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The GJ 504 system revisited

Combining interferometric, radial velocity, and high contrast imaging data*
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2. Observations
2.1. SPHERE high-contrast observations
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3. Revised stellar properties

Spbildbsfin
.\ A WD
aZF 022 004d

Ld Re

axften ' 21 2M

0.38

log L/Lsun
°
&
3

I
W
&

o 19.4 Myr
217 Myr
= 226Gyr
5.8 Gyr

f&Ba Fe]
B bbb bia
Mhﬁ'isbhdbﬂanﬂ

ch 2

tihp
N
HB( 4 45

PRibids

behP

125 130 135 1.40
log R/Rsun

Bl

004 001 003

EBehP

Z il

i

Lo .
Ry di Lx/Lyo 6TBih
7Y}

g  Reh®snéb

Behfd
el

bbb e (B,
Bb hi eraftp

8

022 0084

ih

HK


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832942&pdf_id=0
www.jmmc.fr/litpro_page.htm
http://stev.oapd.inaf.it/cgi-bin/cmd
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832942&pdf_id=0

pidEh T
St O

Ohbia il
71

(Lx Lol

hitihm
dpddb L
Hikdibeith

442d
B Ry, idtjin
it

Hiffkh

sail _ T, ObakEhEHl.

B
sfibh8hbthih
B el

001 004; &8
X

th
001;30
Kh
ubbiici
)
el
']ﬁsbim'!ﬁ_ 8
bR
bt
bpfGsbolpi(Ra
fidBROb(HE
Bafn

Tifiiphth af

Obiab ghilioban
it

bhCibaglphiye

A

B Bohilh

160 7

043

Table 4. it
i
b 2™ 40 18¢
B L2}
A =3
&® oM
] ¥

4. Empirical analysis of GJ 504b photometry
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Fig. 3. Color-magnitude diagrams for the SPHERE/IRDIS photometry. The benchmark T-type companions are overlaid (full blue symbols). Their

properties are summarized in Appendix B.
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Fig. 4. Color—color diagram using the SPHERE/IRDIS photometry. The green stars correspond to dusty and/or young dwarfs at the L/T transition.
The yellow stars correspond to the benchmark T-type companions and isolated objects listed in Table A.2.

planet 51 Eri b is orbiting a young star (Montet et al. 2015) and
is proposed to be metal-enriched (Samland et al. 2017). Those
objects confirm that the gravity and/or the metallicity induces a
shift toward redder colors in that CCD.

We used the G goodness-of-fit indicator (Cushing et al. 2008)
to compare the photometry of GJ 504b to those of reference
objects (Fig. 5).

n - F,'2
@=ngj?iy (1)
i=1 !

where f and o are the observed photometry of GJ 504b
and associated error, and w are the filter widths. F; corre-
sponds to the photometry of the template spectrum k. a; is a
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multiplicative factor between the companion photometry and the
one of the template which minimizes Gy.

The exclusion of the K-band photometry from the fit allows
the comparison to be extended to the Y dwarf domain where
the K band flux of those objects is fully suppressed. The refer-
ence photometry is taken from the SpeXPrism library (Burgasser
2014) in addition to Cushing et al. (2014), Mace et al. (2013a),
and Schneider et al. (2015). We also added the photometry of
peculiar late-T dwarfs described in Appendix B. Figure 6 pro-
vides a visual comparison of the fit for some objects of interest.
We confirm that the overall NIR luminosity of the compan-
ion is best represented by the T9 standard UGPSJ072227.51-
054031.2 (Lucas et al. 2010). Companions with super-solar
metallicity and/or cloudy atmospheres tend to have reduced
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peculiar free-floating T-type objects (see Appendix B).

G values compared to analogs with depleted metals. The T8
dwarf WISEA J032504.52-504403.0 produces the best fit of the
YJH band flux; it is estimated to have a 100% cloudy atmosphere
with low surface gravity (log g = 4.0) and be on the younger
end of the age range (0.08-0.3 Gyr) of all considered objects
in Schneider et al. (2015). The intermediate age and metal-rich
companion ROSS 458C produces an excellent fit of the Y- to
K-band fluxes of GJ 504b, but it is clearly more luminous.

We conclude that GJ 504b is a T9*) object with pecu-
liar NIR colors that could be attributed to low surface gravity
and/or enhanced metallicity. We use atmospheric models in the
following section to further explore this latter findings.

