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ABSTRACT

Context. The recent development of brand new observational techniques and theoretical models have greatly advanced the exoplanet
research field. Despite significant achievements, which have allowed the detection of thousands extrasolar systems, a comprehensive
understanding of planetary formation and evolution mechanisms is still desired. One relevant limitation is given by the accuracy in
the measurements of planet-host star ages. The star GJ 504 has been found to host a substellar companion whose nature is strongly
debated. There has been a recent difference of opinion in the literature owing to the uncertainty on the age of the system: a young age
of ∼160 Myr would imply a giant planet as a companion, but a recent revision pointing to a solar age (∼4 Gyr) instead suggests a
brown dwarf.
Aims. With the aim of shedding light on this debated topic, we have carried out a high-resolution spectroscopic study of GJ 504 to
derive stellar parameters, metallicity, and abundances of both light and heavy elements, providing a full chemical characterisation.
The main objective is to infer clues on the evolutionary stage (hence the age) of this system.
Methods. We performed a strictly differential (line-by-line) analysis of GJ 504 with respect to two reference stars, that is the planet-
host dwarf ιHor and the subgiant HIP 84827. The former is crucial in this context because its stellar parameters (hence the evolutionary
stage) is well constrained from asteroseismic observations. Regardless of the zero point offsets, our differential approach allows us to
put tight constraints on the age of GJ 504 with respect to ι Hor, thereby minimising the internal uncertainties.
Results. We found that the surface gravity of GJ 504 is 0.2 ± 0.07 dex lower than that of the main-sequence star ι Hor, suggesting a
past turn-off evolution for our target. The isochrone comparison provides us with an age range between 1.8 and 3.5 Gyr, with a most
probable age of ≈2.5 Gyr. Thus, our findings support an old age for the system; further evidence comes from the barium abundance,
which is compatible with a solar pattern and not enhanced as observed in young stars.
Conclusions. We envisaged a possible engulfment scenario to reconcile all the age indicators (spectroscopy, isochrones, rotation,
and activity); this engulfment could have occurred very recently and could be responsible for the enhanced levels of rotation and
chromospheric activity, as previously suggested. We tested this hypothesis, exploiting a tidal evolution code and finding that the
engulfment of a hot Jupiter, with mass not larger than ≈3 Mj and initially located at ≈0.03 AU, seems to be a very likely scenario.
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1. Introduction

Hunting for planetary systems outside our solar system, with
the ultimate goal of revealing habitable worlds, is undoubt-
edly one of the most intriguing and fascinating topics in mod-

? Based on observations made with ESO Telescopes at the La
Silla Paranal Observatory under programme ID 072.A-9006(A)
and 083.A-9003(A).

ern astrophysics. Outstanding efforts have been put forwards
to detect (and characterise) extrasolar systems, such that
5437 planet candidates have been identified so far1. The pres-
ence of those systems has been mostly inferred via indi-
rect methods (e.g. radial velocity variations or transits). How-
ever, direct imaging techniques are starting to provide us
with powerful and complementary tools to detect planetary

1 Source http://exoplanets.eu, as for July 2016.
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companions, thanks to the advent of new-generation instru-
ments purposely designed for this goal, such as GPI, ScEXAO,
and SPHERE (see Macintosh et al. 2014; Martinache & Guyon
2009; Beuzit et al. 2008, respectively). Unfortunately, beyond
the technical limitations, which are nowadays primarily due to
adaptive optics performance, several other fundamental issues
affect our comprehension of the substellar regime, preventing us
from gathering extensive knowledge. Along with several con-
troversies related to, for instance, planetary atmosphere mod-
els, evolutionary stages of substellar objects, different formation,
and early evolution scenarios (core accretion versus disc instabil-
ity, and/or hot-start versus cold-start models; Pollack et al. 1996;
Kratter et al. 2010; Marley et al. 2007; Fortney et al. 2008), the
major concern in characterising exoplanetary systems is repre-
sented by the uncertainty on the stellar age. The age estimate
of the planet-host star dramatically impacts the inferred mass
for substellar companions and hence the calibration of the age-
luminosity relationship for substellar objects. Thus, it is crucial
to our understanding of how planets have formed.

Expanding upon our previous work on GJ 758 (see
Vigan et al. 2016), in this paper we present a similar investiga-
tion focussing on the curious case of GJ 504. The age of this star
is hotly debated. The short rotational period of Prot = 3.3 days
(Donahue et al. 1996) and the pronounced level of chromo-
spheric and coronal activities seem to suggest a young age for the
system, that is 160+70

−60 Myr from gyrochronology and, from the
chromospheric level, slightly older at 330±180 Myr, as traced by
the Ca iiH and K emission. Assuming the young age of 160 Myr
and spectroscopic parameters as published by Valenti & Fischer
(2005), Kuzuhara et al. (2013) concluded that GJ 504 is a young,
main-sequence star with Teff ≈ 6200 K and log g = 4.6 dex (with
g in cm s−2). These authors were able to claim that the substellar
companion orbiting at 43.5 AU, discovered through direct imag-
ing observations within the framework of the SEEDS survey, has
an inferred mass of 4+4.5

−1.0 MJup. This is the lowest mass compan-
ion ever directly imaged to date. However, Fuhrmann & Chini
(2015) questioned this finding, arguing that the star is actually
much older and is comparable with a turn-off stage of evolu-
tion and a solar-like age. In addition, these authors envisaged
a possible merging scenario, with a now engulfed substellar
object, to account for the enhanced level of activity and rota-
tion. This study suggested an upward revision for the compan-
ion mass, implying that we are dealing with a brown dwarf
(M ≈ 30−40 MJup) rather than a giant planet. An additional
motivation for the interest in the GJ 504 system is derived by
Skemer et al. (2016), who found an indication that the substellar
companion is more enriched ([M/H] ≈ +0.5) in metal than its
parent star ([M/H] ≈ +0.1−0.3).

