wit h t he SOPHIE spectrog raph (Bouchy & Sophie Team
2006) mounted on t he OHP 1.93 m telescope. The spectra cover
t he 3872–6943 Å range wit h a R 75 000 resolution . The dat a
were reduced using t he Sof tware for t he Analysis of t he Four ier
Interspectr um Radial velocities (SAFIR; Galland et al. 2005).
From t he fit of t he cross-cor relation function, we der ive a sin i
of 6 5 1 km s 1 , in ag reement wit h t he value (6 1 km s 1 )
repor ted in D’Orazi et al. (2017b). The dat a reveal radial-velocity
var iations wit h amplitudes g reater t han 100 m s 1 t hat we model
in Sect. 8.1.2. The SOPHIE dat a are not enough to precisely mea-
sure t he per iod of t he var iations but t hey are compatible wit h

t he st ar rot ation per iod measured by Donahue et al. (1996). To
complement t he SOPHIE dat a, we also used 57 archival RV dat a
points from t he long-ter m monitor ing of t he st ar obt ained as par t
of t he Lick planet search sur vey. They span from June 12, 1987
to Febr uar y 2, 2009 (Fischer et al. 2014).

2.3. Interferometry

We obser ved GJ50 4 on June 23–25, 2017 wit h t he VEGA instr u-
ment (Mourard et al. 2009; Ligi et al. 2013) at t he CHARA
inter ferometr ic ar ray (ten Br ummelaar et al. 2005). We used
t he VEGA medium spectral resolution mode ( 6000) and
selected t hree spectral bands of 20 nm centered at 550, 710,
and 730 nm. We recorded seven dat asets wit h t he E2W1W2
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Fig. 1. High-contrast images of t he immediate environment of GJ 50 4A
obt ained wit h t he DBI filters of IRDIS and using t he TLOCI angu-
lar dif ferential imaging algor it hm. The st ar center is located in t he
lower-lef t cor ner of t he images. GJ 50 4b is re-detected (ar row) into t he
Y2 Y3 J3 H2, and K 1 bands. The companion is tent atively re-detected
in t he H3 channel. The H2-H3 images cor respond to t he March 2016
dat a.

telescope tr iplet, allowing us to reach baselines spanning from
about 100 to 220 m. Each t arget obser vation of about 10 min
is interspersed wit h obser vations of reference st ars to cali-
brate t he instr ument al transfer function. We used t he JMMC
SearchCal 3 ser vice (Bonneau et al. 2006) to select calibra-
tors t hat are br ight and small enough, and close to t he t arget:
HD 110 423 (whose unifor m-disk angular diameter in R band
equals 0.250 0.007 mas according to Bourges et al. 2017) and
HD 126248 (0.362 0.011 mas).

We used t he st andard VEGA dat a-reduction pipeline
(Mourard et al. 2009) to compute t he calibrated squared visi-
bility of each measurement. Those visibilities were fitted wit h
t he LITpro 4 tool to deter mine a unifor m-disk angular diame-
ter UD = 0.685 0.019 millisecond of arc (mas). We used
t he Claret t ables (Claret & Bloemen 2011) to deter mine t he
limb-darkened angular diameter LD = 0.71 0.02 mas using
a linear limb-darkening law in t he R band for an ef fective
temperature ranging from 6000 to 7000 K (limb-darkening coef-
ficient of 0.4 4). Assuming a parallax of 56.95 0.26 mas (van
Leeuwen 2007), we deduced a radius of R = 1.35 0.0 4 R for
GJ 50 4A.

3. Revised stellar properties

We compared t he radius and t he st ar luminosity der ived in
Appendix A to t he PARSEC isochrones (Bressan et al. 2012) for
a Z = 0.024 (Fig. 2) cor responding to t he [Fe/H] = 0 22 0 04 dex
of GJ 50 4A (D’Orazi et al. 2017b). The track s were generated
using t he CMD3.0 tool 5 . The 1 uncer t ainty on L and R are
consistent wit h two age ranges for t he system: 21 2 Myr and
4 0 1 8 Gyr, acco rding to t hese models. We also infer a new
mass estimate of 1.10–1.25 M for t he st ar. We find similar
solutions using t he DARTMOUTH models (Dotter et al. 2008).
These isochronal ages are inconsistent wit h t he inter mediate

3

4

5

Fig. 2. Position of GJ50 4 in t he Her tzspr ung–Russell diag ram. The con-
straints on t he fundament al parameters are indicated by t he 1 -er ror
box (log( L L ), R ). PARSEC isochrones for [Fe/H] = 0 22 0 08 dex
(Z = 0.024, Y = 0.29) are over plotted in blue lines for t he old age
solution, and in pur ple for t he young age solution.

age repor ted in Kuzuhara et al. (2013). The old age range
overlaps wit h t he one repor ted in Fuhr mann & Chini (2015)
and D’Orazi et al. (2017b). The young age estimate had been
neglected in Fuhr mann & Chini (2015) and was not discussed
fur t her in D’Orazi et al. (2017b). We re-investigate below how
our isochronal age estimates fit wit h t he ot her age indicators in
light of t he measured met allicity of t he host-st ar (D’Orazi et al.
2017b) and recent work on clusters.

The Bar ium abundance is known to decrease wit h stellar
age (e.g., D’Orazi et al. 2009; Biazzo et al. 2017). The value
for GJ 50 4A ([Ba Fe] 0 04 0 01 0 03dex; D’Orazi et al.
2017b) is compatible wit h t hose of t hin-disk st ars (Delgado
Mena et al. 2017). It is clearly at odds wit h t he one der ived
for 10–50 Myr-old st ars in associations and clusters (D’Orazi
et al. 2009, 2017a; De Silva et al. 2013; Reddy & Lamber t
2015). The kinematics of GJ 50 4 is also known to be incon-
sistent wit h young moving g roups (YMG) or any known young
open clusters (Kuzuhara et al. 2013; D’Orazi et al. 2017b) which
are t he only g roups of young st ars wit h dist ances compatible
wit h t hat of GJ 50 4A. St ars from young nearby associations and
from young clusters ( 150 Myr) are generally restr icted to solar
met allicity values while GJ 50 4A has a super solar met allic-
ity (e.g., D’Orazi & Randich 2009; Biazzo et al. 2012, 2017;
Spina et al. 2017). The Hyades super-cluster is t he closest g roup
of met al-r ich st ars to GJ 50 4A. But t he kinematics of GJ 50 4A
is incompatible wit h t hese st ars, in par ticular t he V heliocentr ic
space velocity (Montes et al. 2001) and t he ages of t hese clus-
ters are in any case at odds wit h t hose infer red from t he track s.
The Σ tool (Gagné et al. 2018b) yields a null probability
of membership to t he 27 nearby ( 150 pc) associations (NYA;
including t he Hyades), considered, and predicts t he system to
belong to t he field (99.9% probability).

D’Orazi et al. (2017b) repor t stellar ages of 4 40 and 431 Myr
from t he log R HK and log LX / Lbol of GJ 50 4A using t he
Mamajek & Hillenbrand (2008) calibrations. The R HK index
of GJ 50 4A ( 4 45 dex; Radick et al. 1998) is in fact still
compatible wit h t hose of some late-F/early-G st ars (HIP 490,
HIP 1481) from t he Tucana–Horologium association (45
4 Myr; Mamajek & Hillenbrand 2008; Bell et al. 2015) and
may also reside wit hin t he envelope of values of Sco-Cen st ars
(11–17 Myr; Chen et al. 2011; Pecaut et al. 2012). The R HK
is also compatible wit h an age younger t han 1.45 Gyr set by
t he stellar activity in t he open cluster NGC 752. That upper
limit is not consistent wit h t he old isochronal age of GJ 50 4A
(Fig. 2 of Pace 2013), but it does not account for t he possible
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impact of GJ50 4 enhanced met allicity (Rocha-Pinto & Maciel
1998) and for t he possible long-ter m activity cycles ( 30 years)
of t he st ar whose existence has not been investigated t hus far.
Kuzuhara et al. (2013) argued t hat t he X-ray activity of GJ 50 4A
( Lx Lbol 4 42 dex; Hünsch et al. 1999) is less reliable t han
t he R HK index because of t he temporal baseline which is much
shor ter t han t he one of t he Calcium line measurement (while t he
two age indicators are cor related; Ster zik & Schmitt 1997). We
do not discuss t his indicator any fur t her.

The Lit hium line of GJ 50 4A has previously been used by
Kuzuhara et al. (2013) to infer an age range of 30–500 Myr. In
fact, dif ferent values for t he abundance and equivalent widt hs
have been repor ted for t he st ar (equivalent widt h ranging from
81 to 83.1 mÅ; A(Li) = 2.74–2.91; Balachandran 1990; Favat a
et al. 1996; Takeda & K awanomoto 2005; Ghezzi et al. 2010b;
Ramírez et al. 2012). The spread is likely related to t he uncer-
t ainty in t he line-fitting met hod, atmospher ic parameter uncer-
t ainties, and atmospher ic models used (Honda et al. 2015).
Lit hium is also known to be a cr ude age estimator at t he intr in-
sic mass and Te of t he st ar (Kuzuhara et al. 2013). The Li
abundance of GJ 50 4A is in fact still compatible wit h t he val-
ues repor ted for t he Sco-Cen st ars (Chen et al. 2011), but,
conversely, it is consistent wit h some 1.1–1.3 M st ars of t he
well-character ized solar-met allicity cluster NGC 752 (Fe/H =

0 01 0 04; Sestito et al. 200 4; Castro et al. 2016) and of t he
met al-enr iched 3 Gyr old cluster NGC 6253 (Fe/H = 0 43
0 01; Ant hony-Twarog et al. 2010; Cummings et al. 2012).

Kuzuhara et al. (2013) der ive an age of 160 70
60 Myr for t he

system using t he rot ation per iod and var ious gyrochronology
relations (Bar nes 2007; Mamajek & Hillenbrand 2008; Meibom
et al. 2009). It is possible to der ive t he age of st ars wit h a con-
vective envelope from a measured rot ation per iod only if t hey
belong to t he “I sequence” of slow rot ators. These relations are
well est ablished and robust for such solar-type st ars. Wit h a rot a-
tion per iod of 3.33 days for a spectral type of G0, GJ50 4 is a
fast rot ator, and t herefore belongs to t he “C sequence” of fast
rot ators as defined in Bar nes (2003), or has just reached t he
“I sequence”. The significant probability t hat GJ50 4 is a fast
rot ator means t he calibrated gyrochronological relations used
to directly measure its age wit h associated er ror bars are not
reliable. This is confir med by obser vations and model realiza-
tions (e.g., Gallet & Bouvier 2013; Gallet & Bouvier 2015) t hat
show t hat G st ars wit h a per iod of 3.3 days can have any age
between 1 and 200 Myr. Conversely, gyrochronology provides
a ver y robust upper limit on t he age of such objects at t he bor-
der between t he I and C sequences, which by design have to be
younger t han t he age at which fast rot ators of a given mass have
all converged toward t he “I sequence” of slow rot ators. Bar nes
(2003) and Meibom et al. (2009) show t hat G-type st ar conver-
gence time is typically 150 Myr. Close inspection of t he M34
rot ation sequence der ived by Meibom et al. (2011) shows t hat
all G st ars of t his cluster have tur ned into slow rot ators. This
means t hat if t he rot ation per iod of GJ50 4A der ived by Donahue
et al. (1996) is cor rect, t hen t he st ar is probably younger t han
150 Myr and t he age of M34 ( 220 Myr) is a conser vative upper
limit.

Table 4 summar izes t he ages der ived from t he dif ferent indi-
cators. None of t he two possible isochronal age ranges can be
fir mly excluded. Asteroseismology might disent angle between
our solutions (e.g., Silva Aguir re et al. 2015). We will consider
bot h age ranges in t he following sections. In Sect. 8.1, we discuss
two scenar ios to explain t he divergent conclusions from t he age
indicators.

Table 4. Summar y of t he dif ferent diagnostics on t he age of GJ 50 4A.

Indicator Age range

Isochrones 21 2 Myr or 4 0 1 8 Gyr
Bar ium 1 Gyr
Activity 1.45 Gyr
Rot ation 220 Myr
Lit hium 3 Gyr

4. Empirical analysis of GJ 504b photometry

The SPHERE photometr y more t han doubles t he number of
photometr ic dat a points sampling t he NIR (1–2.5 m) SED
(Kuzuhara et al. 2013; Janson et al. 2013) of GJ 50 4b. The
H2 H3 color confir ms t he detection of a 1.6 m met hane
absor ption in GJ 50 4b’s atmosphere (Janson et al. 2013).
The Y2 Y3 color of GJ 50 4b is modulated by t he red wing of
t he pot assium doublet at 0.77 m (Allard et al. 2007). The J2 J3
and K 1 K 2 colors indicate t hat t he companion has strong addi-
tional met hane and water bands at 1.1 and 2.3 m. The IRDIS
photometr y allows for a det ailed compar ison of GJ 50 4b to t he
large set of brown dwar f and young giant planets for which NIR
spectra are available.

Figure 3 shows GJ 50 4b photometr y in two selected color-
magnitude diag rams (CMDs) exploiting t he IRDIS photometr y.
Appendix C det ails how t he CMDs are created. Late T-type
companions wit h some knowledge on t heir met allicity are
shown for compar ison (light blue squares, see Appendix B).
GJ 50 4b has a similar Y J H , and K -band luminosity and
Y3 Y2 Y3 J3 J3 H2, and Y3 H2 colors as t hose of T8.5–
T9 objects. The companion UMa C has t he closest absolute
J3 and H2 magnitude to GJ 50 4b, but t he latter has redder
H2 H3 colors indicative of a suppressed 1.6 m CH 4 absor p-
tion t hat might be related to sub-solar met allicity. GJ 50 4b J and
H -band luminosity are consistent wit h t hose of t he T9 st andard
UGPSJ072227.51-054031.2 (Lucas et al. 2010; Cushing et al.
2011). The upper limits on t he J2 J3 H2 H3, and K 1 K 2
colors are close to t hose of late-T dwar fs.

We overlay GJ 50 4b IRDIS photometr y in color–color dia-
g rams (CCD; see Appendix C for det ails) cor responding to t he
SPHERE filter sets (Fig. 4). The late T-type benchmark objects
(Appendix B) are packed in t he J3-H2/Y3-J3 CCD despite t he
dif ferent met allicity of t hese objects. GJ 50 4b has a placement
compatible wit h t hose objects; it has redder colors t han most
early Y dwar fs. Conversely, t he benchmark companions wit h
sub-solar met allicities have bluer colors in t he J3-K1/H2-K1
CCD diag ram t han t hose wit h solar-met allicities for a given
spectral type. The K 1-band colors are indeed expected to be
modulated by t he pressure-induced absor ptions of H 2 which
is in tur n related to t he met allicity and g ravity. GJ 50 4b has
redder colors t han t he T9 st andard UGPSJ072227.51-054031.2
despite t he fact t hat t he two objects share t he same luminosity
(see below). It has a similar placement to t he T8 compan-
ion Ross 458C whose host st ar is shar ing t he same met allicity
range as GJ 50 4A but has an age (150–800 Myr; Burgasser
et al. 2010) inter mediate between t he two age ranges der ived in
Sect. 3. Three ot her late-T objects have similar deviant colors:
WISEP J231336.41-803701.4 (Burgasser et al. 2011), CFBD-
SIR J214947.2-0 40308.9 (Delor me et al. 2012), and 51 Er i b
(Macintosh et al. 2015). CFBDSIR2149-0 4 is possibly younger
t han t he field and/or met al enr iched (Delor me et al. 2017a). The
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2 M 1 6 1 0- 1 9 1 3 B

G J 7 5 8 b

ζ  D el B

5 1 Eri b
H D 4 1 1 3 C

R O S S 4 5 8 C ( T 8,  F e/ H = 0. 2- 0. 3)

B D + 0 1 _ 2 9 2 0 B ( T 8, F e/ H =- 0. 4)

H D 3 6 5 1 B ( T 7. 5, F e/ H = 0. 1- 0. 2)

G 2 0 4- 3 9 B ( T 6. 5, F e/ H = 0. 0)

Gl 5 7 0 D ( T 7. 5, F e/ H = 0. 0)

W olf 9 4 0 B ( T 8. 5, F e/ H = 0. 2)

C F B D SI R 2 1 4 9- 0 4 0 3 ( T 7. 5)

W olf 1 1 3 0 B ( T 8, F e/ H =- 0. 6)
ξ  U M a C ( T 8. 5, F e/ H =- 0. 3)

Y 0- Y 2

- 4 - 2 0 2
H 2- H 3

2 0

1 5

1 0

M
H
2

Fi g. 3. C ol or- m a g nit u d e di a gr a ms f or t h e S P H E R E/I R DI S p h ot o m etr y. T h e b e n c h m ar k T-t y p e c o m p a ni o ns ar e o v erl ai d (f ull bl u e s y m b ols). T h eir
pr o p erti es ar e s u m m ari z e d i n A p p e n di x B .
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WI S E 2 3 1 3- 8 0 ( T 8)

C F B D SI R 2 1 4 9- 0 4 0 3 ( T 7)
WI S E 0 3 2 5- 5 0 ( T 8)

G 2 0 4- 3 9 B ( T 6. 5, F e/ H = 0. 0)

R o s s 4 5 8 C ( T 8,  F e/ H = 0. 2- 0. 3)

H D 3 6 5 1 B ( T 7. 5, F e/ H = 0. 1- 0. 2)

B D + 0 1 2 9 2 0 B ( T 8, F e/ H =- 0. 4)

Gl 5 7 0 D ( T 7. 5, F e/ H = 0. 0)

Gl 2 2 9 B ( T 7, F e/ H =- 0. 2:)

W olf 1 1 3 0 B ( s d T 8, F e/ H =- 0. 6)

H N P e g B

V H S J 1 2 5 6- 1 2 5 7 B

G J 5 0 4 b

G J 7 5 8 b

- 2 - 1 0 1 2 3
J 3- K 1

- 2. 0
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0. 0

0. 5

1. 0

H
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K
1

L 0- L 5
L 6- L 9
T 0- T 5
T 6- T 7

M 0- M 9U G P S J 0 7 2 2 2 7. 5 1- 0 5 4 0 3 1. 2 ( T 9 st d)

T 8- T 9

WI S E 1 6 1 7 + 1 8 ( T 8)

WI S E 2 3 1 3- 8 0 ( T 8)

C F B D SI R 2 1 4 9- 0 4 0 3 ( T 7)

G 2 0 4- 3 9 B ( T 6. 5, F e/ H = 0. 0)

R o s s 4 5 8 C ( T 8,  F e/ H = 0. 2- 0. 3)
H D 3 6 5 1 B ( T 7. 5, F e/ H = 0. 1- 0. 2)

B D + 0 1 2 9 2 0 B ( T 8, F e/ H =- 0. 4)

Gl 5 7 0 D ( T 7. 5, F e/ H = 0. 0)

W olf 9 4 0 B ( T 8. 5, F e/ H = 0. 2)

ξ  U M a C ( T 8. 5, F e/ H =- 0. 3)

Gl 2 2 9 B ( T 7, F e/ H =- 0. 2:)

H N P e g B

2 M 0 1 2 2- 2 4 b

V H S J 1 2 5 6- 1 2 5 7 B
HI P 6 5 4 2 6 b

G J 5 0 4 b

G J 7 5 8 b

5 1 Eri b

Fi g. 4. C ol or – c ol or di a gr a m usi n g t h e S P H E R E/I R DI S p h ot o m etr y. T h e gr e e n st ars c orr es p o n d t o d ust y a n d/ or y o u n g d w arfs at t h e L/ T tr a nsiti o n.
T h e y ell o w st ars c orr es p o n d t o t h e b e n c h m ar k T-t y p e c o m p a ni o ns a n d is ol at e d o bj e cts list e d i n Ta bl e A. 2 .

pl a n et 5 1 Eri b is or biti n g a y o u n g st ar ( M o nt et et al. 2 0 1 5 ) a n d
is pr o p os e d t o b e m et al- e nri c h e d (S a ml a n d et al. 2 0 1 7 ). T h os e
o bj e cts c o n fir m t h at t h e gr a vit y a n d/ or t h e m et alli cit y i n d u c es a
s hift t o w ar d r e d d er c ol ors i n t h at C C D.