Using the BC; = 2.0%)4 mag and BCy = 1.7%3 mag
of T9*) dwarfs from Dupuy & Kraus (2013), we find a

log (L/Ly) = —6.33*032 and a log (L/Ly) = —6.30*0 for
GJ 504b, respectively®. The bolometric corrections might how-
ever not be appropriate for the peculiar SED of GJ 504b because
it corresponds to the averaged values for “regular” dwarfs in
spectral type bins. Therefore, we considered the log (L/L) =
—6.20 + 0.03 of the T9 object UGPS J072227.51-054031.2
(Dupuy & Kraus 2013) and the flux-scaling factor @ = 1.04 value
found above to estimate a log (L/L;) = —6.18 £ 0.03 dex for
GJ 504b . If the T8.5 companion Wolf 940B is used instead
(log (L/Ly) = —6.01 + 0.05; Leggett et al. 2010), we find a

log (L/Lg) = —6.23 £ 0.05 dex for GJ 504b.

5. Atmospheric properties of GJ 504b
5.1. Forward modeling with the G stalistics
5.1.1. Model description

We considered five independent grids of synthetic spectra
relying on different theoretical models to characterize the

6 Using My, o = 4.74 mag (Pr3a et al. 2016).
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Fig. 6. Visual comparison of the SED of GJ 504b (green squares) to
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ing bars correspond to the flux of the template spectra averaged over the
filter passbands whose transmission is reported at bottom.

atmospheric properties of the companion and to show differ-
ences in the retrieved properties related to the model choice. The
grid properties are summarized in Table 5. We provide a succinct
description of the atmospheric models below.

We used the model grid of the Santa Cruz group (here-
after the “Morley” models). The grid was previously compared
to the GJ 504b SED (Skemer et al. 2016). It explores the case
of metal-enriched atmospheres. These 1D radiative-convective
equilibrium atmospheric models are similar to those described
in Morley et al. (2012, 2014). They use the ExoMol methane line
lists (Yurchenko & Tennyson 2014). The wings of the pressure-
broadened K/ and Nal bands in the optical can extend into
the NIR in Y and J bands and are known to affect the mod-
eling of T-dwarf spectra. In those models, the broadening is
treated following Burrows et al. (2000). The models consider the
improved treatment of the collision-induced absorption (CIA)
of Hy (Richard et al. 2012). They consider chemical equilib-
rium only, and account for the formation of resurgent clouds
at the T/Y transition made of Cr, MnS, Na;S, ZnS, and KCI
particles. The cloud structure and opacities are computed follow-
ing Ackerman & Marley (2001). The clouds are parametrized by
the sedimentation efficiency (fiq) Which represents the balance
between the upward transport of vapor and condensate by turbu-
lent mixing in the atmosphere with the downward transport of

A63, page 9 of 32
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Fig. 7. Best-fitting model spectra when using the G statistics. Solutions
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The GJ 504b’s photometry is overlaid as blue dots.

cover provide the best fit of all considered models. In addition,
the ATMO models which do consider the thermo-chemical insta-
bility as an alternative to cloud formation yield G values lower
than those of the Exo-REM models. Therefore, additional data
are needed to comment on the occurrence of clouds in the
atmosphere of GJ 504b (see Sect. 8.2).

Several indications in the fitting solution based on the G
statistics confirm the peculiarity of GJ 504b atmosphere:

— All but the Exo-REM models provide a best fit for low sur-
face gravities. The evolution of G with log g indicates that
this parameter is well constrained by the Morley, ATMO, and
petitCODE grids. This is not the case however for the two
other models. Burgasser et al. (2011) and Schneider et al.
(2015) find surface gravities in the same range as GJ 504b
for the cloudy T8 objects WISEPC J231336.41-803701.4,
WISEA J032504.52-504403.0, and ROSS 458C. Our values
are also consistent with those found for 51 Eri b (Samland
et al. 2017; Rajan et al. 2017).