We carried out a strictly differential analysis of GJ 504 with
respect to three other reference stars (ι Horologii, HIP 84827,
and the Sun) to shed light on this complicated picture, by ob-
taining in this way very accurate spectroscopic parameters and
abundances. We derived temperature, gravity, metallicity, and
several key species abundances, from the light Li and C up to
elements synthesised via neutron-capture reactions (Ba). The
manuscript is organised as follows: in Sect. 2.2 we present the
spectroscopic observations and abundance analysis procedure
and results. In Sect. 3 we extensively discuss all the other age
indicators, whereas we sketch a plausible engulfment scenario
to account for all the observed properties in Sect. 4. We stress
that in the present work we are focussing on the fundamental
properties of the parent star. The complete characterisation of
the substellar companion GJ 504b will be published in a com-
panion paper (Bonnefoy et al., in prep.).

2. Spectroscopic parameters and elemental
abundances

2.1. Observations and analysis

We exploited high-resolution (nominal resolution R = 48 000),
high signal-to-noise FEROS (Kaufer et al. 1999) spectra for
all the stars under scrutiny. The observations were carried out
during nights in December 2003 and April 2009 and the original
data were retrieved through the ESO archive. Data reduction was
performed using a modified version of the FEROS-DRS pipeline
(running under the ESO-MIDAS context FEROS), yielding the
wavelength-calibrated spectrum that is merged and normalised
through standard steps. The spectra provide an almost complete
coverage from 3500 Å to 9200 Å with S/N between 300 and
500 at 6700 Å for the three stars; Desidera et al. (2015) pro-
vides further details. Along with GJ 504, we analysed ι Hor
and HIP 84827 as reference stars. The former is a planet-
host, main-sequence star that is relatively young (≈600 Myr)
and slightly metal rich ([Fe/H] ≈ 0.15−0.20 dex). It is sus-
pected to be an evaporated member from the Hyades super-
cluster (Vauclair et al. 2008; Biazzo et al. 2012). The activity
level and projected rotational velocity of ι Hor are similar to
those of GJ 504, ensuring minimal impact of line blending and
possible differences in the atmospheric structure of active stars
(Santos et al. 2008; D’Orazi & Randich 2009) when performing
a differential abundance analysis. Conversely, HIP 84827 is an
evolved, chromospherically quiet star with metallicity around
+0.2 dex and gravity in agreement with a post turn-off evo-
lution (e.g. Ramírez et al. 2014). Given the effective tempera-
ture, Teff around 6000 K, and the metal-rich nature of ι Hor and
HIP 84827, they are much more similar in terms of atmospheric
structural properties to GJ 504 than to the Sun; for this reason,
we selected these stars as reference frames for our strictly dif-
ferential analysis. For sake of completeness, we also analysed a
solar spectrum acquired with the same instrument to furnish ab-
solute abundances. The solar values obtained within the present
study for species from Li to Ba are reported in Table 1; we
adopted Teff,� = 5777 K, log g� = 4.44 dex, ξ� = 0.88 km s−1,
and A(Fe)� = 7.50 dex.

We conducted abundance analyses through equivalent width
(EW) measurements for all species but Li, K, and Ba, for which
we instead performed spectral synthesis computation. We mea-
sured the EWs with the ARES code (Sousa et al. 2007), but we
rigorously double checked every single line with the IRAF2 task
splot with special care to the bluest wavelength domain (λλ .
5000 Å) , where the severe crowding hampers a straightforward
definition of the continuum. Our line-list contains a grand to-
tal of 136 and 18 lines for Fe i and Fe ii, respectively, and
it is available upon request. For other species we instead se-
lected spectral lines (adopting corresponding atomic parameters)
from Meléndez et al. (2014). We derived LTE abundances us-
ing moog by Sneden (1973, 2014 version) and employing the
Kurucz grid of model atmospheres (Castelli & Kurucz 2004)
with solar-scaled chemical composition and no overshooting.
We obtained both stellar parameters and elemental abundances
by means of a differential line-by-line analysis for GJ 504 with
respect to ι Hor and HIP 84827. The first step consists in the
determination of the atmospheric parameters and metallicity by
means of the spectroscopic analysis, following the standard pro-
cedure. Effective temperatures (Teff) were derived by zeroing the

2 IRAF is the Image Reduction and Analysis Facility, a general pur-
pose software system for the reduction and analysis of astronomical
data. IRAF is written and supported by National Optical Astronomy.
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Table 1. Solar abundances from the present study and from Grevesse
et al. (1996), Asplund et al. (2009), and meteoritic abundances from
Lodders et al. 2009 (G+96, A+09, and L+09, respectively).