We us e d t h e G g o o d n ess- of- fit i n di c at or ( C us hi n g et al. 2 0 0 8 )
t o c o m p ar e t h e p h ot o m etr y of GJ 5 0 4 b t o t h os e of r ef er e n c e
o bj e cts ( Fi g. 5 ).

G k =
n

i= 1

w i
fi − α k F k ,i

σ i

2

, ( 1)

w h er e f a n d σ ar e t h e o bs er v e d p h ot o m etr y of GJ 5 0 4 b
a n d ass o ci at e d err or, a n d w ar e t h e filt er wi dt hs. F k c orr e-
s p o n ds t o t h e p h ot o m etr y of t h e t e m pl at e s p e ctr u m k . α k is a

m ulti pli c ati v e f a ct or b et w e e n t h e c o m p a ni o n p h ot o m etr y a n d t h e
o n e of t h e t e m pl at e w hi c h mi ni mi z es G k .

T h e e x cl usi o n of t h e K - b a n d p h ot o m etr y fr o m t h e fit all o ws
t h e c o m p aris o n t o b e e xt e n d e d t o t h e Y d w arf d o m ai n w h er e
t h e K b a n d fl u x of t h os e o bj e cts is f ull y s u p pr ess e d. T h e r ef er-
e n c e p h ot o m etr y is t a k e n fr o m t h e S p e X Pris m li br ar y ( B ur g ass er
2 0 1 4 ) i n a d diti o n t o C us hi n g et al. (2 0 1 4 ), M a c e et al. (2 0 1 3 a ),
a n d S c h n ei d er et al. (2 0 1 5 ). We als o a d d e d t h e p h ot o m etr y of
p e c uli ar l at e- T d w arfs d es cri b e d i n A p p e n di x B . Fi g ur e 6 pr o-
vi d es a vis u al c o m p aris o n of t h e fit f or s o m e o bj e cts of i nt er est.
We c o n fir m t h at t h e o v er all NI R l u mi n osit y of t h e c o m p a n-
i o n is b est r e pr es e nt e d b y t h e T 9 st a n d ar d U G P SJ 0 7 2 2 2 7. 5 1-
0 5 4 0 3 1. 2 ( L u c as et al. 2 0 1 0 ). C o m p a ni o ns wit h s u p er-s ol ar
m et alli cit y a n d/ or cl o u d y at m os p h er es t e n d t o h a v e r e d u c e d
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M. B o n n ef o y et al.: T h e GJ 5 0 4 s yst e m r e visit e d

T 0 T 2 T 4 T 6 T 8 Y 0 Y 2
S p e ctr al t y p e

1

1 0

G

Gl 2 2 9 B ( T 7, F e/ H =- 0. 2)

G 2 0 4- 3 9 B ( T 6. 5, F e/ H = 0. 0) B D + 0 1 2 9 2 0 B ( T 8, F e/ H =- 0. 4)

H D 3 6 5 1 B ( T 7. 5, F e/ H = 0. 1- 0. 2)

Gl 5 7 0 D ( T 7. 5, F e/ H = 0. 0)

WI S E 1 6 1 7 + 1 8
WI S E 2 3 1 3- 8 0

C F B D SI R 2 1 4 9

WI S E 0 3 2 5- 5 0

WI S E 1 8 1 2 + 2 7

d o e s n ot m at c h u p. li mit s
m at c h e s u p. li mit s

Y 2 t o H 2 b a n d s

T 0 T 2 T 4 T 6 T 8 Y 0
S p e ctr al t y p e

1

1 0

G

Gl 2 2 9 B ( T 7, F e/ H =- 0. 2)
G 2 0 4- 3 9 B ( T 6. 5, F e/ H = 0. 0)

B D + 0 1 2 9 2 0 B ( T 8, F e/ H =- 0. 4)

H D 3 6 5 1 B ( T 7. 5, F e/ H = 0. 1- 0. 2)

Gl 5 7 0 D ( T 7. 5, F e/ H = 0. 0)

R o s s 4 5 8 C ( T 8,  F e/ H = 0. 2- 0. 3)

WI S E 1 6 1 7 + 1 8

WI S E 2 3 1 3- 8 0

C F B D SI R 2 1 4 9

WI S E 1 8 1 2 + 2 7

Y 3 t o K 2 b a n d s

Fi g. 5. G o o d n ess- of- fits ( G) c orr es p o n di n g t o t h e c o m p aris o n of
GJ 5 0 4 b p h ot o m etr y t o t h os e of e m piri c al o bj e cts i n t h e Y 2 t o H 2 b a n ds
(t o p) a n d fr o m t h e Y 3 t o K 2 b a n ds ( b ott o m). T h e bl u e st ars c orr es p o n d
t o b e n c h m ar k T-t y p e c o m p a ni o ns w hil e t h e pi n k o n es c orr es p o n d t o
p e c uli ar fr e e- fl o ati n g T-t y p e o bj e cts (s e e A p p e n di x B ).

G v al u es c o m p ar e d t o a n al o gs wit h d e pl et e d m et als. T h e T 8
d w arf WI S E A J 0 3 2 5 0 4. 5 2 – 5 0 4 4 0 3. 0 pr o d u c es t h e b est fit of t h e
YJ H b a n d fl u x; it is esti m at e d t o h a v e a 1 0 0 % cl o u d y at m os p h er e
wit h l o w s urf a c e gr a vit y (l o g g = 4. 0) a n d b e o n t h e y o u n g er
e n d of t h e a g e r a n g e ( 0. 0 8 – 0. 3 G yr) of all c o nsi d er e d o bj e cts
i n S c h n ei d er et al. (2 0 1 5 ). T h e i nt er m e di at e a g e a n d m et al-ri c h
c o m p a ni o n R O S S 4 5 8 C pr o d u c es a n e x c ell e nt fit of t h e Y - t o
K - b a n d fl u x es of GJ 5 0 4 b, b ut it is cl e arl y m or e l u mi n o us.

We c o n cl u d e t h at GJ 5 0 4 b is a T 9 + 0 .5
− 1 o bj e ct wit h p e c u-

li ar NI R c ol ors t h at c o ul d b e attri b ut e d t o l o w s urf a c e gr a vit y
a n d/ or e n h a n c e d m et alli cit y. We us e at m os p h eri c m o d els i n t h e
f oll o wi n g s e cti o n t o f urt h er e x pl or e t his l att er fi n di n gs.

Usi n g t h e B C J = 2 .0 + 0 .4
− 0 .1 m a g a n d B C H = 1 .7 + 0 .4

− 0 .2 m a g

of T 9 + 0 .5
− 1 d w arfs fr o m D u p u y & Kr a us (2 0 1 3 ), w e fi n d a

l o g (L / L ) = − 6 .3 3 + 0 .1 2
− 0 .2 0 a n d a l o g (L / L ) = − 6 .3 0 + 0 .1 4

− 0 .2 2 f or

GJ 5 0 4 b, r es p e cti v el y 6 . T h e b ol o m etri c c orr e cti o ns mi g ht h o w-
e v er n ot b e a p pr o pri at e f or t h e p e c uli ar S E D of GJ 5 0 4 b b e c a us e
it c orr es p o n ds t o t h e a v er a g e d v al u es f or “r e g ul ar ” d w arfs i n
s p e ctr al t y p e bi ns. T h er ef or e, w e c o nsi d er e d t h e l o g (L / L ) =
− 6 .2 0 ± 0 .0 3 of t h e T 9 o bj e ct U G P S J 0 7 2 2 2 7. 5 1- 0 5 4 0 3 1. 2
(D u p u y & Kr a us 2 0 1 3 ) a n d t h e fl u x-s c ali n g f a ct or α = 1 .0 4 v al u e
f o u n d a b o v e t o esti m at e a l o g (L / L ) = − 6 .1 8 ± 0 .0 3 d e x f or
GJ 5 0 4 b . If t h e T 8. 5 c o m p a ni o n W olf 9 4 0 B is us e d i nst e a d
(l o g (L / L ) = − 6 .0 1 ± 0 .0 5 ; L e g g ett et al. 2 0 1 0 ), w e fi n d a
l o g (L / L ) = − 6 .2 3 ± 0 .0 5 d e x f or GJ 5 0 4 b.

5. At m o s p h eri c pr o p erti e s of G J 5 0 4 b

5. 1. F or w ar d m o d eli n g wit h t h e G st ati sti c s

5. 1. 1. M o d el d e s cri pti o n

We c o nsi d er e d fi v e i n d e p e n d e nt gri ds of s y nt h eti c s p e ctr a
r el yi n g o n diff er e nt t h e or eti c al m o d els t o c h ar a ct eri z e t h e

6 Usi n g M b ol , = 4. 7 4 m a g ( Prš a et al. 2 0 1 6 ).

F
λ
 (

W.
m-

2 .µ
m

-
1 )

    

0

2. 0• 1 0 - 1 7

4. 0• 1 0 - 1 7

6. 0• 1 0 - 1 7

8. 0• 1 0 - 1 7

1. 0• 1 0 - 1 6

1. 2• 1 0 - 1 6

H D 4 1 1 3 C x 0. 5 6

G J 7 5 8 B x 0. 5 5
5 1 Eri b x 0. 1 9

C o m p. wit h S P H E R E d at a

Y 2 Y 3 J 2 J 3 H 2 H 3 K 1  K 2

    

0

2• 1 0 - 1 7

4• 1 0 - 1 7

6• 1 0 - 1 7

8• 1 0 - 1 7

1• 1 0 - 1 6

ξ  U m a C ( T 8. 5, F e/ H =- 0. 3) x 0. 7 7
W olf 9 4 0 B ( T 8. 5, F e/ H = 0. 2) x 0. 6 0

R o s s 4 5 8 C ( T 8, F e/ H = 0. 2- 0. 3) x 0. 1 0

B e n c h m ar k T-t y p e c o m p a ni o n s

    

0

2• 1 0 - 1 7

4• 1 0 - 1 7

6• 1 0 - 1 7

8• 1 0 - 1 7

1• 1 0 - 1 6

2 M A S SI J 0 4 1 5 1 9 5- 0 9 3 5 0 6 ( T 8) x 0. 1 8
U G P S J 0 7 2 2 2 7. 5 1- 0 5 4 0 3 1. 2 ( T 9) x 1. 0 4

WI S E A J 1 7 3 8 3 5. 5 2 + 2 7 3 2 5 8. 8 ( Y 0) x 3. 1 4

T & Y d w arf st a n d ar d s

1. 0 1. 5 2. 0 2. 5
λ  (µ m)

0

2• 1 0 - 1 7

4• 1 0 - 1 7

6• 1 0 - 1 7

8• 1 0 - 1 7

1• 1 0 - 1 6

1. 0 1. 5 2. 0 2. 5
λ  (µ m)

1 0 0

2• 1 0 - 1 7

4• 1 0 - 1 7

6• 1 0 - 1 7

8• 1 0 - 1 7

1• 1 0 - 1 6

T 
(

%)

WI S E P C J 2 3 1 3 3 6. 4 1- 8 0 3 7 0 1. 4 ( T 8)
WI S E P C J 1 6 1 7 0 5. 7 5 + 1 8 0 7 1 4. 0 ( T 8)

WI S E A J 0 3 2 5 0 4. 5 2- 5 0 4 4 0 3. 0 ( T 8)

Cl o u d y T d w arf s

Fi g. 6. Vis u al c o m p aris o n of t h e S E D of GJ 5 0 4 b ( gr e e n s q u ar es) t o
t h at of T-t y p e c o m p a ni o ns o bs er v e d wit h V L T/ S P H E R E, of b e n c h m ar k
c o m p a ni o ns wit h v ari o us m et alli citi es, a n d of cl o u d y T d w arfs. T h e l a y-
i n g b ars c orr es p o n d t o t h e fl u x of t h e t e m pl at e s p e ctr a a v er a g e d o v er t h e
filt er p ass b a n ds w h os e tr a ns missi o n is r e p ort e d at b ott o m.

at m os p h eri c pr o p erti es of t h e c o m p a ni o n a n d t o s h o w diff er-
e n c es i n t h e r etri e v e d pr o p erti es r el at e d t o t h e m o d el c h oi c e. T h e
gri d pr o p erti es ar e s u m m ari z e d i n Ta bl e 5 . We pr o vi d e a s u c ci n ct
d es cri pti o n of t h e at m os p h eri c m o d els b el o w.

We us e d t h e m o d el gri d of t h e S a nt a Cr u z gr o u p ( h er e-
aft er t h e “ M orl e y ” m o d els). T h e gri d w as pr e vi o usl y c o m p ar e d
t o t h e GJ 5 0 4 b S E D (S k e m er et al. 2 0 1 6 ). It e x pl or es t h e c as e
of m et al- e nri c h e d at m os p h er es. T h es e 1 D r a di ati v e- c o n v e cti v e
e q uili bri u m at m os p h eri c m o d els ar e si mil ar t o t h os e d es cri b e d
i n M orl e y et al. (2 0 1 2 , 2 0 1 4 ). T h e y us e t h e E x o M ol m et h a n e li n e
lists (Y ur c h e n k o & Te n n ys o n 2 0 1 4 ). T h e wi n gs of t h e pr ess ur e-
br o a d e n e d K I a n d N aI b a n ds i n t h e o pti c al c a n e xt e n d i nt o
t h e NI R i n Y a n d J b a n ds a n d ar e k n o w n t o aff e ct t h e m o d-
eli n g of T- d w arf s p e ctr a. I n t h os e m o d els, t h e br o a d e ni n g is
tr e at e d f oll o wi n g B urr o ws et al. (2 0 0 0 ). T h e m o d els c o nsi d er t h e
i m pr o v e d tr e at m e nt of t h e c ollisi o n-i n d u c e d a bs or pti o n ( CI A)
of H 2 (Ri c h ar d et al. 2 0 1 2 ). T h e y c o nsi d er c h e mi c al e q uili b-
ri u m o nl y, a n d a c c o u nt f or t h e f or m ati o n of r es ur g e nt cl o u ds
at t h e T/ Y tr a nsiti o n m a d e of Cr, M n S, N a 2 S, Z n S, a n d K Cl
p arti cl es. T h e cl o u d str u ct ur e a n d o p a citi es ar e c o m p ut e d f oll o w-
i n g A c k er m a n & M arl e y (2 0 0 1 ). T h e cl o u ds ar e p ar a m etri z e d b y
t h e s e di m e nt ati o n ef fi ci e n c y (fs e d ) w hi c h r e pr es e nts t h e b al a n c e
b et w e e n t h e u p w ar d tr a ns p ort of v a p or a n d c o n d e ns at e b y t ur b u-
l e nt mi xi n g i n t h e at m os p h er e wit h t h e d o w n w ar d tr a ns p ort of

A 6 3, p a g e 9 of 3 2

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832942&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832942&pdf_id=0


A&A 618, A63 (2018)

Table 5. Character istics of t he atmospher ic model g r ids compared to t he SED of GJ 50 4 b.

Parameter Morley

Te (K) 200, 220. . . 420 450,475. . . 625 400,450. . . 700 300,350. . . 2000 300,350. . . 850 a

450, 500. . . 1000
log (dex) 3.5,4.0, 4.5 3.5, 4.0. . . 5.0 3.5, 4.0, 4.5 3.0, 3.1. . . 6.0 3.0, 3.5. . . 5.0
[M H] (dex) 0 0.0, 0.5, 1.0 0.0, 0.2, 0.5 -0.5, 0, 0.5 0.0, 0.2. . . 1.4
K zz(cm2 s 1) . . . . . . 106 . . . 106 5 , 107 5 , 108 5

fsed . . . 1, 2, 3, 5, inf . . . . . . 0.5, 1.0, . . . 3.0 b

fcloud 1.00 1.00 1.00 0, 0.25. . . 1.00 1.00
. . . . . . 0, 1.2, 1.3 . . . . . .

Notes. (a) Restr icted to 500–850 K for K zz 107 5 and fsed 2 0. (b) fsed values of 2.5 and 3.0 only when K zz 106 5 . Additional fsed = 0.2 when
K zz 107 5 and Te 500K.

condensate by sediment ation. Models wit h low fsed cor respond
to atmospheres wit h t hicker clouds populated by smaller-size
par ticles. The g r id of models do consider a unifor m cloud deck.