— The petitCODE and Morley cloudy models find fiq in the
range 2-3. These values are lower than the ones found for
WISEA J032504.52-504403.0 when using models from the
Santa-Cruz group (Schneider et al. 2015). They are higher,
however, than the one derived with the petitCode models
for 51 Eri b (using the SPHERE spectrum; Samland et al.
2017), but are consistent with the fi.q quoted for 51 Eri b
using the Morley model grid (Rajan et al. 2017). Those feq
values are lower than those found for old late-T objects and
consistent with the low surface gravities found.
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— The petitCODE models favor solutions with high K, val-
ues (1035 cm? s7!). K, enters by setting the cloud par-
ticle size (together with fi.q) in petitCODE. The solu-
tion also corresponds to the largest fi.q values available
in the grid. This can be interpreted as a need for mod-
els with reduced cloud opacity rather than intense ver-
tical mixing The K., value of GJ 504b is well above
(10*~10° cm? s7!) the one determined for the companion
Wolf 940B (Leggett et al. 2010). Wolf 940A has the same
metallicity ([M/H] = +0.24 £ 0.09) as GJ 504A. But the
Wolf 940 system is clearly old (3—10 Gyr).

— The best fit with the Morley grid corresponds to a model
with [M/H] = 0. This is at odds with the conclusions from
Skemer et al. (2016) found with the same model grid. We
discuss the disagreement below.

We explore in the following section the degeneracies between
the free parameters of the models.

5.2. Evaluating the degeneracies

We ran Markov-chain Monte-Carlo (MCMC) simulations of
GJ 504b photometry for the most regular grids (Morley and
petitCODE) of models to explore the posterior probability
distribution for each model free parameter, and to evaluate
the degeneracies between the different parameters. Each data-
point was considered with an equal weight in the likelihood
function. The radius is left to evolve freely during the fit.
We used the python implementation of the emcee package
(Goodman & Weare 2010; Foreman-Mackey et al. 2013) to
perform the MCMC fit of our data. The convergence of the
MCMC chains is tested using the integrated autocorrelation
time (Goodman & Weare 2010). Each MCMC step required
a model to be generated for a set of free parameters that
was not necessarily in the original model grid. We then per-
formed linear re-interpolation of the grid of models in that
case.

We coupled emcee to the Morley grid using a custom code
(Vigan et al. in prep). Upper limits are accounted for in the
fit as a penalty term in the calculation of the log-likelihood:
if the predicted photometry of the model in a given filter is
above the upper limit set by the observations, it is taken into
account in the calculation of the likelihood; if it is below, it
is not taken into account. We excluded the rained-out models
(fied = +00) beforehand. The posterior distributions are shown
in Fig. 8. We estimate (1o~ confidence level) Teg = 559*2; K,
log g = 3.72*021 dex, [M/H] = 0.25 + 0.14 dex, fiea = 2. 36+gg§
and R = 0.89*)13Ryyp. The solution is in good agreement
with the one found with the G statistics when R is constrained.
The posteriors on Teq, log g, and feq are quite similar to those
reported in Skemer et al. (2016) using a close MCMC approach
and the same model grid. We nonetheless find a lower metallic-
ity. Our value is in excellent agreement with the one determined
for GJ 504A. This parameter is correlated with the Tes and R.
Skemer et al. (2016) set priors on R corresponding to a range of
radii predicted by the “hot-start” evolutionary models. Adopting
a flat prior on the radius in the range 0.82-1.26 Ry,, (see
Sect. 5.1.2) does not modify our posteriors significantly. We find
T = 552%18 K, log g = 3.72+048 dex, [M/H] = 0.27*01 dex,
Seed = 240£§g, and R = 0.93*0)) Ryyp. The analysis does
not alleviate the correlation between the fi.q and log g values.
The radius is more consistent with those of old brown dwarfs.
The luminosity is in good agreement with the one determined
empirically.
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Table 7. “Hot-start” evolutionary model predictions.

Saumon & Marley 2008 — no cloud — [M/H]=+0.3

CONDO3 — cloud free — 1x solar

Age Input Mass R Ter logg log(L/Lg) Mass R Tes log g log(L/Ls)
(Gyn) M) Ry (K (dex) (dex) (Myp) (Ryup) (K) (dex) (dex)
0.021 £0.002 T4 Z,ng:g 1.24 £ 0.01 3.61 +0.09 —S.Bng:g
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Fig. 12. Comparison of the final 7.4 and bolometric luminosity of
GJ 504b (dashed zone) to those of late-T and early-Y dwarfs. The bolo-
metric luminosity values are taken from Dupuy & Kraus (2013) and
Delorme et al. (2017a). The temperatures and luminosity of benchmark
companions are taken from Table A.2. We added the T, determined by
Leggettet al. (2017), Line et al. (2017), and Schneider et al. (2015) using
atmospheric models and report the T,4/spectral type conversion scale of
Filippazzo et al. (2015).