Species This work G+96 A+09 L+09

Li 1.05 1.16 1.05 3.26

C 8.41 8.55 8.43 7.39

O 8.63 8.97 8.69 8.40

Na 6.23 6.33 6.24 6.27

Mg 7.58 7.58 7.60 7.53

Al 6.36 6.47 6.45 6.43

Si 7.50 7.55 7.51 7.51

S 7.11 7.33 7.12 7.15

K 5.07 5.12 5.03 5.08

Ca 6.30 6.36 6.34 6.29

Ti 4.92 5.02 4.95 4.91

Cr 5.59 5.67 5.64 5.64

Fe 7.50 7.50 7.50 7.45

Ni 6.22 6.25 6.22 6.20

Zn 4.61 4.60 4.56 4.63

Ba 2.17 2.13 2.18 2.18

slope between differential abundances from Fe i lines and the
excitation potential of the spectral features. Similarly, microtur-
bulence values (ξ) were obtained imposing no spurious trends
between differential abundances from Fe i and the reduced EWs
(EW/λ). Surface gravities (log g) instead come from the ioni-
sation balance, that is 〈∆(FeII)−∆(FeI)〉 = 0. The solution is
reached when all the three conditions are simultaneously sat-
isfied better than 1σ from the error on slopes for temperature
and microturbulence and better than roughly one-third the error
bar in FeI and FeII features (i.e. the standard deviation from the
mean), as previously carried out by Meléndez et al. (2014). We
show in Fig. 1 differential abundances of GJ 504 with respect
to ι Hor as a function of the excitation potential (upper panel)
and the reduced EW (lower panel). The gravity optimised by us-
ing Fe lines also satisfies the ionisation balance for Cr and Ti,
within the observational uncertainties, corroborating our gravity
estimate. This is evident from Fig. 2, where abundances from
neutral and singly ionised lines are shown for Cr, Ti, and Fe. We
performed this procedure twice and we assumed as final spec-
troscopic parameters for GJ 504 the average estimate, for Teff ,
log g, ξ, and [Fe/H], with respect to ι Hor and HIP 84827 (see
next section). Once atmospheric parameters and metallicity are
inferred, we proceed to derive the other elemental abundances.
Oxygen abundances, which come from the EW measurements of
the strong permitted triplet at 7771−7775 Å, were corrected for
3D effects and departures from the LTE, following prescriptions
by Amarsi et al. (2015)3.

As previously mentioned, abundances for Li, K, and Ba
come from spectral synthesis, employing the driver synth in
moog. As for Li we used the same list as in our previous works

3 http://inspect-stars.com

Fig. 1. Differential iron abundances vs. excitation potential (top panel)
and reduced equivalent width (bottom panel) of Fe I lines. The dashed
lines are linear fits to the Fe I lines.

Fig. 2. Singly ionised minus neutral differential abundances of Fe, Cr,
and Ti for differential analysis with respect to the solar spectrum (upper
panel), ι Hor and HIP 84827 (lower panel).

(e.g. Desidera et al. 2011), which covers from 6700 to 6720 Å,
including the strong Li i doublet at 6707.78 Å. We calculated the
best match between observed and synthetic spectra, changing the
Li abundances and exploiting the Ca i line at 6717.69 Å to eval-
uate the spectral broadening.

In our spectra only two K i lines are available for the quan-
titative analysis, that is the resonance doublet at 7665−7699 Å.
The first line is often blended with terrestrial bands. At the so-
lar metallicity both lines have very strong wings and this pre-
vents the accurate measurements of their equivalent widths. In
this case the better way to analyse these lines is to use the syn-
thetic spectrum method.

The non local thermodynamical equilibrium (NLTE) ef-
fects are rather strong in these lines (Bruls et al. 1992;
Ivanova & Shimanskiĭ 2000). To take these effects into account,
we used the atomic model that includes all transitions between
the first 20 levels and the ground level of K ii. This model was
described in details in Andrievsky et al. (2010).

Barium abundances were derived by synthesing the two Ba ii
lines at 5853 Å and 6141 Å, taking hyperfine structure and
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isotopic splitting into account (from McWilliam et al. 1995).
The Ba ii feature at 6141 Å is known to be blended with a Fe i
line, which is particularly strong in our case given the metal-rich
nature of our objects. However, the spectral synthesis technique
allows us to properly take into account this blend and the strictly
differential analysis minimises this source of error. Also, we in-
deed derive a solar abundance of A(Ba) = 2.21 dex from this
feature, in nice agreement with accepted values for solar Ba
abundances (see Table 1). We adopted an isotopic solar mixture
of 81% (134Ba +136Ba +138Ba) and 19% (135Ba + 137Ba), as in
all our previous studies (e.g. Desidera et al. 2011; D’Orazi et al.
2012; De Silva et al. 2013). In the parameter range of our sam-
ple stars, departures from LTE for the Ba ii lines under scrutiny
here are very small, thus we did not include them (see e.g.
Korotin et al. 2015).