The 1D models (Allard et al. 2013) consider a
cloud model where t he number density and size distr ibution
of condensates are deter mined following t he scheme proposed
by Rossow (1978) as a function of dept h, for example, by
compar ing t he timescales for nucleation, g ravit ational settling,
condensation, and mixing layer by layer. Therefore, t he only free
parameters lef t are t he ef fective temperature Te , t he sur face
g ravity log g (cgs), and t he met allicity ([ M H]) wit h respect to
t he Sun reference values (Caf fau et al. 2011). The cloud model
generates sulfide clouds at t he T/Y transition self-consistently. It
accounts for t he nonequilibr ium chemistr y of CO/CH 4 , CO/CO 2 ,
and N 2 /NH 3 . The radiative transfer is car r ied out t hrough t he

atmosphere code (Allard et al. 2012a), and uses t he
ExoMol CH 4 line list. The pressure-broadened K I and N aI line
profiles are computed following Allard et al. (2007). The g r id of
models used for GJ 50 4b analysis was computed to work in t he
temperature range of late-T/early-Y dwar fs and was previously
compared to t he SPHERE photometr y of GJ 758b (Vigan et al.
2016). These models do not explore t he impact of t he met allicity.

We used t he 1D model atmosphere or iginally
presented in Mollière et al. (2015). The model has been updated
to produce realistic transmission and emission spectra of giant
planets (Mancini et al. 2016a,b; Mollière et al. 2017). We used
t he code version descr ibed in Samland et al. (2017). It has been
vetted on t he obser vations of 51 Er i b and on benchmark brown-
dwar f companion spectra (Gl 570D and HD 3651B) whose tem-
peratures fall close to t hat expected for GJ 50 4b (Samland et al.
2017). The model self-consistently calculates atmo-
spher ic temperature str uctures assuming radiative-convective
equilibr ium and equilibr ium chemistr y. The gas opacities are
cur rently t aken into account consider ing t he following species:
H 2 O, CO, CH 4 , CO 2 , C 2 H 2 , H 2 S, H 2 , HCN, K, Na, NH 3 , OH,
PH 3 , TiO, and VO. This includes t he CIA of H 2 –H 2 and H 2 –
He. The model makes use of t he ExoMol CH 4 line list. The
alk ali line profiles (Na, K) are obt ained from N. Allard (pr iv.
comm., see also Allard et al. 2007) and are consider ing a spe-
cific modeling (see Mollière et al. 2015). The models we use
here consider t he for mation of clouds. The clouds model follows
a modified scheme as presented in Acker man & Marley (2001).
The mixing lengt h is set equal to t he atmospher ic pressure scale
height in all cases. Above t he cloud deck , t he cloud mass frac-
tion is parametr ized by fsed . The atmospher ic mixing speed is
equal to K zz Hp , wit h K zz t he atmospher ic eddy dif fusion coef-
ficient and Hp t he pressure scale height. For t he case of 51 Er i b

(Samland et al. 2017), models were consider ing K zz
107 5 cm2 s 1 . The g r ids have been extended to t he cases of K zz
108 5 cm2 s 1 and fsed = 0.5, 1.0. . . 3.0, and K zz 106 5 cm2 s 1

and fsed = 2.5 or 3.0. The cloud model considers t he opacities of
KCl and Na 2 S, t he latter being t he most abundant sulfite g rain
species expected to for m in t he atmosphere of a companion such
as GJ 50 4b (Morley et al. 2012).

The 1D model (Baudino et al. 2015, 2017) solves
for radiative-convective equilibr ium, assuming conser vation of
t he net flux (radiative+convective) over t he 6 4 pressure-level
g r id. The first version of t he cloud model of only con-
sidered t he absor ption of iron and silicate par ticles (Baudino
et al. 2015). The cloud ver tical profile remained fixed (Bur rows
et al. 2006) wit h t he optical dept h at some wavelengt hs being
lef t as a free parameter. In spite of t heir relative simplicity, t hese
models were found to reproduce t he spectral shape of t he planets
HR8799cde (Bonnefoy et al. 2016) and of t he late-T companion
GJ 758b (Vigan et al. 2016), but not necessar ily t heir abso-
lute fluxes. The g r ids used for GJ 50 4b cor respond to a major
upg rade of t he models which are valid for planets wit h Te in t he
range 300–1700 K. This new version of is descr ibed in
more det ail in Char nay et al. (2018). The radiative transfer equa-
tion is solved using t he cor related-k approximation and opacities
related to t he CIA of H 2 He and to ten molecules (H 2 O, CH 4 ,
CO, CO 2 , NH 3 , PH 3 , Na, K, TiO, and VO) as descr ibed in
Baudino et al. (2017). The abundances in each atmospher ic layer
of t he dif ferent molecules and atoms are calculated for a given
temperature profile assuming t her mochemical equilibr ium for
TiO, VO, and PH 3 , and nonequilibr ium chemistr y for C-, O-, and
N-bear ing compounds compar ing t he chemical time const ants
to t he ver tical mixing time scales (Zahnle & Marley 2014). The
latter is parametr ized t hrough an eddy mixing coef ficient K zz cal-
culated from t he mixing lengt h t heor y and t he convective flux
from Exo-REM. The cloud model now includes t he for mation of
iron, silicate, Na 2 S, KCl, and water clouds. The microphysics of
t he g rains (size distr ibution and populations) is computed self-
consistently following (Rossow 1978; similarly to BT-SETTL) by
compar ing t he timescales for condensation g rowt h, g ravit ational
settling, coalescence, and ver tical mixing. considers
t he case of patchy atmospheres where t he disk-averaged flux
Ftotal is a mix of clear regions ( Fclear ) and cloudy ones ( Fcloudy )
following

(1 fcloud) Fclear fcloud Fcloudy (2)

where fcloud is t he cloud fraction parameter. In tot al, t hose mod-
els only leave Te , log , [M H], and fcloud as free parameters.
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While all t he previous models account for t he for mation of
clouds, Tremblin et al. (2015) proposes t hrough t he models
t hat t his ing redient might not be needed to descr ibe t he atmo-
sphere of brown dwar f and giant exoplanets. is a 1D/2D
radiative-convective equilibr ium code suited for t he modeling of
t he atmosphere of brown dwar fs, and ir radiated and nonir radi-
ated exoplanets (Tremblin et al. 2015, 2016, 2017; Dr ummond
et al. 2016). The radiative transfer equation is solved using t he
cor related-k approximation as implemented in Amundsen et al.
(2014, 2017). It accounts for t he CIA of H 2 –H 2 and H 2 –He and
t he opacities of CH 4 , H 2 O, CO, CO 2 , NH 3 , Na, K, TiO, VO,
and FeH coupled wit h t he out-of-equilibr ium chemical network
of Venot et al. (2012). This nonequilibr ium chemistr y is directly
related to K zz (Hubeny & Bur rows 2007). The met hane opaci-
ties are updated wit h t he ExoMol line list. The K I and Na I line
profiles are calculated following Allard et al. (2007). The L/T
and T/Y transitions are inter preted in t hat case as a temperature
g radient reduction in t he atmosphere coming from t he finger-
ing inst ability of chemical transitions (CO/CH 4 , N 2 /NH 3 ). That
g radient reduction is parametr ized t hrough t he adiabatic index
which is lef t as a free-parameter. The models are shown to
successfully reproduce t he spectra of T and Y dwar fs (Tremblin
et al. 2015; Leggett et al. 2017) and of young and old objects
at t he L/T transition (Tremblin et al. 2016, 2017). For t he case
of GJ 50 4b, t he g r ids used in Leggett et al. (2017) have been
extended to higher met allicities to encompass t he solutions found
by Skemer et al. (2016). We set K zz 106 cm2 s 1 to limit t he
extent of t he g r id. That value is wit hin t he range of expected val-
ues found for mature late-T objects (10 4 106 cm s 2 ; Saumon
et al. 2006, 2007; Geballe et al. 2009). But higher values may be
needed for t he case of GJ 50 4b (see below).

5.1.2. Results

We compared t he photometr y of GJ 50 4b to t he g r ids of mod-
els using t he fitting met hod descr ibed in Sect. 4. The fit is
used to deter mine R 2 d2 , wit h R being t he object radius
and d t he t arget di st ance. We allowed t he radius to var y
in t he range 0.82–1.26 R Jup , which cor responds to t he radii
predicted for t he bolometr ic luminosity (Sect. 4) and abso-
lute photometr y of GJ 50 4b in t he Y2 Y3 J3 H2, and K 1
bands by t he “hot-st ar t” COND evolutionar y models for t he
two age ranges estimated for t he system (Baraf fe et al. 2003).
We also considered t he case where t he radius is lef t uncon-
strained in t he fit. The solutions minimizing G are repor ted in
Table 6 and shown in Fig. 7. The fitting met hod does not allow
for det ailed exploration of t he degeneracies in t he parameter
space of t he models, but it does not require any model g r id
re-inter polations.

The and models yield t he best fit to t he
companion SED. The fit converges toward implausibly small
radii and higher temperatures when is lef t unconstrained. This
likely ar ises from t he red colors of GJ 50 4b which are better
represented by hotter atmospheres in spite of t he companion’s
low luminosity, as shown in Sect. 4. This problem is amplified
when t he models are considered. The fit-
ting solutions are also unable to reproduce t he upper limit in t he
H3 band. Those models also failed to reproduce t he absolute
fluxes and colors of GJ 758b (Vigan et al. 2016).

When t he radius is allowed to var y in t he inter val 0.82–1.26
R Jup , t he fit wit h t he , , and Morley mod-
els tends to converge toward lower Te values and t he lowest
radii in t he inter val in order to reproduce t he object’s low lumi-
nosity. The low radii are t hose expected (0.84–0.99 R Jup ) for a

Table 6. Fitting solutions cor responding to t he compar ison of
GJ 50 4b photometr y to atmospher ic models using t he G goodness-of-fit
indicator.

Morley

R constrained (“hot st ar t” models, 19 Myr 5.8 Gyr)
Te (K) 550 575 550 550 550
log (dex) 3.5 3.5 4.0 4.9 4.0
[M H] (dex) 0: 0.0 0.5 0.5 0.2
K zz(cm2 s 1) . . . . . . 106 : . . . 108 5

fsed . . . 2.0 . . . . . . 3.0
fcloud 1: 1: . . . 0.75 1:

. . . . . . 1.3 . . . . . .
R(R Jup ) 0.82 0.85 0.96 0.84 0.94
M(MJup ) 0.9 0.9 3.7 22.8 3.6
log (L L ) 6.25 6.14 6.11 6 23 6.13
G 9.356 1.301 0.820 1.066 0.553

R unconstrained
Te (K) 750 a 625 a 600 550 600
log (dex) 3.5 4.0 3.5 4.9 3.5
[M H] (dex) 0.0: 0.0 0.0 0.5 0.0
K zz(cm2 s 1) . . . . . . 106 : . . . 108 5

fsed . . . 2.0 . . . . . . 2.5
fcloud 1: 1: . . . 0.75 1:

. . . . . . 1.3 . . . . . .
R(R Jup ) 0.37 0.6 4 0.79 0.84 0.78
M(MJup ) 0.2 1.7 0.8 22.8 0.8
log (L L ) 6.40 6.25 6.13 6.23 6.14
G 1.378 1.165 0.684 1.066 0.543

Notes. The repor ted masses are der ived from t he radius and log g. (a) The
fitting solutions predict a H3-band flux in disag reement wit h t he upper
limit set by t he IRDIS obser vations.

“hot-st ar t” object for t he old age range of t he system. In such
a case, t he sur face g ravity of objects wit h t he obser ved band-
to-band luminosity should be in t he range 4.60–5.16 dex. Only
t he Exo-REM models yield best fits for high g ravities in ag ree-
ment wit h t he “hot-st ar t” predictions. However, t he evolution of
G wit h Te and log shows t hat t he latter is poorly constrained.
If we make t he hypot hesis of a young age for t he system (see
below), t he COND models predict radii in t he range 1.22–1.26
R Jup . That tight constraint on R sets t he Te of t he model fit in
t he range 450–500K. All but t he BT-SETTL models reproduce
t he SED of GJ 50 4b for higher sur face g ravities (4.5–4.6 dex).
Those high sur face g ravities are inconsistent wit h t he COND
predictions for t he young age estimates (3.34–3.61 dex). How-
ever, t he relation between t he age, mass, and radius also depends
on t he initial conditions (“war m-st ar t” models) and t he idealized
“hot-st ar t” scenar io (e.g., Marley et al. 2007; Mordasini 2013)
might not be suit able to GJ 50 4b, in par ticular for t he young-age
scenar io (see also Sect. 6).

We t hen estimate a Te 550 50K for t he companion
based on t he values found from t he fit wit hout any pre-requisite
on t he radius and excluding t he BT-SETTL solutions. The value
is consistent wit h t he on e found by Skemer et al. (2016) using a
subset of photometr ic dat apoints. We find a log(L L ) 6 10
0 09 using t he Te given in parent hesis in Table 6 and t he radii
estimated from t he fit. That value is consistent wit hin er ror bars
wit h t he one der ived in Sect. 4 and by Skemer et al. (2016).

The g r ids wit h cloudless models ( fcloud 0) clearly
fail to reproduce t he object’s SED. The best fit is achieved wit h
models consider ing a nonunifor m cloud coverage (75%). This
percent age of cloud coverage is consistent wit h t hat found for
t he young exoplanet 51 Er i b (Rajan et al. 2017). Never t heless,
t he synt hetic spectra consider ing a unifor m cloud
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T eff = 6 0 0 K l o g g = 3. 5 F e/ H = 0. 0 f S E D = 2. 5 K z z = 8. 5 R = 0. 7 8 R J u p

Fi g. 7. B est- fitti n g m o d el s p e ctr a w h e n usi n g t h e G st atisti cs. S ol uti o ns
wit h s o m e pr e-r e q uisit e o n t h e o bj e ct r a di us ar e s h o w n i n gr e e n. T h e
s ol uti o ns wit h o ut a n y c o nstr ai nts o n t h e o bj e ct r a di us ar e s h o w n i n r e d.
T h e GJ 5 0 4 b’s p h ot o m etr y is o v erl ai d as bl u e d ots.

c o v er pr o vi d e t h e b est fit of all c o nsi d er e d m o d els. I n a d diti o n,
t h e A T M O m o d els w hi c h d o c o nsi d er t h e t h er m o- c h e mi c al i nst a-
bilit y as a n alt er n ati v e t o cl o u d f or m ati o n yi el d G v al u es l o w er
t h a n t h os e of t h e E x o- R E M m o d els. T h er ef or e, a d diti o n al d at a
ar e n e e d e d t o c o m m e nt o n t h e o c c urr e n c e of cl o u ds i n t h e
at m os p h er e of GJ 5 0 4 b (s e e S e ct. 8. 2 ).

S e v er al i n di c ati o ns i n t h e fitti n g s ol uti o n b as e d o n t h e G
st atisti cs c o n fir m t h e p e c uli arit y of GJ 5 0 4 b at m os p h er e:

– All b ut t h e E x o- R E M m o d els pr o vi d e a b est fit f or l o w s ur-
f a c e gr a viti es. T h e e v ol uti o n of G wit h l o g g i n di c at es t h at
t his p ar a m et er is w ell c o nstr ai n e d b y t h e M orl e y, A T M O , a n d
p e t i t C O D E gri ds. T his is n ot t h e c as e h o w e v er f or t h e t w o
ot h er m o d els. B ur g ass er et al. (2 0 1 1 ) a n d S c h n ei d er et al.
(2 0 1 5 ) fi n d s urf a c e gr a viti es i n t h e s a m e r a n g e as GJ 5 0 4 b
f or t h e cl o u d y T 8 o bj e cts WI S E P C J 2 3 1 3 3 6. 4 1- 8 0 3 7 0 1. 4,
WI S E A J 0 3 2 5 0 4. 5 2- 5 0 4 4 0 3. 0, a n d R O S S 4 5 8 C. O ur v al u es
ar e als o c o nsist e nt wit h t h os e f o u n d f or 5 1 Eri b ( S a ml a n d
et al. 2 0 1 7 ; R aj a n et al. 2 0 1 7 ).

– T h e p e t i t C O D E a n d M orl e y cl o u d y m o d els fi n d fs e d i n t h e
r a n g e 2 – 3. T h es e v al u es ar e l o w er t h a n t h e o n es f o u n d f or
WI S E A J 0 3 2 5 0 4. 5 2- 5 0 4 4 0 3. 0 w h e n usi n g m o d els fr o m t h e
S a nt a- Cr u z gr o u p ( S c h n ei d er et al. 2 0 1 5 ). T h e y ar e hi g h er,
h o w e v er, t h a n t h e o n e d eri v e d wit h t h e p e t i t C o d e m o d els
f or 5 1 Eri b ( usi n g t h e S P H E R E s p e ctr u m; S a ml a n d et al.
2 0 1 7 ), b ut ar e c o nsist e nt wit h t h e fs e d q u ot e d f or 5 1 Eri b
usi n g t h e M orl e y m o d el gri d ( R aj a n et al. 2 0 1 7 ). T h os e fs e d

v al u es ar e l o w er t h a n t h os e f o u n d f or ol d l at e- T o bj e cts a n d
c o nsist e nt wit h t h e l o w s urf a c e gr a viti es f o u n d.

– T h e p e t i t C O D E m o d els f a v or s ol uti o ns wit h hi g h K z z v al-
u es ( 1 0 8 .5 c m 2 s − 1 ). K z z e nt ers b y s etti n g t h e cl o u d p ar-
ti cl e si z e (t o g et h er wit h fs e d ) i n p e t i t C O D E . T h e s ol u-
ti o n als o c orr es p o n ds t o t h e l ar g est fs e d v al u es a v ail a bl e
i n t h e gri d. T his c a n b e i nt er pr et e d as a n e e d f or m o d-
els wit h r e d u c e d cl o u d o p a cit y r at h er t h a n i nt e ns e v er-
ti c al mi xi n g. T h e K z z v al u e of GJ 5 0 4 b is w ell a b o v e
(1 0 4 − 1 0 6 c m 2 s − 1 ) t h e o n e d et er mi n e d f or t h e c o m p a ni o n
W olf 9 4 0 B ( L e g g ett et al. 2 0 1 0 ). W olf 9 4 0 A h as t h e s a m e
m et alli cit y ( [M / H ] = + 0 .2 4 ± 0 .0 9 ) as GJ 5 0 4 A. B ut t h e
W olf 9 4 0 s yst e m is cl e arl y ol d ( 3 – 1 0 G yr).