7. Architecture
71. Companion orbit

We considered the astrometry reported in Table 2 as input of
our MCMC orbit fitting packages to set constraints on the orbital
parameters of GJ 504b. The code was developed for 8 Pictoris b
and Fomalhaut b’s orbits (Chauvin et al. 2012). We considered a
mass of 1.2 M for GJ 504A. We assume flat priors on log(P),
e, cos(i), Q + w, w— Q, and T}, following Ford (2006). We ran
ten chains in parallel and used the Gelman-Rubin statistics as
convergence criterion (see details in Ford 2006).

The fit was performed on the whole set of epochs. We
neglected the epoch from August 15, 2011 reported in Kuzuhara
et al. (2013) for which the data were taken under poor condi-
tions and the astrometry appears to be deviant. However, it is
still possible that some systematic angular offsets between each
instrument could have biased our analysis. We then also mod-
eled the SPHERE epochs only, for comparison. The posteriors
are shown in Fig. 15 for the two data sets. Figure 16 shows
the correlation between the different posterior distributions of
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e

Fig. 13. Luminosity and T of GJ 504b compared to the CONDO3
(“hot-start”) evolutionary tracks. The solid lines correspond to the 5,
10, 20, 100, 300, 600 Myr and 1, 2, 4, 6, and 10 Gyr isochrones (from
top to bottom). The dashed lines correspond to the model predictions for
masses of 1, 5, 10, 15, 20, 30, and 40 M}, (from top to bottom).

orbital parameters of GJ 504b when all the astrometric epochs
are accounted for in the fit.

The posterior distributions do not change significantly when
considering the homogeneous SPHERE data, or the data from
all instruments. The accuracy of the SPHERE astrometry yields
the most constraints on the orbital parameters and is there-
fore not heavily influenced by putative systematic errors on the
HiCIAO and IRCS astrometry. We, therefore, considered the
results from the whole set of epochs in the following. A sam-
ple of corresponding orbits is shown in Fig. 17. This shows
that no curvature can be detected with the present astrometric
monitoring.

The posterior on the semi-major axis points at 44 au which
corresponds to the companion projected separation with 68% of
the solutions in the range 44 + 11 au. The fit excludes orbits with
a semi-major axis shorter than ~27.8 au. The periods are signifi-
cantly longer than the time span of the Lick and SOPHIE radial
velocities and are likely to prevent us from obtaining constraints
on the dynamical mass of GJ 504b.

The eccentricity is lower than 0.55 and peaks at 0.31 (e =
0.31 + 0.15; 68% solutions). Our new data and fit do not yield
solutions at higher eccentricity found by Kuzuhara et al. (2013).
We find an inclination of 137.8*}2 degrees. There is no solution
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No object more massive than 2.5 My, (apart GJ 504b) exists
in the system assuming the young isochronal age. Our simula-
tions reveal in addition that the Lick data (21.6 yr span) enable
a more in-depth exploration of the separations from 0.2 to 6 au
than the SOPHIE data (3.2 yr span). Both of the data sets give
comparable constraints from 0.01 to 0.1 au.

8. Discussion
8.1. Conflicting age indicators
8.1.1. The planet engulfment scenario

Fuhrmann & Chini (2015) proposed that the engulfment of a
jovian planet (2.7 Mjy,p) could have sped up GJ 504A’s rota-
tion velocity. D’Orazi et al. (2017b) estimate that the engulfment
should have occurred no more than 200 Myr ago for the system

to keep a sufficient imprint of the event on the star rotation speed.
Such an engulfment may also enrich the host star in metals
(Carlberg et al. 2012; Saffe et al. 2017).