Error budget

External (systematic) and internal (random) errors affect abun-
dance analysis determinations. However, given the differential
nature of our analysis, for the present purpose we can focus only
on internal uncertainties, neglecting zero-point effects of our at-
mospheric parameters and elemental analysis. Two sources of
errors can be disentangled:

(i) Errors related to the EW measurements (and/or spectral syn-
thesis) that reflect uncertainties due to the continuum place-
ment and the measurement procedure itself; they can be rep-
resented by the standard deviation from the mean (r.m.s),
when more than one line for a species is available. For el-
ements for which we are forced to rely only on one single
feature (K, Zn), we repeated the measurement several times
by changing the continuum displacement and other criteria
and inspected the corresponding variation in the resulting
abundances. Typical errors (labelled as observational errors
in Table 4) range from 0.018 to 0.105 dex in [X/H] ratios.

(ii) Errors due to atmospheric parameters. In order to assess the
contribution related to the stellar parameters, we first need to
ascertain the sensitivities of our species to changes in atmo-
spheric quantities. To do this, we proceeded in the standard
way, by varying one parameter at the time and inspecting the
corresponding change in the resulting abundance. The fol-
lowing step is to evaluate the actual error in atmospheric pa-
rameters that originates from errors on the slope for Teff and
ξ; when estimating the uncertainty in gravity we took into
account both the standard error from EW measurements of
the FeII and the error in Teff ; that is an error of 20 K would
produce a variation in log g of 0.06 dex. We found values
of 20 K, 0.07 dex, 0.1 km s−1, and 0.04 dex for tempera-
ture, gravity, microturbulence, and input metallicity, respec-
tively. The different contributions are subsequently added in
quadrature to gather the total uncertainties due to the stellar
parameters (labelled as Param in Table 4).
Given the very (internally) accurate parameter determina-
tion, the observational scatter is by far the dominant source
of error in our abundances.

2.2. Results

Our results for the two reference stars, ι Hor and HIP 84827,
provide the following atmospheric parameters and metallicity.
We obtained Teff = 6230 ± 60 K, log g = 4.45 ± 0.15 dex,
ξ = 1.06 ± 0.10 km s−1 and [Fe/H] = 0.19 ± 0.06 dex and Teff =
6155 ± 60 K, log g = 4.15 ± 0.15 dex, ξ = 1.00 ± 0.10 km s−1

and [Fe/H] = 0.19 ± 0.08 dex for ι Hor and HIP 84827, re-
spectively. We would like to emphasise that both estimates are
in very good agreement with previous determinations of pa-
rameters and abundances for the two reference stars, suggesting
that systematic uncertainties do not largely affect our analysis
(see for example Biazzo et al. 2012; and Ramírez et al. 2014).
More importantly, our parameter determination for the planet-
host star ι Hor agrees within 1σ with the asteroseismic results
(see Vauclair et al. 2008).

The differential (line-by-line) spectroscopic analysis pro-
vides the following differential parameters for GJ 504 when
ι Hor is taken as reference: dTeff = −40 ± 20 K, dlog g =
−0.20 ± 0.07 dex, dξ = +0.15 ± 0.10 km s−1 and d[Fe/H] =
+0.03 ± 0.03 dex. On the other hand, we found dTeff = +65 ±
20 K, log g = +0.17 ± 0.07 dex, dξ = +0.24 ± 0.10 km s−1,
and d[Fe/H] = +0.03± 0.04 dex when the analysis is differential
with respect to HIP 84827. We then calculated the absolute abun-
dances for GJ 504 relative to these reference stars and we finally
took the average values as our adopted stellar parameters and
metallicity, that is Teff = 6205 ± 20 K, log g = 4.29 ± 0.07 dex,
ξ = 1.23 ± 0.10 km s−1 and [Fe/H] = 0.22 ± 0.04 dex. In
Table 2 we list for GJ 504, along with our stellar parameters and
[Fe/H], literature values from several recent studies, based on
high-resolution spectroscopy. The temperature is in good agree-
ment with previous estimates as well as metallicity and micro-
turbulence values; we confirm that the star is characterised by a
super-solar metallicity. The crucial result here is represented by
the surface gravity. Our analysis (as the vast majority of previous
spectroscopic studies with the exception of Valenti & Fischer
2005; and Maldonado et al. 2012) indicates that the star is actu-
ally slightly evolved, and compatible with the turn-off evolution-
ary stage. We stress that the agreement between the temperature
value from the present work and Valenti & Fischer (2005), but
a strong mismatch in gravity, is not surprising because in their
paper gravities have been evaluated from the fitting of the Mg b
lines; hence they are uncorrelated with Teff . Thus our result is in
contrast to what has been suggested by Kuzuhara et al. (2013),
who adopted gravity from Valenti & Fischer (2005) (i.e. young
age), corroborating the conclusions of Fuhrmann and Chini. The
implications of our results in terms of age are discussed in the
next Section and are crucial when interpreting the substellar na-
ture of the companion (see also the introduction of this paper).

At first glance, other element abundances track the iron con-
tent reasonably well. A closer inspection reveals, however, that
GJ 504 exhibits a small overabundance in K, which is [K/Fe] =
0.15 ± 0.08 dex. When observational errors are taken into ac-
count this value is still compatible with a solar-scaled pattern.
Moreover, carbon and oxygen are underabundant. We recall that
since NLTE corrections have been applied, our results do not de-
pend on the wrong assumption of local thermodynamical equi-
librium. Had not we applied this corrections, the [K/Fe] ratios
would have been ≈0.50 dex. The same holds for oxygen abun-
dances, for which NLTE corrections are about −0.3 dex. It is
noteworthy in this context, that Bensby et al. (2014) obtained
a [O/H] = 0.11 ± 0.11 dex (thus subsolar [O/Fe] ratio), which
is in agreement with our value once errors are considered. Be-
sides, the impact of NLTE departures is actually much smaller
when we consider differential abundances of GJ 504 with respect
to ι Hor because the stars are extremely similar in terms of at-
mospheric parameters with the clear exception of gravity (where
∆ log g = 0.20 ± 0.07 dex).