– T h e b est fit wit h t h e M orl e y gri d c orr es p o n ds t o a m o d el
wit h [M / H ] = 0 . T his is at o d ds wit h t h e c o n cl usi o ns fr o m
S k e m er et al. (2 0 1 6 ) f o u n d wit h t h e s a m e m o d el gri d. We
dis c uss t h e dis a gr e e m e nt b el o w.

We e x pl or e i n t h e f oll o wi n g s e cti o n t h e d e g e n er a ci es b et w e e n
t h e fr e e p ar a m et ers of t h e m o d els.

5. 2. E v al u ati n g t h e d e g e n er a ci e s

We r a n M ar k o v- c h ai n M o nt e- C arl o ( M C M C) si m ul ati o ns of
GJ 5 0 4 b p h ot o m etr y f or t h e m ost r e g ul ar gri ds ( M orl e y a n d
p e t i t C O D E ) of m o d els t o e x pl or e t h e p ost eri or pr o b a bilit y
distri b uti o n f or e a c h m o d el fr e e p ar a m et er, a n d t o e v al u at e
t h e d e g e n er a ci es b et w e e n t h e diff er e nt p ar a m et ers. E a c h d at a-
p oi nt w as c o nsi d er e d wit h a n e q u al w ei g ht i n t h e li k eli h o o d
f u n cti o n. T h e r a di us is l eft t o e v ol v e fr e el y d uri n g t h e fit.
We us e d t h e p yt h o n i m pl e m e nt ati o n of t h e e m c e e p a c k a g e
(G o o d m a n & We ar e 2 0 1 0 ; F or e m a n- M a c k e y et al. 2 0 1 3 ) t o
p erf or m t h e M C M C fit of o ur d at a. T h e c o n v er g e n c e of t h e
M C M C c h ai ns is t est e d usi n g t h e i nt e gr at e d a ut o c orr el ati o n
ti m e (G o o d m a n & We ar e 2 0 1 0 ). E a c h M C M C st e p r e q uir e d
a m o d el t o b e g e n er at e d f or a s et of fr e e p ar a m et ers t h at
w as n ot n e c ess aril y i n t h e ori gi n al m o d el gri d. We t h e n p er-
f or m e d li n e ar r e-i nt er p ol ati o n of t h e gri d of m o d els i n t h at
c as e.

We c o u pl e d e m c e e t o t h e M orl e y gri d usi n g a c ust o m c o d e
( Vi g a n et al. i n pr e p). U p p er li mits ar e a c c o u nt e d f or i n t h e
fit as a p e n alt y t er m i n t h e c al c ul ati o n of t h e l o g-li k eli h o o d:
if t h e pr e di ct e d p h ot o m etr y of t h e m o d el i n a gi v e n filt er is
a b o v e t h e u p p er li mit s et b y t h e o bs er v ati o ns, it is t a k e n i nt o
a c c o u nt i n t h e c al c ul ati o n of t h e li k eli h o o d; if it is b el o w, it
is n ot t a k e n i nt o a c c o u nt. We e x cl u d e d t h e r ai n e d- o ut m o d els
(fs e d = + ∞ ) b ef or e h a n d. T h e p ost eri or distri b uti o ns ar e s h o w n
i n Fi g. 8 . We esti m at e ( 1σ c o n fi d e n c e l e v el) T e ff = 5 5 9 + 2 5

− 2 4 K,

l o g g = 3 .7 2 + 0 .2 7
− 0 .1 6 d e x, [M / H ] = 0 .2 5 ± 0 .1 4 d e x, fs e d = 2 .3 6 + 0 .6 5

− 0 .3 7 ,

a n d R = 0 .8 9 + 0 .1 3
− 0 .1 1 R J u p . T h e s ol uti o n is i n g o o d a gr e e m e nt

wit h t h e o n e f o u n d wit h t h e G st atisti cs w h e n R is c o nstr ai n e d.
T h e p ost eri ors o n T e ff , l o g g , a n d fs e d ar e q uit e si mil ar t o t h os e
r e p ort e d i n S k e m er et al. (2 0 1 6 ) usi n g a cl os e M C M C a p pr o a c h
a n d t h e s a m e m o d el gri d. We n o n et h el ess fi n d a l o w er m et alli c-
it y. O ur v al u e is i n e x c ell e nt a gr e e m e nt wit h t h e o n e d et er mi n e d
f or GJ 5 0 4 A. T his p ar a m et er is c orr el at e d wit h t h e T e ff a n d R .
S k e m er et al. (2 0 1 6 ) s et pri ors o n R c orr es p o n di n g t o a r a n g e of
r a dii pr e di ct e d b y t h e “ h ot-st art ” e v ol uti o n ar y m o d els. A d o pti n g
a fl at pri or o n t h e r a di us i n t h e r a n g e 0. 8 2 – 1. 2 6 R J u p (s e e
S e ct. 5. 1. 2 ) d o es n ot m o dif y o ur p ost eri ors si g ni fi c a ntl y. We fi n d
T e ff = 5 5 2 + 1 6

− 2 0 K, l o g g = 3 .7 2 + 0 .2 8
− 0 .1 7 d e x, [M / H ] = 0 .2 7 + 0 .1 4

− 0 .1 3 d e x,

fs e d = 2 .4 0 + 0 .6 6
− 0 .3 8 , a n d R = 0 .9 3 + 0 .1 1

− 0 .0 7 R J u p . T h e a n al ysis d o es
n ot all e vi at e t h e c orr el ati o n b et w e e n t h e fs e d a n d l o g g v al u es.
T h e r a di us is m or e c o nsist e nt wit h t h os e of ol d br o w n d w arfs.
T h e l u mi n osit y is i n g o o d a gr e e m e nt wit h t h e o n e d et er mi n e d
e m piri c all y.
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Fig. 8. Poster ior distr ibutions for
GJ 50 4b atmospher ic parameters
when t he Morley models are con-
sidered.

The BACON code used in Samland et al. (2017) couples
t he g r ids of models to . BACON has been
validated on t he benchmark T-type companions Gl 570D and
HD 3651B (Samland et al. 2017). We used it on GJ 50 4b photom-
etr y. The poster ior distr ibutions are shown in Fig. 9 and confir m
t he fitting solutions wit h t he G st atistics when R is unconstrained.
However, most of t he solutions are found for unphysical radii
which are highly cor related to Te . Moreover, t he [M H] deter-
mination is degenerate wit h t he cloud parameters (K zz and fsed ).
The poster iors on [M H] might be extended to higher values if
t he g r ids of models were created for higher K zz and fsed values, as
it is t he case (for fsed ) in t he Morley g r id. The upper limits were
not t aken into account in t he fit.

GJ 50 4A has a C/O ratio 7 of 0 56 0 26
0 18 , close to t he value

for t he Sun (C O 0 55 0 10; Caf fau et al. 2008; Asplund
et al. 2009). The atmospher ic models used for GJ 50 4b assume
a solar C/O value. Never t heless, t his might not be t he case if
GJ 50 4b for med in a disk (see Öberg et al. 2011; Öberg & Bergin
2016). In such a case, one needs to investigate how a dif ferent
C/O ratio could bias t he atmospher ic parameter deter mination.
Atmospher ic retr ieval is a power ful met hod to estimate t he
abundances of individual molecules car r ying C and O. We
attempted a retr ieval of t he abundances of H 2 O, CO 2 , CO, and
CH 4 wit h t he HELIOS-R (Lavie et al. 2017) and NEMESIS

7 Estimated from t he abundances repor ted in Table 4 of D’Orazi et al.
(2017b).

(Ir win et al. 2008) codes. We obt ained flat distr ibutions because
of t he limited number of photometr ic dat a points used as inputs
and t he uncer t ainties on t he dat a.

We t hen considered a g r id of for ward cloud-free mod-
els (see Appendix D for t he det ails) explor ing dif ferent C/O
ratios in addition to Te , log , [M H], K zz , and R. We used
t he Bayesian inference tool (Feroz et al. 2009)
which implements t he Nested Sampling met hod (Skilling 2006).

allows for an ef ficient sampling of multimodal pos-
ter ior distr ibutions and avoids t he convergence issues t hat can
ar ise in MCMC r uns. The upper limits were t aken into account
using t he met hod of Sawicki (2012). We repor t t he poster ior dis-
tr ibutions in Fig. 10 and t he best-fitting spectr um in Fig. 11. The
poster iors yield constraints on t he Te and log values which
are compatible wit h t hose infer red from t he model g r ids not
accounting for nonsolar C/O. The met allicity distr ibution points
toward values compatible wit h t hose repor ted in Skemer et al.
(2016). The C/O ratio is below solar (C/O = 0 20 0 09

0 06 ) and not
cor related wit h t he [M H] value. However, we find a strong cor-
relation wit h t he K zz values which is loosely constrained, but
points toward lower values t han t hose infer red wit h ot her atmo-
spher ic models. We refrained from using t he C/O ratio value to
discuss t he for mation mode of GJ 50 4b since our estimate does
not account for possible model-to-model uncer t ainties.

In summar y, t he Bayesian analysis confir ms t he
Te 550 50 K found in Sect. 5.1.2. We adopt t his value
in t he following analysis. We do not reproduce t he poster ior
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Fig. 9. As in Fig. 8 but wit h
t he atmospher ic model
used as input.

distr ibution on [M H] found by Skemer et al. (2016) wit h
t he full set of photometr ic points, or restraining t he fit to t he
subset of dat a used in Skemer et al. (2016). The met allicity
deter mination is limited by model-to-model systematic er ror and
degeneracies wit h t he cloud proper ties and log . The dif ferent
[M H] values may be due in par t to t he pr ior choices and t he
reference solar abundances considered in each model 8 and/or to
t he way t he clouds are handled. The poster iors points toward a
low sur face g ravity in ag reement wit h t he young-age scenar io.
Never t heless, t he log deter mination is degenerate wit h [M H]
and t he cloud proper ties (for models wit h clouds). The C/O
ratio can be deter mined accurately for cold objects such as
GJ 50 4b using t he for ward modeling approach. It does not seem
to af fect t he ot her parameter deter mination considered for t he
demonstration ([ M H], log , Te ). However, a more robust
deter mination could be achieved wit h additional dat apoints (or
spectra) and better accounting for model-to-model uncer t ainties.

We adopt a log(L L ) 6 15 0 15 for GJ 50 4b based on
t he values der ived from t he empir ical analysis and confir med by
var ious modelings wit h synt hetic spectra. Bot h t he Te and lumi-
nosity estimates are in good ag reement wit h t hose of T8-T9.5
dwar fs (Fig. 12).

8 The models consider t he reference solar abundances
repor ted in Asplund et al. (2009) while t he Morley models consider
t hose of Lodders (2010). There are some not able dif ferences in t he two
sets of reference abundances, in par ticular for C, Mg, and Fe.

6. Mass estimates

Table 7 repor ts t he masses predicted by t he “hot-st ar t” COND
models (Baraf fe et al. 2003). The masses predicted from t he tem-
perature and luminosity ag ree wit h each ot her. The object falls
onto t he 4 Gyr isochrone in Fig. 13. The 20 Myr isochrone is
marginally consistent wit h t he object proper ties. Conversely, t he
predicted sur face g ravities at 21 Myr are in better ag reement wit h
t hose found wit h t he , , , and Morley
atmospher ic models, but t his parameter can be af fected by t he
degeneracies of t he atmospher ic model fits discussed above.

We also repor t t he “hot-st ar t” model predictions for
t he Saumon & Marley (2008) models which account for
met al-enr iched atmospheres as boundar y conditions. The
predictions are consistent wit h t hose of t he COND models for
t he old age range 9 .

If GJ 50 4 is a 21 Myr-old system, t he mass predicted by t he
evolutionar y models should be sensitive to t he way t he com-
panion accreted its for ming mater ial (Marley et al. 2007) and to
t he amount of heavy elements it cont ains (Mordasini 2013). We
show in Fig. 14 t he joint constraints on t he mass and t he initial
entropy S init of GJ 50 4b imposed by t he bolometr ic luminosity
for an age of 21 2 Myr (cf. Marleau & Cumming 2014).

9 The models do not make predictions for masses lower t han 2 MJup .
Therefore, we could not estimate masses for t he young isochronal age
inter val of GJ 50 4A.
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Fig. 10. Poster ior distr ibution
of atmospher ic parameters cor re-
sponding to t he for ward model-
ing of GJ 50 4b photometr y wit h
cloud-free models explor ing dif-
ferent C/O ratios.

Fig. 11. Best-fitting spectr um found wit h t he for ward modeling of
GJ 50 4b SED wit h cloud-free models explor ing t he ef fect of dif ferent
C/O ratios.

We find t hat from t he luminosity measurement alone, a
wide range of masses is possible, from 0.7 MJup upwards. If
we tr uncate t he poster ior distr ibution at 2.5 MJup , we obt ain a
marginalized 68.3% confidence inter val on t he mass of M

1 3 0 6
0 3 MJup and M 1 3 1

0 6 MJup at 90%. Clearly, higher masses
t han what is shown here would be found to be consistent wit h t he
measurement if t he Spiegel & Bur rows (2012) g r id went down to
lower initial entropies.

The locus of possible M –S init combinations can however be
compared to planet population synt hesis predictions to der ive
tighter constraints on bot h mass and post-for mation entropy.
While in our core-accretion models no planets are found at t he
same location in t he a– M plane as GJ 50 4b (see Fig. 23 and
Sect. 8.3), t he M –S init relation (wit h its scatter) is relatively
universal. We ver ified t his by compar ing t he output of t he pop-
ulation synt heses of Mordasini et al. (2017), computed for a
solar-mass st ar, to simulations wit h stellar masses of 1.5 and
2 M and dif ferent mig ration and planet ar y g rowt h prescr iptions,
resulting in ver y dif ferent final a– M distr ibutions; t he M –S init
relation in all cases was similar, only wit h var ying amounts of
scatter in S init at a given planet mass, which in tur n reflects t he
physics of t he core g rowt h.

Compar ing t he two sets of points in Fig. 14 (infer red from
dat a and predicted from for mation models), it is clear t hat if
GJ 50 4b for med t hrough st andard core accretion as represented
by t he “cold nominal” population of Mordasini et al. (2017),
its post-for mation entropy is 8.7–8 6 S init 9 6–9.8 in units
of kB bar yon, wit h t he bounds slightly depending on t he stellar
mass (from low to high, respectively). This a pr ior i on S init leads
to M 1 3 0 4 MJup .
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Fi g. 1 2. C o m p aris o n of t h e fi n al T e ff a n d b ol o m etri c l u mi n osit y of
GJ 5 0 4 b ( d as h e d z o n e) t o t h os e of l at e- T a n d e arl y- Y d w arfs. T h e b ol o-
m etri c l u mi n osit y v al u es ar e t a k e n fr o m D u p u y & Kr a us (2 0 1 3 ) a n d
D el or m e et al. (2 0 1 7 a ). T h e t e m p er at ur es a n d l u mi n osit y of b e n c h m ar k
c o m p a ni o ns ar e t a k e n fr o m Ta bl e A. 2 . We a d d e d t h e T e ff d et er mi n e d b y
L e g g ett et al. (2 0 1 7 ), Li n e et al. (2 0 1 7 ), a n d S c h n ei d er et al. (2 0 1 5 ) usi n g
at m os p h eri c m o d els a n d r e p ort t h e T e ff /s p e ctr al t y p e c o n v ersi o n s c al e of
Fili p p a z z o et al. (2 0 1 5 ).

7. Ar c hit e ct ur e

7. 1. C o m p a ni o n or bit

We c o nsi d er e d t h e astr o m etr y r e p ort e d i n Ta bl e 2 as i n p ut of
o ur M C M C or bit fitti n g p a c k a g es t o s et c o nstr ai nts o n t h e or bit al
p ar a m et ers of GJ 5 0 4 b. T h e c o d e w as d e v el o p e d f or β Pi ct oris b
a n d F o m al h a ut b’s or bits ( C h a u vi n et al. 2 0 1 2 ). We c o nsi d er e d a
m ass of 1. 2 M f or GJ 5 0 4 A. We ass u m e fl at pri ors o n l o g( P),
e , c os(i), Ω + ω , ω − Ω , a n d T p f oll o wi n g F or d (2 0 0 6 ). We r a n
t e n c h ai ns i n p ar all el a n d us e d t h e G el m a n- R u bi n st atisti cs as
c o n v er g e n c e crit eri o n (s e e d et ails i n F or d 2 0 0 6 ).

T h e fit w as p erf or m e d o n t h e w h ol e s et of e p o c hs. We
n e gl e ct e d t h e e p o c h fr o m A u g ust 1 5, 2 0 1 1 r e p ort e d i n K u z u h ar a
et al. (2 0 1 3 ) f or w hi c h t h e d at a w er e t a k e n u n d er p o or c o n di-
ti o ns a n d t h e astr o m etr y a p p e ars t o b e d e vi a nt. H o w e v er, it is
still p ossi bl e t h at s o m e s yst e m ati c a n g ul ar offs ets b et w e e n e a c h
i nstr u m e nt c o ul d h a v e bi as e d o ur a n al ysis. We t h e n als o m o d-
el e d t h e S P H E R E e p o c hs o nl y, f or c o m p aris o n. T h e p ost eri ors
ar e s h o w n i n Fi g. 1 5 f or t h e t w o d at a s ets. Fi g ur e 1 6 s h o ws
t h e c orr el ati o n b et w e e n t h e diff er e nt p ost eri or distri b uti o ns of
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Fi g. 1 3. L u mi n osit y a n d T e ff of GJ 5 0 4 b c o m p ar e d t o t h e C O N D 0 3
( “ h ot-st art ”) e v ol uti o n ar y tr a c k s. T h e s oli d li n es c orr es p o n d t o t h e 5,
1 0, 2 0, 1 0 0, 3 0 0, 6 0 0 M yr a n d 1, 2, 4, 6, a n d 1 0 G yr is o c hr o n es ( fr o m
t o p t o b ott o m). T h e d as h e d li n es c orr es p o n d t o t h e m o d el pr e di cti o ns f or
m ass es of 1, 5, 1 0, 1 5, 2 0, 3 0, a n d 4 0 M J u p (fr o m t o p t o b ott o m).

or bit al p ar a m et ers of GJ 5 0 4 b w h e n all t h e astr o m etri c e p o c hs
ar e a c c o u nt e d f or i n t h e fit.