In that case, what could have triggered the engulfment long
after the dispersal of the circumstellar disk? Our detection lim-
its indicate that no other companions more massive than the
proposed engulfed planet are presently located in the first astro-
nomical unit around GJ 504A. GJ 504b is likely the most massive
object in the system, and therefore a good candidate perturber.
The Lidov—Kozai mechanism (Kozai 1962; Lidov 1962) invoked
by Fuhrmann & Chini (2015) and D’Orazi et al. (2017b) could
only operate in the system if the obliquity ¢ of GJ 504b were
higher than at least 40 deg. Additional astrometric monitor-
ing of the companion is required to carve the distribution of
relative inclinations Ai and provide a lower limit on ¢. Two
known systems have recently been discovered with close-in low-
mass planets on eccentric orbits and more massive companions
on wide-orbits: HD 219828 (Santos et al. 2016) and HD 4113
(Cheetham et al. 2018a). These systems might then be good prox-
ies of the architecture of the GJ 504 system prior to the putative
engulfment.

8.1.2. Effect of polar spots

Because GJ 504A is active and seen close to pole-on, high-
latitude spots may be affecting the luminosity and Teq estimates
used for comparison to the tracks. These spots are predicted
to occur on rapid rotators such as GJ 504A and young stars
(Schuessler & Solanki 1992; Buzasi 1997; Schrijver & Title
2001; Holzwarth et al. 2006; Yadav et al. 2015). Observations
of polar spots on active G-type stars might have been observed
(e.g., Marsden et al. 2005, 2006, 2011; Waite et al. 2011, 2017).
The polar spots (or cap) can fill up to 50% of the stellar surface
and have lifetimes of about a decade.

Given a spot filling factor p (defined as R,/R%, where R
is the spot radius), the observed luminosity Lg,s of GI 504A
relative to the photosphere luminosity Lpn is

pXTE +(1-p)xT?
Lot/ Lphot = ————7 sy )
phot

where Tgpor is the spot temperature and Tppoe the photosphere
temperature.
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Fig. 20. Theoretical squared visibilities of a star without a spot (solid black line), and of a star with a spot (ws) as modelised with COMETS (Ligi
et al. 2015). The different solid color lines represent the squared visibilities at different wavelengths and positions. The black circles represent the
actual interferometric measurements (with error bars) of GJ504 performed with VEGA/CHARA. Left panel: a spot with a filling factor p = 7%.

Right panel: the same but for p = 22%.

the theoretical visibilities of a star with a spot as modeled with
COMETS at the different wavelengths and positions tested.

We find that a spot with p = 7 or 22% induces a change in the
visibility curve which is still within the dispersion of measured
values. Therefore, spots such as those considered here are not
likely to have significantly biased GJ 504A’s angular diameter
measurement.

We, therefore, conclude that while spots may indeed be
affecting the RVs, luminosity, radius, and T.g estimates of
GJ 504A, their effect is unlikely to bias all those quantities
together by sufficient amounts and change the isochronal age
estimates of the star.

8.2. Disentangling the atmospheric model solutions

We show in Fig. 21 the synthetic spectra in the L-M band
and in the mid-infrared corresponding to the models fitting the
presently available photometry of GJ 504b (Table 6; solutions
with some pre-requisite on the companion radius). The ATMO
and Exo-REM models predict very similar spectra distinctive
from those corresponding to the Morley and petitCODE solu-
tions. The difference arises from the non-equilibrium chemistry
which is not considered in the case of the two latter models and
modulates the strength of the CO, and CO absorption bands
centered around 4.3 and 4.7 um, respectively. Adaptive-optics
M-band imaging from the ground should already tell whether
the non-equilibrium chemistry is a pre-requisite for modeling the
companion emission flux (model-to-model contrast between 1.16
and 1.48 mag in the M-band filter of the VLT/NaCo instrument).
Coronographic imaging with the F430M and F460M filters of
the Near Infrared Camera (NIRCam) on the James Webb Space
Telescope (JWST) should also better constrain the shape of the
3.7-5 pum pseudo-continuum and could disentangle the ATMO and
Exo-REM solutions.

Observations at longer wavelengths will be a niche for
the Mid-Infrared Instrument (MIRI) of JWST. We can esti-
mate that the contrast between GJ 504b and GJ 504A should
range between 4 x 107® and 2.5 % 10~* from 5 to 28.5 um
using the set of atmospheric models considered above and the
SED of GJ 504A (Appendix A). The use of the four-quadrant
phase masks together with ADI will be mandatory to reach
GJ 504b contrasts and avoid saturation (Boccaletti et al. 2015).
The four-quadrant phase masks can only be used jointly with
the F1065C (A, = 10.575 pm,AA = 0.75 pum), F1140C (4, =
11.40 ym, AA = 0.80 um), and FI550C (A, = 15.50 um,AA =
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Fig. 21. Predicted apparent fluxes of GJ 504b in the near- and mid-
infrared corresponding to the best-fitting synthetic spectra found in
Sect. 5 with the G statistics and some knowledge of the object radius.
The transmission of some key filters of JWST instruments are overlaid.
‘We report the L-band photometry (Subarw/IRCS, LBTI/LMIRcam) of
GJ 504b (black).