The Li abundance is discussed in the next section, which is
dedicated to a reassessment of all the other age indicators. The
Li content is indeed known to be a critical key diagnostics for
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Table 2. Comparison between GJ 504 stellar parameters and metallicity from this work and several, recent literature values.

Teff log g ξ [Fe/H] Reference
(K) (dex) (km s−1) (dex)
6205 ± 20 4.29 ± 0.07 1.23 ± 0.10 0.22 ± 0.04 This work
5978 ± 60 4.23 ± 0.10 1.13 ± 0.20 0.13 ± 0.06 Fuhrmann & Chini (2015)
6234 ± 25 4.60 ± 0.02 – 0.28 ± 0.03 Valenti & Fischer (2005)
6012 ± 100 4.30 ± 0.20 1.10 ± 0.20 0.11 ± 0.10 Mishenina et al. (2013)
6185 ± 51 4.30 ± 0.07 1.28 ± 0.08 0.25 ± 0.06 Battistini & Bensby (2015)
5995 ± 41 4.24 ± 0.02 1.34 ± 0.12 0.11 ± 0.04 Ramírez et al. (2013)
6133 ± 50 4.63 ± 0.13 1.30 ± 0.26 0.24 ± 0.04 Maldonado et al. (2012)

Table 3. Differential abundances of GJ 504 with respect to ι Hor and
HIP 84827 in Cols. (2) and (3), respectively.

Elem. d[X/H] Obs. d[X/H] Obs.
(w.r.t ι Hor) (w.r.t HIP 84827)

C −0.057 0.083 0.000 0.082
O −0.031 0.063 0.050 0.030
Na 0.019 0.110 −0.066 0.101
Mg 0.030 0.027 −0.083 0.087
Al 0.023 0.082 0.120 0.031
Si 0.067 0.058 0.008 0.065
S −0.099 0.077 −0.023 0.076
K −0.010 0.070 0.120 0.070
Ca 0.046 0.056 0.080 0.047
Ti 0.019 0.016 0.015 0.053
Cr −0.028 0.021 −0.020 0.048
Fe 0.009 0.026 0.011 0.065
Ni 0.060 0.065 −0.029 0.063
Zn 0.035 0.028 −0.073 0.045

Notes. Oxygen has been corrected for 3D+NLTE effects, following pre-
scriptions by Amarsi et al. (2015). Similarly we provide NLTE K abun-
dances. Listed values for Ti, Cr, and Fe are the average values between
singly ionised and neutral lines.

stellar ages of relatively cool stars, as shown by numerous stud-
ies (e.g. Sestito & Randich 2005). Here we mention that we ob-
tained A(Li) = 2.88 ± 0.07, from the spectral synthesis of the
Li doublet. This value agrees very well with previous analy-
ses by Takeda & Kawanomoto (2005) and Ramírez et al. (2013),
who obtained A(Li) = 2.91 ± 0.10 and A(Li) = 2.85 ± 0.04,
respectively.

Finally, the barium abundance deserves a special, dedicated
discussion. In 2009, we discovered that there is a negative
correlation between the Ba content and the open cluster age
(D’Orazi et al. 2009). This finding was confirmed by other au-
thors (e.g. Jacobson & Friel 2013), providing further evidence
that the younger the cluster, the higher the Ba abundance. Pre-
main-sequence clusters, such as IC 2602 and IC 2391 (age be-
tween 30 and 50 Myr), exhibit [Ba/Fe] ratios up to ≈0.65 dex,
that is more than a factor of four the solar value. Since then, a
variety of studies have been conducted to ascertain the nature of
this peculiar trend, which does not seem to be accompanied by
a similar behaviour from the other elements produced in slow
neutron-capture reactions (La in particular, which belongs with
Ba to the second peak of the s-process path). Regardless the
nature of such a special chemical pattern (see an extensive dis-

cussion in D’Orazi et al. 2012), we can exploit this overabun-
dance as a youth indicator. Crucial to the present work, super-
solar Ba ratios in young stars are not confined to the clus-
ter environment, but it has also been shown to be present also
in young, isolated stars (see e.g. HD 61005 by Desidera et al.
2011). Our analysis indicates that GJ504 is characterised by a
solar Ba abundance, which is [Ba/Fe] = −0.04±0.01±0.03 dex;
the second error is from stellar parameters, whereas the first is
simply the standard deviation from the two different Ba fea-
tures. On a differential scale with respect to ι Hor, GJ 504 has
∆[Ba/Fe] = −0.28 ± 0.05 dex, implying an enhanced Ba con-
tent for the reference star, at variance with the allegedly young
age of GJ 504. Although based on a different analysis procedure,
we confirm that ι Hor is rich in Ba, as previously determined in
D’Orazi et al. (2012) and in nice agreement with expectations,
according to the young age. This is a very important result be-
cause the age and the evolutionary stage of ι Hor are very well
constrained, given the asteroseismic measurements published by
Vauclair et al. (2008). Thus, we can conclude that our analysis
for Ba abundance determination (along with the gravity) also
points to an old age for GJ 504.