T h e p ost eri or distri b uti o ns d o n ot c h a n g e si g ni fi c a ntl y w h e n
c o nsi d eri n g t h e h o m o g e n e o us S P H E R E d at a, or t h e d at a fr o m
all i nstr u m e nts. T h e a c c ur a c y of t h e S P H E R E astr o m etr y yi el ds
t h e m ost c o nstr ai nts o n t h e or bit al p ar a m et ers a n d is t h er e-
f or e n ot h e a vil y i n fl u e n c e d b y p ut ati v e s yst e m ati c err ors o n t h e
Hi CI A O a n d I R C S astr o m etr y. We, t h er ef or e, c o nsi d er e d t h e
r es ults fr o m t h e w h ol e s et of e p o c hs i n t h e f oll o wi n g. A s a m-
pl e of c orr es p o n di n g or bits is s h o w n i n Fi g. 1 7 . T his s h o ws
t h at n o c ur v at ur e c a n b e d et e ct e d wit h t h e pr es e nt astr o m etri c
m o nit ori n g.

T h e p ost eri or o n t h e s e mi- m aj or a xis p oi nts at 4 4 a u w hi c h
c orr es p o n ds t o t h e c o m p a ni o n pr oj e ct e d s e p ar ati o n wit h 6 8 % of
t h e s ol uti o ns i n t h e r a n g e 4 4 ± 1 1 a u. T h e fit e x cl u d es or bits wit h
a s e mi- m aj or a xis s h ort er t h a n ∼ 2 7. 8 a u. T h e p eri o ds ar e si g ni fi-
c a ntl y l o n g er t h a n t h e ti m e s p a n of t h e Li c k a n d S O P HI E r a di al
v el o citi es a n d ar e li k el y t o pr e v e nt us fr o m o bt ai ni n g c o nstr ai nts
o n t h e d y n a mi c al m ass of GJ 5 0 4 b.

T h e e c c e ntri cit y is l o w er t h a n 0. 5 5 a n d p e a k s at 0. 3 1 ( e =
0 .3 1 ± 0 .1 5 ; 6 8 % s ol uti o ns). O ur n e w d at a a n d fit d o n ot yi el d
s ol uti o ns at hi g h er e c c e ntri cit y f o u n d b y K u z u h ar a et al. (2 0 1 3 ).
We fi n d a n i n cli n ati o n of 1 3 7 .8 + 1 2 .9

− 4 .6 d e gr e es. T h er e is n o s ol uti o n
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Fig. 14. Constraints on t he mass and post-for mation entropy S init of
GJ 50 4b for a (cooling) age tcool 21 2 Myr. The concave swar m
of black points (small open circles) shows all combinations consistent
wit h t he luminosity measurement of log L L 6 15, following t he
approach descr ibed in det ail in Marleau & Cumming (2014) but wit h an
MCMC as in Bonnefoy et al. (2014b,c) and using t he Spiegel & Bur rows
(2012) models. The band of colored symbols (filled pent agons) displays
t he entropy at t he time of disk dispersal for t he cold nominal population
of Mordasini et al. (2017), t hat is, assuming full radiative losses at t he
shock but t aking t he core-mass ef fect (Mordasini 2013) into account.
The logar it hmic colorscale indicates t he core mass Mcore . Shown are
also t he results of Mordasini (2013) for core masses of 20, 33, and
49 MEarth (large open circles connected by lines; bottom to top). The
cur ve at t he bottom of t he plot is t he marginalized poster ior on t he mass
for all small black M –S init points (wit hout t aking t he synt hesis results
into account).

for i 120 as found by Kuzuhara et al. (2013) 10 , but t hat might
be related to our pr iors which favor small semi-major axis and
large inclinations.

We ran t he same analysis consider ing masses of 1.10 and
1.25 M for GJ 50 4A. The poster iors are marginally af fected by
t his change.

7.2. A spin-orbit misalignment?

The radius R of GJ 50 4A deter mined in Sect. 2.3 can be used
to der ive t he line-of-sight inclination of t he st ar i following:

i sin 1 p P
2 R

(3)

where p sin i and P is t he rot ation per iod. We measure
p 6 5 1 0 km s 1 from t he set of SOPHIE dat a. This value

is consistent wit h t he one repor ted in D’Orazi et al. (2017b). We
used P 3 33 0 08

0 10 (Donahue et al. 1996)
We considered Gaussian distr ibutions on each measurement

to find a resulting probability ditr ibution cor responding to i
162 4 3 8

4 3 deg rees or 18 6 4 3
3 8 deg rees. The two values are due to

t he [0 ] degeneracy of t he sin function.
The poster ior on t he orbit inclination i c of GJ 50 4b infer red

from t he MCMC analysis (Sect. 7.1) can be used to der ive t he
relative or ient ation of t he stellar spin axis and orbit al angular
momentum vector , or tr ue obliquity:

cos 1 cos i cos i p sin i sin i p cos (4)

10 We consider t hat by definition our inclination is larger t han 90 , since
t he planet is in a retrog rade (i.e., clockwise) orbit.

where is t he projected obliquity 11 . In our case, is unknown,
but as explained in Bowler et al. (2017), t he lower limit on

can be infer red from t he absolute dif ference between i c
and i : i i i c . Therefore, a system wit h a pos-
ter ior probability function on i extending to 0 can still
have a non-zero tr ue obliquity, and t herefore a spin-orbit
misalignment.

We show in Fig. 18 t he poster iors on i and i. The prob-
ability t hat i is g reater t han 10 is 78.1%. This probability is
conser vative given t hat our pr iors on t he orbit fit of GJ 50 4b
favor large inclinations. In addition, t his represents t he minimum
values of in t his system. Therefore, GJ 50 4A and b may have
a spin-orbit misalignment. Fur t her astrometr ic monitor ing will
help to consolidate t his result.

7.3. Constraints on additional companions

The joint use of t he radial velocities (RVs) of GJ 50 4A and
contrast limits at each on-sky projected separation infer red from
direct imaging dat a t aken at multiple epochs allows limits to be
placed on t he mass of undetected companions from t he st ar up
to semi-major axis cor responding to t he field-of-view coverage
of t he imaging cameras.

The Monte Carlo simulation code generates synt hetic
planet populations and compares t heir RV signals and projected
separation at each epoch to t he dat a (Lannier et al. 2017) to
evaluate detection probabilities. We applied to RV dat a
obt ained wit h SOPHIE (listed in Appendix E) and at t he Lick
Obser vator y independently. Potential of fsets between t he two
sets of dat a may indeed exist because of t he dif ferent met hods
used to der ive t he RVs.

We used t he local power analysis (LPA; Meunier et al.
2012) to inter pret t hese RV dat a. The LPA met hod generates
per iodog rams of RV time ser ies for each synt hetic planet and
compares t hem to t he per iodog ram of t he obser ved RV dat a
wit hin given orbit al per iods. We used t he IRDIS detection limits
obt ained from May 2015 to Febr uar y 2017 t hat we conver ted to
masses, and t hose der ived from t he IFS dat a from March 2016
and June 2015. We considered, in addition, t he detection lim-
its infer red from t he HiCIAO and IRCS dat a obt ained as par t
of t he SEEDS sur vey (March 26 and May 22, 2011; Apr il 12
and May 25, 2012 dat a) and reprocessed for t his study using
t he ACORNS pipeline (Brandt et al. 2013). Those dat asets allow
for an improved coverage of t he orbit of put ative companions.
All t he detection limits infer red from t he imaging dat a assume
“hot-st ar t” for mation conditions (Baraf fe et al. 2003). The pre-
dictions should indeed not be heavily sensitive to t he initial
conditions at an age of 4 Gyr. In addition, t he dif ference in lumi-
nosity predictions between t he “hot” and “cold” st ars tends to
decrease wit h t he planet mass.

The detection probability cur ves infer red from t he Lick and
imaging dat a are shown in Fig. 19 for t he two isochronal age
ranges of GJ 50 4A. When consider ing t he old isochronal age,
90% of t he objects more massive t han 30 MJup would have
been detected from 0.01 to 80 au. does not presently
enable simulation of t he RV signals of planets whose semi-
per iod exceeds t he time span of t he dat a. This explains t he
sudden loss of sensitivity at 15 au. An upg rade of
would allow us, in t he near-future, to handle non-detection of
planets wit h longer per iods t han t hose set by t his obser vation
t hreshold.

11 A sketch representing and can be found in Fig. 3 of Ahlers et al.
(2015)
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Fig. 15. Poster ior distr ibutions on t he orbit al parameters of GJ 50 4b using all t he astrometr ic epochs as input (in red) or t he SPHERE epochs only
(in blue).

Fig. 16. Poster iors on t he orbit al elements
of GJ 50 4b when consider ing t he astrom-
etr y from 2011 to 2017. The red lines and
dots depict t he best fitting orbit (better

2 ). The color scale is logar it hmic, blue
cor responds to 1 orbit and red to 1000.
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Fi g. 1 7. S a m pl e of 1 0 0 or bits o bt ai n e d wit h t h e M C M C al g orit h m a p pli e d t o GJ 5 0 4 b astr o m etr y ( bl u e p oi nts).
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Fi g. 1 8. Fr o m t o p t o b ott o m p a n els : li n e- of-si g ht i n cli n ati o n i of
GJ 5 0 4, a n d a bs ol ut e diff er e n c e b et w e e n ic a n d i w h e n o nl y i ≥
9 0 ◦ ar e c o nsi d er e d. T h e d as h e d z o n es c orr es p o n d t o 6 8. 2 8 % of t h e
s ol uti o ns.

N o o bj e ct m or e m assi v e t h a n 2. 5 M J u p ( a p art GJ 5 0 4 b) e xists
i n t h e s yst e m ass u mi n g t h e y o u n g is o c hr o n al a g e. O ur si m ul a-
ti o ns r e v e al i n a d diti o n t h at t h e Li c k d at a ( 2 1. 6 yr s p a n) e n a bl e
a m or e i n- d e pt h e x pl or ati o n of t h e s e p ar ati o ns fr o m 0. 2 t o 6 a u
t h a n t h e S O P HI E d at a ( 3. 2 yr s p a n). B ot h of t h e d at a s ets gi v e
c o m p ar a bl e c o nstr ai nts fr o m 0. 0 1 t o 0. 1 a u.

8. Di s c u s si o n

8. 1. C o n fli cti n g a g e i n di c at or s

8. 1. 1. T h e pl a n et e n g ulf m e nt s c e n ari o

F u hr m a n n & C hi ni (2 0 1 5 ) pr o p os e d t h at t h e e n g ulf m e nt of a
j o vi a n pl a n et ( 2. 7 M J u p ) c o ul d h a v e s p e d u p GJ 5 0 4 A’s r ot a-
ti o n v el o cit y. D’ Or a zi et al. (2 0 1 7 b ) esti m at e t h at t h e e n g ulf m e nt
s h o ul d h a v e o c c urr e d n o m or e t h a n 2 0 0 M yr a g o f or t h e s yst e m

t o k e e p a s uf fi ci e nt i m pri nt of t h e e v e nt o n t h e st ar r ot ati o n s p e e d.
S u c h a n e n g ulf m e nt m a y als o e nri c h t h e h ost st ar i n m et als
(C arl b er g et al. 2 0 1 2 ; S aff e et al. 2 0 1 7 ).

I n t h at c as e, w h at c o ul d h a v e tri g g er e d t h e e n g ulf m e nt l o n g
aft er t h e dis p ers al of t h e cir c u mst ell ar dis k ? O ur d et e cti o n li m-
its i n di c at e t h at n o ot h er c o m p a ni o ns m or e m assi v e t h a n t h e
pr o p os e d e n g ulf e d pl a n et ar e pr es e ntl y l o c at e d i n t h e first astr o-
n o mi c al u nit ar o u n d GJ 5 0 4 A. GJ 5 0 4 b is li k el y t h e m ost m assi v e
o bj e ct i n t h e s yst e m, a n d t h er ef or e a g o o d c a n di d at e p ert ur b er.
T h e Li d o v – K o z ai m e c h a nis m ( K o z ai 1 9 6 2 ; Li d o v 1 9 6 2 ) i n v o k e d
b y F u hr m a n n & C hi ni (2 0 1 5 ) a n d D’ Or a zi et al. (2 0 1 7 b ) c o ul d
o nl y o p er at e i n t h e s yst e m if t h e o bli q uit y ϕ of GJ 5 0 4 b w er e
hi g h er t h a n at l e ast 4 0 d e g. A d diti o n al astr o m etri c m o nit or-
i n g of t h e c o m p a ni o n is r e q uir e d t o c ar v e t h e distri b uti o n of
r el ati v e i n cli n ati o ns ∆ i a n d pr o vi d e a l o w er li mit o n ϕ . T w o
k n o w n s yst e ms h a v e r e c e ntl y b e e n dis c o v er e d wit h cl os e-i n l o w-
m ass pl a n ets o n e c c e ntri c or bits a n d m or e m assi v e c o m p a ni o ns
o n wi d e- or bits: H D 2 1 9 8 2 8 ( S a nt os et al. 2 0 1 6 ) a n d H D 4 1 1 3
(C h e et h a m et al. 2 0 1 8 a ). T h es e s yst e ms mi g ht t h e n b e g o o d pr o x-
i es of t h e ar c hit e ct ur e of t h e GJ 5 0 4 s yst e m pri or t o t h e p ut ati v e
e n g ulf m e nt.

8. 1. 2. Eff e ct of p ol ar s p ot s

B e c a us e GJ 5 0 4 A is a cti v e a n d s e e n cl os e t o p ol e- o n, hi g h-
l atit u d e s p ots m a y b e aff e cti n g t h e l u mi n osit y a n d T e ff esti m at es
us e d f or c o m p aris o n t o t h e tr a c k s. T h es e s p ots ar e pr e di ct e d
t o o c c ur o n r a pi d r ot at ors s u c h as GJ 5 0 4 A a n d y o u n g st ars
(S c h u essl er & S ol a n ki 1 9 9 2 ; B u z asi 1 9 9 7 ; S c hrij v er & Titl e
2 0 0 1 ; H ol z w art h et al. 2 0 0 6 ; Ya d a v et al. 2 0 1 5 ). O bs er v ati o ns
of p ol ar s p ots o n a cti v e G-t y p e st ars mi g ht h a v e b e e n o bs er v e d
( e. g., M ars d e n et al. 2 0 0 5 , 2 0 0 6 , 2 0 1 1 ; Wait e et al. 2 0 1 1 , 2 0 1 7 ).
T h e p ol ar s p ots ( or c a p) c a n fill u p t o 5 0 % of t h e st ell ar s urf a c e
a n d h a v e lif eti m es of a b o ut a d e c a d e.

Gi v e n a s p ot filli n g f a ct or p ( d e fi n e d as R s / R
2 , w h er e R s

is t h e s p ot r a di us), t h e o bs er v e d l u mi n osit y L o bs of GJ 5 0 4 A
r el ati v e t o t h e p h ot os p h er e l u mi n osit y L p h ot is

L o bs / L p h ot =
p × T 4

s p ot + ( 1 − p ) × T 4
p h ot

T 4
p h ot

, ( 5)

w h er e T s p ot is t h e s p ot t e m p er at ur e a n d T p h ot t h e p h ot os p h er e
t e m p er at ur e.
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Fig. 19. Companion detection probability (white text and isocontours) when combining t he sensitivity maps of multiple epochs of imaging dat a
and t he Lick or SOPHIE radial velocities of GJ 50 4A for t he two possible age ranges for t he system.

The disk-averaged temperature measurement Tobs can be
influenced by spots in a similar way:

Tobs Tphot (Tphot Tspot) p (6)

We used t he SAFIR simulator descr ibed in Desor t et al.
(2007) to evaluate t he filling factor and inclination of a put a-
tive long-lived spot responsible for t he RV var iations measured
wit h SOPHIE. Assuming a 1.2 M , 1.3 R 6205 K st ar inclined
by 17 deg rees wit h respect to edge-on, t he obser ved amplitude
of t he var iations can be reproduced wit h a 2000 K cooler dark
spot (Berdyugina 2005) inclined by 5 deg rees wit h respect to t he
spin axis and cover ing p 6% of t he st ar sur face.

The PARSEC evolutionar y models indicate t hat t he age
predictions should be more sensitive to a bias on t he Te mea-
surement. We find t hat a spot wit h only p 7% would lower
t he Te deter mination by 150 K and lead to inter mediate ages
in marginal ag reement wit h t he upper limits der ived from t he
gyrochronology (up to 220 Myr) if we assume t hat t he lumi-
nosity is not af fected by spots at t he time of measurements.
Conversely, p 22% would be required to suf ficiently bias t he
isochronal age based on t he luminosity estimate. The dat a used
to compute t he luminosity of GJ 50 4A (Appendix A) were t aken
on individual nights from 1980 to 2014. Such a large spot would
have implied Te dif ferences of 4 40 K at least which would have
been noticed in t he st ar’s SED fit. Therefore, we are confident in
t he isochronal age der ived from t he luminosity.

Spots may explain in par t t he 200 K scatter on t he Te
values found in t he literature (see Table 2 of D’Orazi et al.

2017b) and t he slight dif ference on t he old isochronal age range
(2 5 1 0

0 4 Gyr) t hat can be infer red from t he Te value of D’Orazi
et al. (2017b) and t he inter ferometr ic radius. However, t he Te
value der ived in D’Orazi et al. (2017b) is one of t he high-
est repor ted in t he literature; fur t her more, it is infer red from
t he excit ation balance of 100 Fe lines which for m at dif ferent
optical dept hs wit hin t he st ar’s photosphere. The lack of a sig-
nificant scatter in t he abundances der ived from t he individual
lines suggests t hat spots have not significantly biased t he Te
deter mination at t he time of t he obser vations.