0.90 pm) filters. The MIRI photometry should enable to distin-
guish between the ATMO and Exo-REM solutions. The Exo-REM
models indicate that the spectral slope between 11 and 15 um
probed by the F1140C- F1550C color should also be a good
indicator of the percentage of the disk surface covered by clouds.

To conclude, we considered two representative solutions
probing the log g/[M/H] degeneracy in the posterior distribu-
tions shown in Figs. 8 and 9 at T = 550 K. The spectra indicate
that narrow and broad band photometry with JWST longward of
3 pum should not break the log g/[M/H] degeneracy for all but
the ATMO solutions. The MIRI data coupled to the SPHERE data
points should nonetheless set stringent constraints (<100 K) on
the T based on our simulations and should allow for reduc-
tion of the error bar on the luminosity. The comparison of that
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and the one corresponding to the interstellar extinction are overlaid
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the orbit of GJ 504b suggests that the system could have a spin-
orbit misalignment. The radial velocity and imaging data allow
exclusion of companions more massive than 2.5 and 30 My
from 0.01 to 80 au assuming the young and old age range,
respectively.

If GJ 504b is a brown-dwarf in an old system, we show
that gravitational instability models possibly coupled to inward
migration might explain its properties. Population synthesis
models confirm that the core-accretion models can form such a
massive object, but preferentially at semi-major axis shorter than
30 au. Both formation models would be challenged if the object
is a planet with M = 1.3708 M.

Additional key measurements could be obtained in the near
future to better constrain the origins of the GJ 504 system. Addi-
tional astrometric monitoring of GJ 504b is crucially needed to
(1) tighten down the posteriors on the inclination of GJ 504b
orbit and confirm the spin-axis misaligment, and (2) constrain
better the eccentricity. The latter could be related to the forma-
tion mechanism (see Ma & Ge 2014). JWST photometry and
spectra of GJ 504b should yield the first robust constraints on the
C/0, O/H, and C/H (or metallicity) ratios and on the importance
of nonequilibrium chemistry in the atmosphere of GJ 504b. It
will then become possible to compare the abundances to those
of brown dwarfs (Line et al. 2017) and planets (e.g. Benneke
2015; Lavie et al. 2017). Deeper imaging data as gathered with
the JWST should set stringent constraints on the probability of
detection of companions beyond 80 au. Conversely, additional
monitoring with SPHERE may carve the planet detection proba-
bility parameter space in the (15-30) au range where companions
slightly more massive than GJ 504b may still reside if the system
is old. Asteroseismology of the host star might enable us to close
the debate on the system age. The more accurate luminosity and
surface gravity of GJ 504b gathered by JWST might also enable

A63, page 24 of 32

the two possible isochronal ages for the system to be disentan-
gled. Gaia may detect the wobble induced by GJ 504b over the
duration of its nominal mission (5 yr) which could be used to
exclude some of our orbital solutions and set upper limits on the
companion mass.

To conclude, the J2I3 DBI filter of SPHERE offers good
prospects for the detection and follow-up strategy of analogs of
GJ 504b. Direct imaging surveys of nearby metal-rich G-type
stars using this pair of filters would be of value to constrain the
formation models.
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M. Bonnefoy et al.: The GJ 504 system revisited

Appendix A: GJ504A SED and luminosity
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Fig. A.1. Photometry of GJ 504A (blue dots) compared to a BT-
NEXTGEN synthetic spectrum (red line) at T.¢ = 6200 K, log g = 4.5,
and M/H = +0.3 scaled in flux. The flux-calibrated INES, STELIB, and
SINFONI spectra (yellow, green, and grey lines, respectively) of the star
are compatible with the flux-calibrated model-spectrum.