3. Other age indicators
Rotational period, chromospheric activity and X-ray emission

The rotation period P = 3.33 d is well established from long-
term Ca II H&K time series (Donahue et al. 1996) and photom-
etry (Messina 1998). Donahue et al. also detected rotation period
variations in the range from 3.23 d to 3.41 d that they attributed
to the presence of surface differential rotation.

This rotation period of 3.33 d is intermediate between those
of stars of similar colours of the Hyades and Pleiades open clus-
ters (Fig. 3). The stellar radius as derived in Sect. 3 allows us
to estimate the inclination at which the star is seen by the Earth.
From the rotation period of 3.33 days and the projected rota-
tional velocity vsin i = 6 ± 1 km s−1 (calculated as a by-product
of the spectral synthesis method; see also e.g. Gonzalez et al.
2010), we infer a system inclination of 18 deg. The nearly pole-
on inclination does not prevent the detectability of photometric
rotational modulations, as discussed in Messina et al. (2016). It
is possible that the true rotation period is two times the proposed
one, with the shorter periodicity resulting from two roughly sym-
metric active latitudes. As the original datasets are not available,
we cannot conclusively support or discard this possibility, but we
emphasise that a period of 6.6 days would not solve the discrep-
ancy with ages coming from isochrones and spectroscopy. Thus
our conclusions are unaffected.

The average index log R
′

HK = −4.446 (Baliunas et al. 1996)
is on the higher envelope of Hyades members of same mass
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Table 4. [X/H] ratios for GJ 504 with respect to the Sun and errors (see text).

Element [X/H] ∆Teff ∆log g ∆ξ ∆[M/H] Param Observational Total
(+20 K) (+0.07 dex) (+0.10 km s−1) (+0.04 dex)

C −0.004 0.008 −0.027 −0.005 −0.008 0.026 0.106 0.109
O 0.030 0.024 −0.010 0.029 0.015 0.043 0.040 0.059
Na 0.156 0.154 0.158 0.156 0.158 0.003 0.036 0.036
Mg 0.201 0.197 0.211 0.199 0.201 0.011 0.060 0.061
Al 0.187 0.184 0.193 0.185 0.187 0.007 0.018 0.019
Si 0.215 0.216 0.212 0.213 0.213 0.004 0.090 0.090
S 0.000 −0.003 −0.021 −0.002 −0.003 0.022 0.024 0.033
K 0.370 0.010 −0.010 −0.030 0.000 0.030 0.070 0.080
Ca 0.268 0.264 0.283 0.263 0.267 0.016 0.105 0.106
Ti 0.192 0.189 0.173 0.190 0.191 0.019 0.027 0.033
Cr 0.194 0.192 0.176 0.190 0.193 0.019 0.033 0.038
Fe 0.210 0.222 0.213 0.199 0.225 0.022 0.055 0.059
Ni 0.233 0.232 0.234 0.231 0.231 0.003 0.056 0.056
Zn 0.209 0.210 0.209 0.195 0.203 0.015 0.050 0.052

(Fig. 3). The log R
′

HK given in Baliunas et al. (1996) is slightly
different (−4.443) because of the slightly different B − V colour
they adopted. We rederived the value of log R

′

HK for our adopted
colour B − V = 0.585 for consistency with the other indica-
tors. The Baliunas et al. (1996) log R

′

HK is based on a very ex-
tended time series of several hundreds of measurements span-
ning 20 years, then effectively averaging variability on daily and
yearly timescales. Several other literature sources quote log R

′

HK
for GJ 504, mostly based on sparse measurements. They are con-
sistent with the Baliunas et al. (1996) results. The coronal ac-
tivity, as measured by ROSAT, is also consistent with the fast
rotation and high activity level of the star (Fig. 3). A photo-
metric time series that is 13 yr long and an HK time series
that is 20 yr long show that the photometric and chromospheric
variability are found to be anti-correlated with a significance
level >95%. This behaviour is typical of young active stars
(see e.g. Lockwood et al. 2007, their Fig. 3). The estimated
stellar ages derived from rotation, log R

′

HK, and log LX/Lbol are
163 Myr, 440 Myr, and 431 Myr, respectively, when using
Mamajek & Hillenbrand (2008) calibrations. In summary, the
age indicators linked to stellar rotation indicate an age interme-
diate between the Pleiades and the Hyades. The rotational and
activity parameters of ι Hor are Prot = 8.5 d; log R

′

HK = −4.61
and log LX/Lbol = −4.97 (Metcalfe et al. 2010). Therefore, ι Hor
results to be slightly older than GJ 504 from the rotation/activity
point of view and with a high accuracy age of 625 ± 5 Myr
from asteroseismology (Vauclair et al. 2008), further supporting
our choice as reference young star in the differential abundance
analysis.