Stellar activity is also known to influence t he inter feromet-
r ic obser vables (see, Chiavassa et al. 2014; Ligi 2014; Ligi et al.
2015). We have t herefore ver ified whet her a spot could have
biased our visibility measurements using t he code (Ligi
et al. 2015) to model t he visibility of a st ar wit h a spot at its
sur face. We considered two filling factors p 7% and p 22%
and a spot temperature of 4205 K, as above. Spots were placed
at t he edge of t he stellar disk , wit h position angles ranging from
0 to 2 wit h 4 increments (t hat is, all around t he stellar disk).
Due to symmetr y ef fects, t his leads to only t hree dif ferent visibil-
ity cur ves. The visibilities were computed for t he t hree dif ferent
wavelengt hs (550, 710, and 730 nm) used for measur ing t he
angular size of GJ 50 4A.

Figure 20 shows t he squared visibilities measured wit h
VEGA/CHARA (black circles), t hat led to an angular diameter
of 0.71 mas. The solid black line represents t he fit cor respond-
ing to t his angular diameter (wit h a limb-darkened model as
explained in Sect. 2.3). The dif ferent colored cur ves represent
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Fi g. 2 0. T h e or eti c al s q u ar e d visi biliti es of a st ar wit h o ut a s p ot (s oli d bl a c k li n e), a n d of a st ar wit h a s p ot ( ws) as m o d elis e d wit h C O M E T S (Li gi
et al. 2 0 1 5 ). T h e diff er e nt s oli d c ol or li n es r e pr es e nt t h e s q u ar e d visi biliti es at diff er e nt w a v el e n gt hs a n d p ositi o ns. T h e bl a c k cir cl es r e pr es e nt t h e
a ct u al i nt erf er o m etri c m e as ur e m e nts ( wit h err or b ars) of GJ 5 0 4 p erf or m e d wit h V E G A/ C H A R A. L eft p a n el : a s p ot wit h a filli n g f a ct or p = 7 % .
Ri g ht p a n el : t h e s a m e b ut f or p = 2 2 % .

t h e t h e or eti c al visi biliti es of a st ar wit h a s p ot as m o d el e d wit h
C O M E T S at t h e diff er e nt w a v el e n gt hs a n d p ositi o ns t est e d.

We fi n d t h at a s p ot wit h p = 7 or 2 2 % i n d u c es a c h a n g e i n t h e
visi bilit y c ur v e w hi c h is still wit hi n t h e dis p ersi o n of m e as ur e d
v al u es. T h er ef or e, s p ots s u c h as t h os e c o nsi d er e d h er e ar e n ot
li k el y t o h a v e si g ni fi c a ntl y bi as e d GJ 5 0 4 A’s a n g ul ar di a m et er
m e as ur e m e nt.

We, t h er ef or e, c o n cl u d e t h at w hil e s p ots m a y i n d e e d b e
aff e cti n g t h e R Vs, l u mi n osit y, r a di us, a n d T e ff esti m at es of
GJ 5 0 4 A, t h eir eff e ct is u nli k el y t o bi as all t h os e q u a ntiti es
t o g et h er b y s uf fi ci e nt a m o u nts a n d c h a n g e t h e is o c hr o n al a g e
esti m at es of t h e st ar.

8. 2. Di s e nt a n gli n g t h e at m o s p h eri c m o d el s ol uti o n s

We s h o w i n Fi g. 2 1 t h e s y nt h eti c s p e ctr a i n t h e L- M b a n d
a n d i n t h e mi d-i nfr ar e d c orr es p o n di n g t o t h e m o d els fitti n g t h e
pr es e ntl y a v ail a bl e p h ot o m etr y of GJ 5 0 4 b ( Ta bl e 6 ; s ol uti o ns
wit h s o m e pr e-r e q uisit e o n t h e c o m p a ni o n r a di us). T h e A T M O
a n d E x o - R E M m o d els pr e di ct v er y si mil ar s p e ctr a disti n cti v e
fr o m t h os e c orr es p o n di n g t o t h e M orl e y a n d p e t i t C O D E s ol u-
ti o ns. T h e diff er e n c e aris es fr o m t h e n o n- e q uili bri u m c h e mistr y
w hi c h is n ot c o nsi d er e d i n t h e c as e of t h e t w o l att er m o d els a n d
m o d ul at es t h e str e n gt h of t h e C O 2 a n d C O a bs or pti o n b a n ds
c e nt er e d ar o u n d 4. 3 a n d 4. 7 µ m, r es p e cti v el y. A d a pti v e- o pti cs
M - b a n d i m a gi n g fr o m t h e gr o u n d s h o ul d alr e a d y t ell w h et h er
t h e n o n- e q uili bri u m c h e mistr y is a pr e-r e q uisit e f or m o d eli n g t h e
c o m p a ni o n e missi o n fl u x ( m o d el-t o- m o d el c o ntr ast b et w e e n 1. 1 6
a n d 1. 4 8 m a g i n t h e M - b a n d filt er of t h e V L T/ N a C o i nstr u m e nt).
C or o n o gr a p hi c i m a gi n g wit h t h e F 4 3 0 M a n d F 4 6 0 M filt ers of
t h e N e ar I nfr ar e d C a m er a ( NI R C a m) o n t h e J a m es We b b S p a c e
Tel es c o p e (J W S T) s h o ul d als o b ett er c o nstr ai n t h e s h a p e of t h e
3. 7 – 5 µ m ps e u d o- c o nti n u u m a n d c o ul d dis e nt a n gl e t h e A T M O a n d
E x o - R E M s ol uti o ns.

O bs er v ati o ns at l o n g er w a v el e n gt hs will b e a ni c h e f or
t h e Mi d-I nfr ar e d I nstr u m e nt ( MI RI) of J W S T. We c a n esti-
m at e t h at t h e c o ntr ast b et w e e n GJ 5 0 4 b a n d GJ 5 0 4 A s h o ul d
r a n g e b et w e e n 4 × 1 0 − 6 a n d 2. 5 × 1 0 − 4 fr o m 5 t o 2 8. 5 µ m
usi n g t h e s et of at m os p h eri c m o d els c o nsi d er e d a b o v e a n d t h e
S E D of GJ 5 0 4 A ( A p p e n di x A ). T h e us e of t h e f o ur- q u a dr a nt
p h as e m as k s t o g et h er wit h A DI will b e m a n d at or y t o r e a c h
GJ 5 0 4 b c o ntr asts a n d a v oi d s at ur ati o n ( B o c c al etti et al. 2 0 1 5 ).
T h e f o ur- q u a dr a nt p h as e m as k s c a n o nl y b e us e d j oi ntl y wit h
t h e F 1 0 6 5 C (λ c = 1 0 .5 7 5 µ m , ∆ λ = 0 .7 5 µ m ), F 1 1 4 0 C (λ c =
1 1 .4 0 µ m , ∆ λ = 0 .8 0 µ m ), a n d F 1 5 5 0 C (λ c = 1 5 .5 0 µ m , ∆ λ =
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Fi g. 2 1. Pr e di ct e d a p p ar e nt fl u x es of GJ 5 0 4 b i n t h e n e ar- a n d mi d-
i nfr ar e d c orr es p o n di n g t o t h e b est- fitti n g s y nt h eti c s p e ctr a f o u n d i n
S e ct. 5 wit h t h e G st atisti cs a n d s o m e k n o wl e d g e of t h e o bj e ct r a di us.
T h e tr a ns missi o n of s o m e k e y filt ers of J W S T i nstr u m e nts ar e o v erl ai d.
We r e p ort t h e L - b a n d p h ot o m etr y ( S u b ar u/I R C S, L B TI/ L MI R c a m) of
GJ 5 0 4 b ( bl a c k).

0 .9 0 µ m ) filt ers. T h e MI RI p h ot o m etr y s h o ul d e n a bl e t o disti n-
g uis h b et w e e n t h e A T M O a n d E x o - R E M s ol uti o ns. T h e E x o - R E M
m o d els i n di c at e t h at t h e s p e ctr al sl o p e b et w e e n 1 1 a n d 1 5 µ m
pr o b e d b y t h e F 1 1 4 0 C- F 1 5 5 0 C c ol or s h o ul d als o b e a g o o d
i n di c at or of t h e p er c e nt a g e of t h e dis k s urf a c e c o v er e d b y cl o u ds.

T o c o n cl u d e, w e c o nsi d er e d t w o r e pr es e nt ati v e s ol uti o ns
pr o bi n g t h e l o g g /[M / H ] d e g e n er a c y i n t h e p ost eri or distri b u-
ti o ns s h o w n i n Fi gs. 8 a n d 9 at T e ff = 5 5 0 K. T h e s p e ctr a i n di c at e
t h at n arr o w a n d br o a d b a n d p h ot o m etr y wit h J W S T l o n g w ar d of
3 µ m s h o ul d n ot br e a k t h e l o g g /[M / H ] d e g e n er a c y f or all b ut
t h e A T M O s ol uti o ns. T h e MI RI d at a c o u pl e d t o t h e S P H E R E d at a
p oi nts s h o ul d n o n et h el ess s et stri n g e nt c o nstr ai nts ( < 1 0 0 K) o n
t h e T e ff b as e d o n o ur si m ul ati o ns a n d s h o ul d all o w f or r e d u c-
ti o n of t h e err or b ar o n t h e l u mi n osit y. T h e c o m p aris o n of t h at
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Te and luminosity to evolutionar y track s (Fig. 13) is a way to
investigate t he system age independently from GJ 50 4A.

8.3. Formation pathway

If confir med, a spin-orbit misalignment of GJ 50 4b (Sect. 7.2)
would be a remark able proper ty of t he system, in par ticular
wit h respect to t he solar system planets. Such misaligments are
indirectly obser ved on protost ar pairs (e.g., Of fner et al. 2016;
Br inch et al. 2016) and are consistent wit h a stellar-like for mation
scenar io (e.g., Boss & Bodenheimer 1979). Spin-orbit misalign-
ments are also clearly est ablished for close-in planets wit h orbit al
per iods ranging from 0.73 (55 Cnc e; Bour r ier & Hébrard 2014)
to 207.6 days (Kepler-462 c; Ahlers et al. 2015). Dynamical
interaction between planets is a possible cause of t hose mis-
alignments (e.g., Chatter jee et al. 2008), but ot her processes
such as t he magnetic interaction between t he inner disk and t he
st ar (Lai et al. 2011; Spalding & Batygin 2014) or disk-war ping
(e.g., Terquem 2013) have also been proposed. Bowler et al.
(2017) repor ted a likely nonzero obliquity for t he ROXs 12
system composed of a 17 5 1 5 MJup companion (“hot-st ar”
mass) at a projected separation of 240 au from a low-mass
(0 65 0 05

0 09 M ) young (6 4
2 Myr) st ar. This is to our knowledge

t he only ot her measurement of t he obliquity of a wide-orbit
( 10 au) companion less massive t han 30 MJup . Bowler et al.
(2017) also show t hat t his system has a ter tiar y stellar component
at a projected separation of 5100 au, which makes t he system’s
architecture dif ferent from t hat of GJ 50 4.

Some ot her proper ties of t he GJ 50 4 system may also be
infor mative. The companion is in a mass range eit her below, or
r ight inside t he so-called “brown-dwar f deser t” obser ved at shor t
separations for solar-type st ars (e.g., Sahlmann et al. 2011; Ma &
Ge 2014) and likely existing at larger separations (Reggiani et al.
2016). The companion mass ratio q wit h GJ 50 4A is 1 9 1 1

0 7 % or
0 11 0 07

0 03 %, depending on t he isochronal age range considered. If
t he system is 4 Gyr old, GJ 50 4b still belongs to a ver y shor t list
of objects resolved at projected separations smaller t han 50 au
(HD 206893, HR 2562B, HIP 73990B & C; Hinkley et al. 2015b;
Milli et al. 2017; Delor me et al. 2017c; Mesa et al. 2018) wit h
such extreme q values. All t hose companions are found around
debr is disk st ars. GJ 50 4b’s semi-major axis is probably lower
t han 200 au in contrast to t he 20–30 MJup G-type st ar compan-
ions (e.g., HN Peg b, HD 203030B ; Metchev & Hillenbrand
2006; Luhman et al. 2007) found at large (>500 au) projected
separations; e.g., beyond t he typical size of circumstellar disk s of
T-Taur i st ars (e.g., Piétu et al. 2014; Tazzar i et al. 2017; Tr ipat hi
et al. 2017).

If GJ 50 4b is a 14–33 MJup object, its orbit al proper ties and
mass ratio should still be compatible wit h a stellar-like for mation
mechanism (e.g., Lodato et al. 2005). Metchev & Hillenbrand
(2009) argue t hat t he companion mass function follows t he same
universal for m over t he entire range between 0 and 1590 au in
orbit al semimajor axis. They predict a peak in semi-major axes
for brown dwar fs at 30 au which is broadly compatible wit h
t he present constraints on t he semi-major axis of GJ 50 4b. Most
orbit al solutions of GJ 50 4b also cor respond to per iods close to
t he most frequent values found for solar-type st ar binar ies (P =
293.6 days; see Fig. 13 of Raghavan et al. 2010).

We also investigated whet her t he companion could have
for med in a disk. We generated a disk inst ability model (Klahr
et al., in prep.; see also Janson et al. 2011) adapted to t he case
of GJ 50 4 (stellar luminosity and met allicity). The model pre-
dicts t he range of semi-major axis and clump masses allowed
to for m and cool down more rapidly t han t he local Kepler ian
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Fig. 22. Gravit ational inst ability model adapted to t he case of GJ 50 4.
Fragments are allowed to for m if t hey respect t he Toomre and cooling
cr iter ia. GJ 50 4b proper ties are repor ted. The pink cur ve cor responds
to t he poster ior distr ibution of t he companion semi-major axis found
wit h our MCMC orbit-fitting pack age (Sect. 7.1). The dashed lines cor-
respond to t he disk mass distr ibution for a dif ferent hypot hesis on t he
initial disk mass.

timescale in Toomre-unst able disk s (Toomre 1981). The result is
shown in Fig. 22. Clumps wit h masses in ag reement wit h t he
companion proper ties can for m if we adopt t he old isochronal
age for t he system. However, t he allowed fragment ation zone
is predicted to be at larger semi-major axis t han most solutions
found from t he MCMC orbit al fits. This can be explained if t he
disk opacity is lowered, and t herefore not scaled on t he stellar
met allicity (t his would be t he case if GJ 50 4A was initially a
solar-met allicity st ar t hat was later enr iched by a planet engulf-
ment event; see Sect. 8.1). In such a case, clumps can cool down
suf ficiently rapidly at shor ter separations. The companion may
have alter natively been for med at larger separation subsequently
undergoing inward disk-induced mig ration (for inst ance t hrough
t he Type II process which allows for clump sur vival; St amatellos
2015; Nayak shin 2017). This for mation at a wider dist ance would
also allow for a lower disk mass.

The model cannot account for GJ 50 4b if it is a 1 3 0 6
0 3 MJup

21 Myr-old planet. However, more complex models allowing
for a more det ailed investigation of t he free parameters in t he
GI models (e.g., Boss 2017) and subsequent planet embr yo
evolution (protoplanet mig ration, clump–clump dynamical inter-
actions, “tidal downsizing”, etc.; e.g., Forgan & Rice 2013; Hall
et al. 2017; Müller et al. 2018) may lead to dif ferent conclusions.

We compare GJ50 4b to t he Ber n core-accretion population
synt hesis results in Fig. 23. The model considers t he for mation
of multiple planet embr yos per disk (50, 20, and 10 embr yos per
disk for t he simulations wit h 1, 1.5, and 2 M central objects,
respectively) and Type I and II mig ration (Aliber t et al. 2005;
Mordasini et al. 2012; Aliber t et al. 2013). The bulk enr ich-
ment in solids of each final planet is repor ted in t he figure.
Wit h a lower limit of 27.8 au on its semi-major axis, GJ 50 4b
appears as an outlier of t he population for t he two possible age
ranges. The models can however still for m a few objects as mas-
sive and dist ant as t he companion. The simulations indicate t hat
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including Type I and II mig ration and dynamical scatter ing between
multiple planet embr yos in t he disk. We considered t he case of 1, 1.5,
and 2 M central st ars. The color shows t he enr ichment relative to t he
st ar.

all planets more massive t han 10 MJup should not be signifi-
cantly met al-enr iched wit h respect to t heir host st ars. This is in
good ag reement wit h t he atmospher ic met allicity found wit h t he
Morley and petitCODE models and t he MCMC met hod.

8.4. Finding analogs of GJ 504b with VLT/SPHERE

Most of t he SHINE obser vations are per for med wit h t he IRDIFS
mode of t he instr ument. The H -band obser vations ensure good
AO per for mance, an optimal use of t he apodized Lyot corono-
g raph, and low backg round emission. The IFS can distinguish
cool companions in t he first 0.8–1.2 from hotter backg round
objects t hrough t he detection of character istic spectral fea-
tures. That is also one of t he best character ized modes for t he
astrometr ic monitor ing. The unusual colors of GJ 50 4b call
however for a re-investigation of t he detection capabilities of
ultracool companions wit h t he var io us instr ument modes of
SPHERE.

We estimated t he absolute magnitude and colors 12 of plan-
ets and brown dwar fs for t hree character istic ages in t he field
pass-bands using t he atmospher ic models as boundar y
conditions (see Appendix F).

The Exo-REM models predict a strong sensitivity of t he
absolute magnitudes to t he cloud coverage and met allicity, in
par ticular for t he lowest masses (and Te ). The models also show
t hat t he companions have a higher or similar br ightness in t he J3
filter. This adds to t he fact t hat t he typical st ars obser ved wit h
SPHERE have J-H 0 or J-K 0, t herefore leading to more
favorable predicted contrasts at J3. In some cases, DBI imag-
ing wit h t he J2J3 filter could t herefore become advant ageous
for t he detection of cool companions. This can be illustrated
when consider ing t he G0 st ar HIP 19148. The st ar is a member
of t he 625 Myr-old met al-enr iched Hyades cluster (de Br uijne
et al. 2001). Using t he ESO exposure time calculator 13 (ver-
sion P101.3), we could generate contrast cur ves for t he J2J3
and H2H3 bands consider ing median obser ving conditions (see-
ing of 0.8–1.0 ), 6 4 s exposures to minimize t he read-out noise,
and t he ADI per for mance reached dur ing a 1.5 h sequence of

12 We caution t hat our predictions do not account for t he feedback of
t he atmosphere on t he object evolution. They should not be used for t he
character ization of individual objects.
13

coronog raphic exposures. We used t he 2MASS J and H magni-
tudes and t he Gaia-DR1 dist ance (Gaia Collaboration 2016) to
compute t he sensitivity and compare it to t he predicted magni-
tudes of 5, 8, and 15 MJup objects. The simulation predicts t hat
we would miss a 8 MJup object in t he H2 band at t he physical
projected separation of GJ 50 4b while it would be comfor t ably
detected in t he J3 channel, in par ticular if t he object is met al-
enr iched.