The magnitude of GJ 504A is unknown in the SPHERE pass-
band. We, therefore, built a model of the star SED from the
Johnson V and B band (Kharchenko et al. 2009), J H, and
K bands (Kidger & Martin-Luis 2003), AKARI S09W and
L18W (Ishihara et al. 2010), IRAS 12 um (Moshir 1989), WISE
W3, and W4 (Cutri et al. 2014), and Herschel/PACS 100 um
(Moro-Martin et al. 2015) photometry ™. That SED is well repro-
duced by a BT-NEXTGEN synthetic spectra (Allard et al. 2012b)

¥ The source is saturated in the WISE W1 and 2 images. The published
Spitzer 70 um photometry has large error bars (Sierchio et al. 2014) and
was not considered in the fit. It confirms the lack of excess emission at
70 ym

Table A.1. Apparent magnitude of GJ 504A in the IRDIS and HiCIAO
CHy filters.

Band Mag Error
Y2 432 0.03
Y3 429 0.03
12 418 0.03
I3 4.07  0.03
H2 3.87 0.03
H3 385 0.03
K1 379 0.03
K2 3.83 0.03

CH,S 387 0.03

CH4L 3.86 0.03

with Teg = 6200 K, log g = 4.5, and M/H = 0.3. Those parame-
ters are the closest ones of the solution found by D’Orazi et al.
(2017b) using high-resolution spectra. We confirm that no excess
can be found up to 100 gm with our fitting solution. The flux-
calibrated model spectrum reproduces equally well (Fig. A.1)
the shape and flux of the STELIB medium-resolution (R ~
2000) optical spectrum (320-989 nm) of the star (Le Borgne
et al. 2003) obtained in April 1994. We collected and averaged
archival flux-calibrated UV spectra of the star from the “TUE
Newly Extracted Spectra” (INES) database'. The spectra were
collected with the LWR and SWP camera of the International
Ultraviolet Explorer (Rodriguez-Pascual et al. 1999; Cassatella
et al. 2000; Gonzéilez-Riestra et al. 2000, 2001) and have a reli-
able flux in the interval 150-331nm. We also reduced data of
GJ 504A gathered with the SINFONI NIR integral field spectro-
graph (Eisenhauer et al. 2003; Bonnet et al. 2004) on June 9,
2014 (PI CACERES; Program 093.C-0500). The data were
acquired with the H+K mode of the instrument yielding continu-
ous medium-resolution (R ~ 1500) spectra from 1.45 to 2.45 um.
The SINFONI data were reduced with the ESO data handling
pipeline version 3.0.0 through the Reflex environment. Only
one datacube, corresponding to a science exposure obtained at
02h41m04s UT, contained the star in the field of view. The star
spectrum was extracted over a circular aperture with a radius
of 325 mas. The spectrum was corrected from telluric absorp-
tion using the observation of the B9V star HD 141327 observed
before GJ 504A. The 1.8-1.95 um range was affected by telluric
line residuals and was not considered any further. We flux-
calibrated the spectrum using the K band flux from Kidger &
Martin-Luis (2003). The H and K-band SINFONI spectrum is
well reproduced by the BT-NEXTGEN model (Fig. A.1) and
can be used to derive reliable IRDIS magnitudes of GJ 504A in
the H2H3 and K1K2 channels (see below). We replaced the BT-
NEXTGEN spectrum with the INES, STELLIB, and SINFONI
spectra of GJ 504A and integrated the SED to estimate a log
L/L, = 0.35 £ 0.01 dex. The error accounts for an uncertainty
of 100 K on the T.g of the BT-NEXTGEN model fit and for the
uncertainty on the distance (0.08 pc; van Leeuwen 2007). The
value is in good agreement with the one (log L/Ls = 0.35 £ 0.05)
derived by Fuhrmann & Chini (2015) from a V-band bolometric
correction.

We used the spectrum of GJ 504A considered for the bolo-
metric luminosity estimate and a spectrum of Vega (Mountain
et al. 1985; Hayes 1985) to compute the photometric shifts
between the J H, and K photometry of GJ 504A and the

5 http://sdc.cab.inta-csic.es/ines/
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Appendix B: Benchmark late-T objects
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Appendix C: Details on the color-magnitude and
color-color diagrams
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Appendix D: Forward models exploring different
C/O ratio
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Appendix E: SOPHIE radial-velocity
measurements
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Appendix F: Magnitudes of ultracool companions

predicted by Exo-REM
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