Lithium abundance

The lithium content of the stellar atmosphere is another key age
diagnostic, although it is not as sensitive as for cooler stars for
effective temperature as that of GJ 504. To avoid the challenges
due to possible systematic differences in temperature scale we
compared the equivalent width of Li line at 6707 Å of GJ 504
(and ι Hor) with those of members of open clusters of differ-
ent ages (Pleiades, Hyades, and NGC 752). Lithium data were
taken from Soderblom et al. (1993), Thorburn et al. (1993), and

Sestito et al. (2004) for Pleiades, Hyades, and NGC 752, respec-
tively. As shown in Fig. 3, the Li EW of GJ 504 lies on the lo-
cus of Hyades members, then with a marginal discrepancy with
respect to the younger age inferred from rotation, and clearly
above the locus of the 2 Gyr-old open cluster NGC 752. GJ 504
has a temperature that puts it on the cool border of the Li dip.
Therefore, its Li content could be slightly larger than observed
and in better agreement with an age younger than the Hyades.

Kinematic parameters

GJ 504 is not associated with any known young moving group.
The heliocentric space velocity components U,V,W are found to
be −38.0± 0.2, +1.3± 0.2, and −17.8± 0.5 km s−1, respectively,
when adopting the proper motion and trigonometric parallax
from van Leeuwen (2007) and the absolute radial velocity (RV =
−27 km s−1) from Nidever et al. (2002). These parameters are
slightly outside the kinematic space of young stars identified by
Montes et al. (2001), making an age as young as 200−300 Myr
unlikely. The BANYAN II on-line tool (Gagné et al. 2014) also
yields a much higher probability that the star belongs to the old
field rather than the young field (97% versus 3%). The galactic
orbit derived by Marsakov & Shevelev (1995) (Rp = 7.98 kpc;
Ra = 10.00 kpc; Zmax = 0.128 kpc, and e = 0.112) further rules
out a very young age but it is still in fair agreement with an age
that is a bit younger than the Sun, as argued by the isochrone
fitting in Sect. 3.

Isochrones

We derived the stellar ages from the isochrone fitting using
both the observed colours and magnitudes and the spectroscopic
parameters from Sect. 2.2. We used the PARSEC models by
Bressan et al. (2012) for the appropriate metallicity of the star
(Z = 0.0235, corresponding to [M/H] = +0.22)4, adopting Z� =
0.0152 as for PARSEC isochrones; see Bressan et al. (2012).

4 http://stev.oapd.inaf.it/cgi-bin/cmd, PARSEC ver-
sion 1.2S.
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Fig. 3. Age indicators for GJ 504 compared to those of ι Hor and open clusters of well-determined age. In the various panels, GJ 504 is shown as a
filled black circle, ι Hor as a filled blue square, members of the Pleiades open cluster as green filled squares, members of the Hyades open cluster
as red circles, and members of the NGC 752 open cluster as orange filled squares. Upper left panel: rotation period vs. B − V . For GJ 504, both
the literature rotation period (3.33 d) and the possible alternative period that is two times longer are plotted and connected by a solid line. Upper
middle panel: log R

′

HK vs. B − V . Upper right panel: log LX/Lbol vs. B − V . In these plots, red filled triangles and green filled triangles represent
the stars with X-ray upper limits members of Hyades and Pleiades, respectively. Lower left panel: lithium EW vs. B−V for GJ 504 (black square).
Lower middle panel: U vs. V space velocities for GJ 504 and young moving groups (open circles). Overplotted are the boundaries of the kinematic
space populated by young stars. Lower right panel: W vs. U space velocities for GJ 504 and young moving groups (open circles).

Figure 4 shows the colour magnitude diagrams using V mag-
nitude and B − V and V − I colours. GJ 504 lies about 0.3 mag
above the ZAMS, close to the 3.0 and 3.2 Gyr isochrones, re-
spectively. When using the Teff versus MV diagram, GJ 504 ap-
pears marginally younger (age about 2.1 Gyr). The age as result-
ing from the log g versus Teff diagram is 3.0 Gyr.

If the position above main sequence is instead interpreted as
a pre-main-sequence evolutionary phase, the resulting isochrone
age is of about 20−25 Myr. Such an extremely young age is def-
initely not consistent with the observed lithium content and the
kinematic parameters (space velocities very far from the typical
locus of stars younger than 100 Myr).

We then conclude that the isochrone age of GJ 504 is be-
tween 1.8 and 3.5 Gyr with a most probable value of 2.5 Gyr. The
corresponding stellar radii and masses are 1.30 R� and 1.22 M�,
respectively. We stress that the absolute age determination of GJ
504 is beyond the scope of the present paper and this will be ad-
dressed in a forthcoming work that will focus on asteroseismic
observations of the system. For our purposes only differential
properties of GJ 504 with respect to the reference stars (espe-
cially ι Hor) are relevant.

Our estimate of the isochronal age indicates that GJ 504 is
slightly younger than that derived by Fuhrmann & Chini (2015).
This is mostly because of the different values of effective tem-
perature adopted. However, the discrepancy of isochrone age
with other age indicators such as rotation, activity and lithium is
maintained and calls for a dedicated explanation. The isochrone

age is instead consistent with the kinematic parameters and the
barium abundance.

Age summary

We explored whether the isochrone age, as resulting from the
evolved position in the colour-magnitude diagram, could be spu-
rious as a result of an unresolved binarity of GJ 504.