The J2J3 mode of fers a second advant age. Obser vations
of st ars in t he galactic plane usually lead to t he detection of
numerous backg round st ars wit h IRDIS. When repor ted in color-
magnitude diag rams and assuming t hey are at t he same dist ance
of t he t arget, t hose point sources line up and for m a locus. This
locus has t he same colors as K and early M st ars but is spread
in luminosity and does not necessar ily share t he same colors as
cool companions. Therefore, t he placement of candidate point
sources into t hose diag rams of fers a simple way to disent angle
backg round st ars from bound companions. When consider ing
t he H2H3 mode, t he locus intersects t he sequence of cool objects
at t he L/T transition (where companions such as HN Peg b
or HR8799bcde lies) and falls close to t he sequence of late-M
dwar fs (Langlois et al., in prep.). It is t herefore not always pos-
sible to deter mine whet her t he object is a backg round st ar or a
substellar companion. We build up in Fig. 24 a locus of cont am-
inants from t he J2J3 obser vations of HIP 67497, HD 115600,
and HIP 92984 obt ained as par t of SHINE (SHINE collabo-
ration, pr iv. comm.). The point sources draw a locus distinct
from t he sequence of young and old late-M, L, and T dwar fs.
The faintest cont aminants have a 1.5 mag color dif ference wit h
known Y dwar fs. Their colors follow t he interstellar reddenning
vector. Cool companions such as GJ 758b or GJ 50 4b would eas-
ily be identified from t he met hod. Dusty L -type planets such
as HIP 65426b would also be discr iminated from t he locus of
cont aminants. Therefore, DBI obser vations wit h t he J2J3 filters
may not necessar ily require a follow-up to confir m t hat t he point
sources do not share t he t arget proper motion.

9. Conclusion

Because it is a nearby br ight st ar, GJ 50 4 can be obser ved
wit h a var iety of techniques. This work presents new inter fer-
ometr ic, radial-velocity, and high-contrast imaging obser vations
t hat shed a new light on t he system. Two isochronal age ranges
(21 2 Myr and 4 0 1 8 Gyr) are compatible wit h t he inter-
ferometr ic radius of GJ 50 4A. The conflicting conclusions from
t he var ious alter native age indicators do not allow us to fir mly
choose one age or t he ot her. The known companion is a T8-T9.5
object wit h a peculiar SED from 1 to 2.5 m. The SED is com-
patible wit h a low sur face g ravity and/or super-solar met allicity
atmosphere. The met allicity deter mination is limited by system-
atic er rors between atmospher ic models and degeneracies wit h
t he sur face g ravity. Our analysis also reveals t hat t he met allicity
is not degenerate wit h t he carbon-to-oxygen ratio. The sur face
g ravity is consistent wit h t he young isochronal age of t he system.
We estimate a mass of M 1 3 0 6

0 3 MJup and M 23 10
9 MJup for

GJ 50 4b for t he young and old isochronal system ages, respec-
tively. These masses account for a wide range of plausible initial
conditions and rely on t he bolometr ic luminosity infer red inde-
pendently from t he empir ical and atmospher ic model analysis
of t he companion SED. The orbit of GJ 50 4b has a semi-major
axis larger t han 27.8 au, an eccentr icity lower t han 0.55, and an
inclination in t he range (125–180) deg rees. The inter ferometr ic
radius of t he st ar and its sin i allows deter minations of t he
line-of-sight inclination. A compar ison wit h t he inclination of
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Fi g. 2 4. C ol or- m a g nit u d e di a gr a m e x pl oiti n g t h e J 2 a n d J 3 p h ot o m-
etr y of S P H E R E. We r e p ort t h e p h ot o m etr y of c a n di d at e c o m p a ni o ns
d et e ct e d ar o u n d t hr e e S HI N E t ar g ets wit h t h e D B _J 2 3 filt er of I R DI S
( gr e y st ars s y m b ols). T h e r e d d e ni n g v e ct or of 0. 5 µ m f orst erit e gr ai ns
a n d t h e o n e c orr es p o n di n g t o t h e i nt erst ell ar e xti n cti o n ar e o v erl ai d
(s e e B o n n ef o y et al. 2 0 1 6 , f or t h e d et ails o n h o w t h e v e ct ors ar e
c o m p ut e d).

t h e or bit of GJ 5 0 4 b s u g g ests t h at t h e s yst e m c o ul d h a v e a s pi n-
or bit mis ali g n m e nt. T h e r a di al v el o cit y a n d i m a gi n g d at a all o w
e x cl usi o n of c o m p a ni o ns m or e m assi v e t h a n 2. 5 a n d 3 0 M J u p

fr o m 0. 0 1 t o 8 0 a u ass u mi n g t h e y o u n g a n d ol d a g e r a n g e,
r es p e cti v el y.

If GJ 5 0 4 b is a br o w n- d w arf i n a n ol d s yst e m, w e s h o w
t h at gr a vit ati o n al i nst a bilit y m o d els p ossi bl y c o u pl e d t o i n w ar d
mi gr ati o n mi g ht e x pl ai n its pr o p erti es. P o p ul ati o n s y nt h esis
m o d els c o n fir m t h at t h e c or e- a c cr eti o n m o d els c a n f or m s u c h a
m assi v e o bj e ct, b ut pr ef er e nti all y at s e mi- m aj or a xis s h ort er t h a n
3 0 a u. B ot h f or m ati o n m o d els w o ul d b e c h all e n g e d if t h e o bj e ct
is a pl a n et wit h M = 1 .3 + 0 .6

− 0 .3 M J u p .
A d diti o n al k e y m e as ur e m e nts c o ul d b e o bt ai n e d i n t h e n e ar

f ut ur e t o b ett er c o nstr ai n t h e ori gi ns of t h e GJ 5 0 4 s yst e m. A d di-
ti o n al astr o m etri c m o nit ori n g of GJ 5 0 4 b is cr u ci all y n e e d e d t o
( 1) ti g ht e n d o w n t h e p ost eri ors o n t h e i n cli n ati o n of GJ 5 0 4 b
or bit a n d c o n fir m t h e s pi n- a xis mis ali g m e nt, a n d ( 2) c o nstr ai n
b ett er t h e e c c e ntri cit y. T h e l att er c o ul d b e r el at e d t o t h e f or m a-
ti o n m e c h a nis m (s e e M a & G e 2 0 1 4 ). J W S T p h ot o m etr y a n d
s p e ctr a of GJ 5 0 4 b s h o ul d yi el d t h e first r o b ust c o nstr ai nts o n t h e
C/ O, O/ H, a n d C/ H ( or m et alli cit y) r ati os a n d o n t h e i m p ort a n c e
of n o n e q uili bri u m c h e mistr y i n t h e at m os p h er e of GJ 5 0 4 b. It
will t h e n b e c o m e p ossi bl e t o c o m p ar e t h e a b u n d a n c es t o t h os e
of br o w n d w arfs ( Li n e et al. 2 0 1 7 ) a n d pl a n ets ( e. g. B e n n e k e
2 0 1 5 ; L a vi e et al. 2 0 1 7 ). D e e p er i m a gi n g d at a as g at h er e d wit h
t h e J W S T s h o ul d s et stri n g e nt c o nstr ai nts o n t h e pr o b a bilit y of
d et e cti o n of c o m p a ni o ns b e y o n d 8 0 a u. C o n v ers el y, a d diti o n al
m o nit ori n g wit h S P H E R E m a y c ar v e t h e pl a n et d et e cti o n pr o b a-
bilit y p ar a m et er s p a c e i n t h e ( 1 5 – 3 0) a u r a n g e w h er e c o m p a ni o ns
sli g htl y m or e m assi v e t h a n GJ 5 0 4 b m a y still r esi d e if t h e s yst e m
is ol d. Ast er os eis m ol o g y of t h e h ost st ar mi g ht e n a bl e us t o cl os e
t h e d e b at e o n t h e s yst e m a g e. T h e m or e a c c ur at e l u mi n osit y a n d
s urf a c e gr a vit y of GJ 5 0 4 b g at h er e d b y J W S T mi g ht als o e n a bl e

t h e t w o p ossi bl e is o c hr o n al a g es f or t h e s yst e m t o b e dis e nt a n-
gl e d. G ai a m a y d et e ct t h e w o b bl e i n d u c e d b y GJ 5 0 4 b o v er t h e
d ur ati o n of its n o mi n al missi o n ( 5 yr) w hi c h c o ul d b e us e d t o
e x cl u d e s o m e of o ur or bit al s ol uti o ns a n d s et u p p er li mits o n t h e
c o m p a ni o n m ass.

T o c o n cl u d e, t h e J 2J 3 D BI filt er of S P H E R E off ers g o o d
pr os p e cts f or t h e d et e cti o n a n d f oll o w- u p str at e g y of a n al o gs of
GJ 5 0 4 b. Dir e ct i m a gi n g s ur v e ys of n e ar b y m et al-ri c h G-t y p e
st ars usi n g t his p air of filt ers w o ul d b e of v al u e t o c o nstr ai n t h e
f or m ati o n m o d els.

A c k n o wl e d g e m e nts. T h e a ut h ors t h a n k t h e E S O st aff, t h e C H A R A t e a m, a n d
t h e V E G A t e a m f or s u p p ort i n c o n d u cti n g t h e o bs er v ati o ns. M. B. is gr at ef ul t o
B. B ur ni n g h a m, G. M a c e, D. C us hi n g, M. Li u, R. D. R os a, D. L afr e ni èr e, D.
Kir k p atri c k, A. B ur g ass er, J. P ati e n c e, B. B o wl er, D. L a c h a p ell e, E. Wri g ht, a n d
S. L e g g ett f or pr o vi di n g t h e s p e ctr a of b e n c h m ar k o bj e cts. We t h a n k K. Ri c e, D.
F or g a n, a n d K. T o d or o v f or fr uitf ul dis c ussi o ns. T his r es e ar c h h as b e n e fitt e d fr o m
t h e S p e X Pris m Li br ar y ( a n d/ or S p e X Pris m Li br ar y A n al ysis T o ol kit), m ai n-
t ai n e d b y A d a m B ur g ass er at h t t p : / / w w w . b r o w n d w a r f s . o r g / s p e x p r i s m
a n d fr o m t h e Y D w arf C o m p e n di u m m ai nt ai n e d b y Mi c h a el C us hi n g at
h t t p s : / / s i t e s . g o o g l e . c o m / v i e w / y d w a r f c o m p e n d i u m / .  T his r es e ar c h
h as m a d e us e of t h e SI M B A D d at a b as e a n d Vi zi e R c at al o g u e a c c ess t o ol
( o p er at e d at C D S, Str as b o ur g, Fr a n c e). T his r es e ar c h h as m a d e us e of
N A S A’s Astr o p h ysi cs D at a S yst e m a n d of t h e E xtr as ol ar Pl a n et E n c y cl o p e di a
(h t t p : / / e x o p l a n e t . e u / ). P art of t h e pl a n et p o p ul ati o n of Fi g. 2 3 is p u bli cl y
a v ail a bl e o n D A C E, t h e D at a A n al ysis C e ntr e f or E x o pl a n ets of t h e N C C R
Pl a n et S r e a c h a bl e at h t t p s : / / d a c e . u n i g e . c h . A d diti o n al p o p ul ati o ns will b e
a d d e d i n f ut ur e. D A C E yi el ds b ot h i nt er a cti v e s n a ps h ots of t h e e ntir e p o p ul ati o n
at a gi v e n m o m e nt i n ti m e li k e t h e p o p ul ati o n- wi d e a – M or M – R di a gr a ms as
w ell as f or m ati o n tr a c k s of i n di vi d u al pl a n ets ( e. g., M(t) , R(t) , et c.) f or all s y n-
t h eti c pl a n ets. T his p u bli c ati o n m a k es us e of V O S A, d e v el o p e d u n d er t h e S p a nis h
Virt u al O bs er v at or y pr oj e ct s u p p ort e d fr o m t h e S p a nis h MI CI N N t hr o u g h gr a nt
A y A 2 0 1 1- 2 4 0 5 2. T his w or k is p artl y b as e d o n d at a pr o d u cts pr o d u c e d at t h e
S P H E R E D at a C e ntr e h ost e d at O S U G/I P A G, Gr e n o bl e. D at a a n al ysis w as
p arti all y c arri e d o ut o n t h e o p e n us e d at a a n al ysis c o m p ut er s yst e m at t h e Astr o n-
o m y D at a C e nt er, A D C, of t h e N ati o n al Astr o n o mi c al O bs er v at or y of J a p a n.
S P H E R E is a n i nstr u m e nt d esi g n e d a n d b uilt b y a c o ns orti u m c o nsisti n g of I P A G
( Gr e n o bl e, Fr a n c e), M PI A ( H ei d el b er g, G er m a n y), L A M ( M ars eill e, Fr a n c e),
L E SI A ( P aris, Fr a n c e), L a b or at oir e L a gr a n g e ( Ni c e, Fr a n c e), I N A F Oss er v at ori o
di P a d o v a (It al y), O bs er v at oir e d e G e n è v e ( S wit z erl a n d), E T H Z uri c h ( S wit z er-
l a n d), N O V A ( T h e N et h erl a n ds), O N E R A ( Fr a n c e), a n d A S T R O N ( T h e N et h er-
l a n ds) i n c oll a b or ati o n wit h E S O. S P H E R E w as f u n d e d b y E S O, wit h a d diti o n al
c o ntri b uti o ns fr o m C N R S ( Fr a n c e), M PI A ( G er m a n y), I N A F (It al y), FI N E S
( S wit z erl a n d), a n d N O V A ( T h e N et h erl a n ds). S P H E R E als o r e c ei v e d f u n di n g
fr o m t h e E ur o p e a n C o m missi o n Si xt h a n d S e v e nt h Fr a m e w or k Pr o gr a m m es as
p art of t h e O pti c al I nfr ar e d C o- or di n ati o n N et w or k f or Astr o n o m y ( O P TI C O N)
u n d er gr a nt n u m b er RII 3- Ct- 2 0 0 4- 0 0 1 5 6 6 f or F P 6 ( 2 0 0 4- 2 0 0 8), gr a nt n u m b er
2 2 6 6 0 4 f or F P 7 ( 2 0 0 9- 2 0 1 2), a n d gr a nt n u m b er 3 1 2 4 3 0 f or F P 7 ( 2 0 1 3- 2 0 1 6).
We als o a c k n o wl e d g e fi n a n ci al s u p p ort fr o m t h e Pr o gr a m m e N ati o n al d e
Pl a n ét ol o gi e ( P N P) a n d t h e Pr o gr a m m e N ati o n al d e P h ysi q u e St ell air e ( P N P S)
of C N R S-I N S U i n Fr a n c e. T his w or k h as als o b e e n s u p p ort e d b y a gr a nt fr o m t h e
Fr e n c h L a b e x O S U G @ 2 0 2 0 (I n v estiss e m e nts d’ a v e nir – A N R 1 0 L A B X 5 6) a n d
fr o m t h e A g e n c e N ati o n al e d e l a R e c h er c h e ( gr a nt A N R- 1 4- C E 3 3- 0 0 1 8). G. D. M.
a n d C. M. a c k n o wl e d g e t h e s u p p ort fr o m t h e S wiss N ati o n al S ci e n c e F o u n d ati o n
u n d er gr a nt B S S GI 0 _ 1 5 5 8 1 6 “ Pl a n etsI n Ti m e ”. P arts of t his w or k h a v e b e e n
c arri e d o ut wit hi n t h e fr a m e of t h e N ati o n al C e nt er f or C o m p et e n c e i n R es e ar c h
Pl a n et S s u p p ort e d b y t h e S N S F. T his w or k is b as e d u p o n o bs er v ati o ns o bt ai n e d
wit h t h e G e or gi a St at e U ni v ersit y C e nt er f or Hi g h A n g ul ar R es ol uti o n Astr o n-
o m y Arr a y at M o u nt Wils o n O bs er v at or y. T h e C H A R A Arr a y is s u p p ort e d
b y t h e N ati o n al S ci e n c e F o u n d ati o n u n d er Gr a nt N o. A S T- 1 2 1 1 9 2 9. J. H. is
s u p p ort e d b y t h e S wiss N ati o n al S ci e n c e F o u n d ati o n ( S N S F P 2 G E P 2 _ 1 5 1 8 4 2).
A. Z. a c k n o wl e d g es s u p p ort fr o m t h e C O NI C Y T + P AI/ C o n v o c at ori a n a ci o n al
s u b v e n ci ó n a l a i nst al a ci ó n e n l a a c a d e mi a, c o n v o c at ori a 2 0 1 7 + F oli o
P AI 7 7 1 7 0 0 8 7.
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A p p e n di x A: G J 5 0 4 A S E D a n d l u mi n o sit y
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Fi g. A. 1. P h ot o m etr y of GJ 5 0 4 A ( bl u e d ots) c o m p ar e d t o a B T-
N E X T G E N s y nt h eti c s p e ctr u m (r e d li n e) at T e ff = 6 2 0 0 K, l o g g = 4. 5,
a n d M/ H = + 0. 3 s c al e d i n fl u x. T h e fl u x- c ali br at e d I N E S, S T E LI B, a n d
SI N F O NI s p e ctr a ( y ell o w, gr e e n, a n d gr e y li n es, r es p e cti v el y) of t h e st ar
ar e c o m p ati bl e wit h t h e fl u x- c ali br at e d m o d el-s p e ctr u m.

T h e m a g nit u d e of GJ 5 0 4 A is u n k n o w n i n t h e S P H E R E p ass-
b a n d. We, t h er ef or e, b uilt a m o d el of t h e st ar S E D fr o m t h e
J o h ns o n V a n d B b a n d ( K h ar c h e n k o et al. 2 0 0 9 ), J, H , a n d
K b a n ds ( Ki d g er & M artí n- L uis 2 0 0 3 ), A K A RI S 0 9 W a n d
L 1 8 W ( Is hi h ar a et al. 2 0 1 0), I R A S 1 2 µ m ( M os hir 1 9 8 9 ), WI S E
W 3, a n d W 4 ( C utri et al. 2 0 1 4 ), a n d H ers c h el/ P A C S 1 0 0 µ m
(M or o- M artí n et al. 2 0 1 5 ) p h ot o m etr y1 4 . T h at S E D is w ell r e pr o-
d u c e d b y a B T- N E X T G E N s y nt h eti c s p e ctr a ( All ar d et al. 2 0 1 2 b )

1 4 T h e s o ur c e is s at ur at e d i n t h e WI S E W 1 a n d 2 i m a g es. T h e p u blis h e d
S pitz er 7 0 µ m p h ot o m etr y h as l ar g e err or b ars ( Si er c hi o et al. 2 0 1 4 ) a n d
w as n ot c o nsi d er e d i n t h e fit. It c o n fir ms t h e l a c k of e x c ess e missi o n at
7 0 µ m

T a bl e A. 1. A p p ar e nt m a g nit u d e of GJ 5 0 4 A i n t h e I R DI S a n d Hi CI A O
C H 4 filt ers.

B a n d  M a g  Err or

Y 2 4. 3 2 0. 0 3
Y 3 4. 2 9 0. 0 3
J 2 4. 1 8 0. 0 3
J 3 4. 0 7 0. 0 3
H 2 3. 8 7 0. 0 3
H 3 3. 8 5 0. 0 3
K 1 3. 7 9 0. 0 3
K 2 3. 8 3 0. 0 3

C H 4 S 3. 8 7 0. 0 3
C H 4 L 3. 8 6 0. 0 3

wit h T e ff = 6 2 0 0 K, l o g g = 4. 5, a n d M/ H = 0. 3. T h os e p ar a m e-
t ers ar e t h e cl os est o n es of t h e s ol uti o n f o u n d b y D’ Or a zi et al.
(2 0 1 7 b ) usi n g hi g h-r es ol uti o n s p e ctr a. We c o n fir m t h at n o e x c ess
c a n b e f o u n d u p t o 1 0 0 µ m wit h o ur fitti n g s ol uti o n. T h e fl u x-
c ali br at e d m o d el s p e ctr u m r e pr o d u c es e q u all y w ell ( Fi g. A. 1 )
t h e s h a p e a n d fl u x of t h e S T E LI B m e di u m-r es ol uti o n (R ∼
2 0 0 0) o pti c al s p e ctr u m ( 3 2 0 – 9 8 9 n m) of t h e st ar ( L e B or g n e
et al. 2 0 0 3 ) o bt ai n e d i n A pril 1 9 9 4. We c oll e ct e d a n d a v er a g e d
ar c hi v al fl u x- c ali br at e d U V s p e ctr a of t h e st ar fr o m t h e “I U E
N e wl y E xtr a ct e d S p e ctr a ” (I N E S) d at a b as e 1 5 . T h e s p e ctr a w er e
c oll e ct e d wit h t h e L W R a n d S W P c a m er a of t h e I nt er n ati o n al
Ultr a vi ol et E x pl or er ( R o drí g u e z- P as c u al et al. 1 9 9 9 ; C ass at ell a
et al. 2 0 0 0 ; G o n z ál e z- Ri estr a et al. 2 0 0 0 , 2 0 0 1 ) a n d h a v e a r eli-
a bl e fl u x i n t h e i nt er v al 1 5 0 – 3 3 1 n m. We als o r e d u c e d d at a of
GJ 5 0 4 A g at h er e d wit h t h e SI N F O NI NI R i nt e gr al fi el d s p e ctr o-
gr a p h ( Eis e n h a u er et al. 2 0 0 3 ; B o n n et et al. 2 0 0 4 ) o n J u n e 9,
2 0 1 4 ( PI C A C E R E S; Pr o gr a m 0 9 3. C- 0 5 0 0). T h e d at a w er e
a c q uir e d wit h t h e H + K m o d e of t h e i nstr u m e nt yi el di n g c o nti n u-
o us m e di u m-r es ol uti o n ( R ∼ 1 5 0 0) s p e ctr a fr o m 1. 4 5 t o 2. 4 5 µ m.
T h e SI N F O NI d at a w er e r e d u c e d wit h t h e E S O d at a h a n dli n g
pi p eli n e v ersi o n 3. 0. 0 t hr o u g h t h e R e f l e x e n vir o n m e nt. O nl y
o n e d at a c u b e, c orr es p o n di n g t o a s ci e n c e e x p os ur e o bt ai n e d at
0 2 h 4 1 m 0 4s U T, c o nt ai n e d t h e st ar i n t h e fi el d of vi e w. T h e st ar
s p e ctr u m w as e xtr a ct e d o v er a cir c ul ar a p ert ur e wit h a r a di us
of 3 2 5 m as. T h e s p e ctr u m w as c orr e ct e d fr o m t ell uri c a bs or p-
ti o n usi n g t h e o bs er v ati o n of t h e B 9 V st ar H D 1 4 1 3 2 7 o bs er v e d
b ef or e GJ 5 0 4 A. T h e 1. 8 – 1. 9 5 µ m r a n g e w as aff e ct e d b y t ell uri c
li n e r esi d u als a n d w as n ot c o nsi d er e d a n y f urt h er. We fl u x-
c ali br at e d t h e s p e ctr u m usi n g t h e K b a n d fl u x fr o m Ki d g er &
M artí n- L uis (2 0 0 3 ). T h e H a n d K - b a n d SI N F O NI s p e ctr u m is
w ell r e pr o d u c e d b y t h e B T- N E X T G E N m o d el ( Fi g. A. 1 ) a n d
c a n b e us e d t o d eri v e r eli a bl e I R DI S m a g nit u d es of GJ 5 0 4 A i n
t h e H 2 H 3 a n d K 1 K 2 c h a n n els (s e e b el o w). We r e pl a c e d t h e B T-
N E X T G E N s p e ctr u m wit h t h e I N E S, S T E L LI B, a n d SI N F O NI
s p e ctr a of GJ 5 0 4 A a n d i nt e gr at e d t h e S E D t o esti m at e a l o g
L / L = 0 .3 5 ± 0 .0 1 d e x. T h e err or a c c o u nts f or a n u n c ert ai nt y
of 1 0 0 K o n t h e T e ff of t h e B T- N E X T G E N m o d el fit a n d f or t h e
u n c ert ai nt y o n t h e dist a n c e ( 0. 0 8 p c; v a n L e e u w e n 2 0 0 7 ). T h e
v al u e is i n g o o d a gr e e m e nt wit h t h e o n e ( l o g L / L = 0. 3 5 ± 0. 0 5)
d eri v e d b y F u hr m a n n & C hi ni (2 0 1 5 ) fr o m a V - b a n d b ol o m etri c
c orr e cti o n.

We us e d t h e s p e ctr u m of GJ 5 0 4 A c o nsi d er e d f or t h e b ol o-
m etri c l u mi n osit y esti m at e a n d a s p e ctr u m of Ve g a ( M o u nt ai n
et al. 1 9 8 5 ; H a y es 1 9 8 5 ) t o c o m p ut e t h e p h ot o m etri c s hifts
b et w e e n t h e J, H , a n d K p h ot o m etr y of GJ 5 0 4 A a n d t h e

1 5 h t t p : / / s d c . c a b . i n t a - c s i c . e s / i n e s /

A 6 3, p a g e 2 9 of 3 2
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SPHERE DBI filters of IRDIS. We also re-der ived t he CH 4 S and
CH 4 L photometr y of GJ 50 4A from t he published H -band mag-
nitude, t aking into account t he SINFONI spectr um of t he st ar.
The resulting magnitudes for GJ 50 4A are repor ted in Table A.1.

Appendix B: Benchmark late-T objects

We repor t in Table A.2 t he proper ties of t he benchmark late-T
companions mentioned in Sect. 4.

Appendix C: Details on the color–magnitude and
color–color diagrams

This appendix descr ibes t he way t he color-magnitude and color-
diag rams shown in Sect. 4 are built.

We used spectra of M, L, and T dwar fs from t he SpeXPr ism
librar y (Burgasser 2014) and from Leggett et al. (2000) and
Schneider et al. (2015) to generate synt hetic photometr y in t he
SPHERE filter passbands. The zero points were computed using
a flux-calibrated spectr um of Vega (Hayes 1985; Mount ain et al.
1985). We also considered t he spectra of young and/or dusty
free-floating objects from Liu et al. (2013), Mace et al. (2013a),
Gizis et al. (2015), and of young companions (Patience et al.
2010; Lafrenière et al. 2010; Wahhaj et al. 2011; De Rosa et al.
2014; Bailey et al. 2014; Bonnefoy et al. 2014a; Gauza et al. 2015;
Lachapelle et al. 2015; Stone et al. 2016; Rajan et al. 2017). The
colors and absolute fluxes of t he benchmark companions and iso-
lated T-type objects are generated from t he dist ance and spectra
of t hose objects (See Appendix A.2 for t he det ails.). To conclude,
we used t he spectra of Y dwar fs published in Schneider et al.
(2015), War ren et al. (2007), Delor me et al. (2008), Bur ningham
et al. (2008), Lucas et al. (2010), Kirkpatr ick et al. (2012), and
Mace et al. (2013a) to extend t he diag rams in t he late-T and early
Y-dwar f domain.

We used t he dist ances of t he field dwar fs repor ted in
Kirkpatr ick et al. (2000), Faher ty et al. (2012), Dupuy &
Kraus (2013), Tinney et al. (2014), Beichman et al. (2014),
and Luhman & Esplin (2016). We considered t hose repor ted in
Kirkpatr ick et al. (2011), Faher ty et al. (2012), Zapatero Oso-
r io et al. (2014), and Liu et al. (2016) for t he dusty dwar fs. The
companion dist ances are t aken from van Leeuwen (2007) and
Ducourant et al. (2014).

Appendix D: Forward models exploring different
C/O ratio

The models explor ing dif ferent C/O ratios treat t he gaseous
opacity wit h t he k-cor related met hod (Amundsen et al. 2017).
They account for t he CIA of H 2 –H 2 /He (Richard et al.
2012), H 2 O, CH 4 , CO , CO 2 , NH 3 , H 2 S, PH 3 (ExoMol and
Freedman et al. 2014), Na, and K (Bur rows & Volobuyev
2003). The chemistr y is computed using t he NASA CEA2
routine 16 but wit h “rain-out” condensation implemented. Dise-
quilibr ium chemistr y of NH 3 , N 2 , CO, CH 4 , and H 2 O is imple-
mented following t he Zahnle & Marley ( 2014) analytic timescale
approach.

16

Table E.1. SOPHIE radial-velocity measurements.

MJD - 2 450 000 RV (km s 1 ) Er ror (km s 1 )

6383.53 0 040 0.005
6383.53 0 038 0.006
6385.52 0.020 0.005
6385.53 0.016 0.006
6386.47 0.0 48 0.005
6386.47 0.0 47 0.005
6388.50 0.018 0.005
6388.50 0.017 0.005
6390.49 0.036 0.006
6766.53 0.075 0.006
6766.53 0.068 0.006
6767.51 0.061 0.006
6767.52 0.051 0.006
7060.60 0.015 0.005
7060.61 0.011 0.006
7061.67 0.020 0.006
7061.67 0.018 0.006
7099.65 0.012 0.005
7099.65 0.009 0.005
7100.56 0.010 0.005
7100.56 0.010 0.005
7101.48 0.033 0.006
7101.48 0.031 0.006
710 4.57 0.001 0.005
710 4.58 0.00 4 0.005
74 4 4.6 4 0.013 0.006
74 4 4.6 4 0.010 0.006
74 47.67 0.019 0.007
74 47.68 0.022 0.006
74 48.67 0.002 0.007
7490.57 0.032 0.005
7490.57 0.030 0.006
7491.52 0.025 0.006
7491.52 0.027 0.006
7494.47 0.022 0.006
7494.48 0.021 0.006
7532.46 0.005 0.006
7532.46 0.016 0.006

Gr ids of synt hetic spectra at R = 1000 are generated from
300 K Te 950 K in 50 K inter vals, 3 0 log g 5 5
in 0.5 dex steps, 1 0 [M H] 1 0 in 0.5 dex inter vals,

0 2 l o ( K zz 8) in 0.5 dex steps, and 6 C/O points between
0.1 and 0.85. They are convolved wit h t he filter passbands cor-
responding to GJ 50 4b photometr y to generate t he synt hetic
fluxes.

Appendix E: SOPHIE radial-velocity
measurements

We repor t in Table E.1 t he radial-velocity measurements of
GJ 50 4A used in Sect. 7.3.
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Appendix F: Magnitudes of ultracool companions
predicted by Exo-REM

Table F.1. Absolute magnitude predictions synt hetized from t he COND track s and t he model atmospheres.

Age Mass Models [M H] Y2 Y3 J2 J3 H2 H3 K 1 K 2
(Gyr) MJup (dex) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

4 40 Exo-REM/f cloud 0 75 0 16.96 16.69 16.68 15.32 15.48 16.76 15.84 17.63
4 40 Exo-REM/f cloud 0 75 +0.5 17.03 16.68 16.74 15.18 15.38 16.72 15.18 17.4 4
4 40 Exo-REM/f cloud 0 0 16.87 16.59 16.6 4 15.12 15.51 16.85 15.96 17.82
4 40 Exo-REM/f cloud 0 +0.5 16.98 16.62 16.70 14.98 15.39 16.84 15.26 17.6 4
4 20 Exo-REM/f cloud 0 75 0 20.78 20.51 20.89 18.76 18.65 20.69 19.48 21.99
4 20 Exo-REM/f cloud 0 75 +0.5 20.54 20.10 20.76 18.27 18.25 21.07 18.25 21.65
4 20 Exo-REM/f cloud 0 0 19.68 19.47 20.10 17.80 18.17 20.78 20.00 22.63
4 20 Exo-REM/f cloud 0 +0.5 19.60 19.17 20.13 17.39 17.78 21.32 18.68 22.30
4 15 Exo-REM/f cloud 0 75 0 21.50 21.20 22.11 19.53 19.45 22.02 20.45 23.15
4 15 Exo-REM/f cloud 0 75 +0.5 21.27 20.78 21.93 19.07 19.11 22.47 19.17 22.82
4 15 Exo-REM/f cloud 0 0 20.33 20.10 21.31 18.51 18.83 22.07 20.96 23.77
4 15 Exo-REM/f cloud 0 +0.5 20.17 19.68 21.15 18.02 18.49 22.60 19.55 23.41

0.6 15 Exo-REM/f cloud 0 75 0 17.50 17.20 17.41 15.77 15.91 17.21 15.69 17.55
0.6 15 Exo-REM/f cloud 0 75 +0.5 17.85 17.47 17.57 15.86 15.95 16.93 15.15 17.09
0.6 15 Exo-REM/f cloud 0 0 16.97 16.68 17.02 15.22 15.58 17.36 16.14 18.40
0.6 15 Exo-REM/f cloud 0 +0.5 17.12 16.74 17.03 15.11 15.51 17.17 15.48 18.03
0.6 8 Exo-REM/f cloud 0 75 0 20.43 20.08 20.91 18.47 18.43 20.94 18.68 21.32
0.6 8 Exo-REM/f cloud 0 75 +0.5 20.34 19.86 20.84 18.17 18.25 21.07 17.82 21.09
0.6 8 Exo-REM/f cloud 0 0 19.26 18.93 20.02 17.32 17.67 20.92 19.21 22.09
0.6 8 Exo-REM/f cloud 0 +0.5 19.28 18.79 20.0 4 17.06 17.60 21.34 18.20 21.86
0.6 5 Exo-REM/f cloud 0 75 0 22.13 21.76 23.32 20.19 20.14 23.46 21.38 24.29
0.6 5 Exo-REM/f cloud 0 75 +0.5 21.98 21.37 23.11 19.74 19.92 23.85 20.11 23.84
0.6 5 Exo-REM/f cloud 0 0 21.09 20.73 22.52 19.20 19.35 23.29 21.79 24.74
0.6 5 Exo-REM/f cloud 0 +0.5 20.95 20.32 22.33 18.76 19.29 23.87 20.49 24.45

0.02 5 Exo-REM/f cloud 0 75 0 15.68 15.53 15.32 14.24 14.08 14.10 13.72 14.18
0.02 5 Exo-REM/f cloud 0 75 +0.5 15.86 15.6 4 15.53 14.34 14.10 13.85 13.43 13.66
0.02 5 Exo-REM/f cloud 0 0 15.02 14.84 14.82 13.50 13.89 14.26 14.21 15.09
0.02 5 Exo-REM/f cloud 0 +0.5 15.19 14.93 15.0 4 13.59 13.86 13.73 13.69 14.32
0.02 3 Exo-REM/f cloud 0 75 0 16.76 16.51 16.60 15.17 15.26 15.97 14.98 16.06
0.02 3 Exo-REM/f cloud 0 75 +0.5 17.14 16.80 16.93 15.41 15.40 15.50 14.59 15.26
0.02 3 Exo-REM/f cloud 0 0 16.14 15.85 16.16 14.48 14.87 16.07 15.31 17.06
0.02 3 Exo-REM/f cloud 0 +0.5 16.35 15.98 16.25 14.51 14.83 15.36 14.78 16.23
0.02 1.5 Exo-REM/f cloud 0 75 0 19.33 18.96 19.80 17.46 17.63 19.66 17.43 19.58
0.02 1.5 Exo-REM/f cloud 0 75 +0.5 19.54 19.09 19.79 17.4 4 17.57 19.38 16.89 19.18
0.02 1.5 Exo-REM/f cloud 0 0 18.27 17.89 19.06 16.38 16.87 19.89 17.90 20.61
0.02 1.5 Exo-REM/f cloud 0 +0.5 18.50 18.05 18.94 16.30 16.83 19.37 17.21 19.97
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