There are no indications of additional stellar components
contributing to the integrated flux either from direct imaging
(ruling out equal-luminosity companions down to a separation
of 30−50 mas; Bonnefoy et al., in prep.), or from spectroscopy.
Radial velocity (RV) data from Fischer et al. (2014), direct in-
spection of the FEROS spectra, and the check for possible depen-
dencies of the results of the abundance analysis on wavelength
of the spectral lines seems to exclude this scenario. Only very
special orbit configurations (wide orbits with extremely small
projected separation at the time of the imaging observations) are
not yet ruled out by available observations, however their occur-
rence probability is vanishingly small because of tight observa-
tional constraints. In any case a blended binary scenario would
not easily explain the fully consistent result between the spec-
troscopic gravity and the position on colour-magnitude diagram.
The isochrone age is also supported by the kinematic parameters
and barium abundance and any ad-hoc explanation for a spuri-
ous estimate would not remove the discrepancy for these indica-
tors. Therefore, we dismiss the possibility that the isochrone age
is biased by an unresolved companion and look for alternative
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Fig. 4. MV vs. B − V (left panel), MV vs. V − I (central panel), and MV vs. Teff (right panel) for GJ 504. Overplotted are the 0.1, 0.4, 0.7, 1.0, 2.0,
3.0, and 4.0 Gyr isochrones (continuous lines) and the 20 and 25 Myr pre-main-sequence isochrones (dashed lines) for the appropriate metallicity,
from Bressan et al. (2012).

Fig. 5. log g vs. Teff for GJ 504 as resulting from our spectroscopic anal-
ysis (filled black circle) and when applying the results of the spectro-
scopic differential analysis with respect to the asteroseismology value
of ι Hor (empty circle). Overplotted are the 0.1, 0.4, 0.7, 1.0, 2.0, 3.0,
and 4.0 Gyr isochrones (continuous lines) and the 20 and 25 Myr pre-
main-sequence isochrones (dashed lines) for the appropriate metallicity
from Bressan et al. (2012). Additional measurements of log g vs. Teff

for GJ 504 from the literature are plotted as light blue filled circles. The
parameters of ι Hor and HIP 84827 (our spectroscopic analysis and the
parameters of iota Hor) as derived from the asteroseismology analysis
(Vauclair et al. 2008) are plotted as empty red circles.

explanations for the discrepancy with the other indicators (rota-
tion, activity, and lithium), assuming that the isochrone age is the
most reliable for GJ 504.

4. Solving the age discrepancy: merging events

4.1. Ruling out stellar companions and their remnants

The discrepancy between the age indicators linked to rotation
and the placement on HR diagram can be ascribed to the interac-
tion with a companion, which could spin up the central star. This
could happen through tidal interactions by a close companion,
a merging, or wind accretion by a moderately wide companion
at the end of the AGB phase.

The presence of a massive companion close enough to tidally
spin up the central star is ruled out by the RV monitoring per-
formed at Lick Observatory (Fischer et al. 2014). The RV time
series include 58 measurements over 21.65 years. The observed
RV dispersion (25.7 m s−1) is fairly large but comparable with
the high activity level of the star. This allows us to exclude
the presence of close companions more massive than about
0.5−1 MJ .

The lack of any long-term RV slope also argues against the
presence of a white dwarf (WD) companion at a separation small
enough to have allowed significant accretion of material and an-
gular momentum onto the central star (see Zurlo et al. 2013, for
details and references on this scenario). Such a white dwarf com-
panion is also ruled out by the imaging observations. Finally, a
hot WD would be expected if a recent accretion event had oc-
curred (as expected from the fast rotation of GJ 504), while the
far and near ultra violet magnitudes observed by GALEX are
fully consistent with those of a chromospherically active G0V
star (Findeisen et al. 2011) and clearly rule out a spatially unre-
solved hot WD companion to GJ 504.

This leaves the occurrence of a merging event as the most
viable possibility to account for the various observational con-
straints, as already proposed by Fuhrmann & Chini (2015). Fol-
lowing Fuhrmann & Chini (2015), it should be noticed that the
high lithium content allows us to constrain the mass of the
merged object. Indeed, the merging with a low-mass star of
0.1−0.2 M� would imply that the material accreted is com-
pletely depleted in lithium and an original mass of 1.0−1.1 M�
for the primary would imply some Li depletion after 2−3 Gyr.
The observed Li EW of GJ 504 is instead above the locus of
the 1.5−2.0 Gyr old NGC 752 open cluster. This is not con-
sistent with the original Li abundance of a star with mass sig-
nificantly below the present one and the accretion of a signif-
icant amount of fully Li depleted material. This suggests that
the original mass of the primary was very close to the present
one, and that the mass of the merged companion was substel-
lar and most likely low enough to have preserved lithium. From
the observed mass distribution of close-in substellar companions
(Reggiani et al. 2016, and references therein), it is more likely
to face a planet rather than a brown dwarf. We briefly mention,
in this context, that the possible difference in lithium content for
stars with and without planets is a very debated topic and no final
conclusion has been drawn yet. Delgado Mena et al. (2014) and
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references therein, for example provide for a dedicated discus-
sion; however, the temperature of GJ 504 is hotter than the range
(Teff ≈ 5600−5900 K), where evidence for a lower Li abundance
in planet-host stars has been observed. Moreover, it is clear that
GJ 504 belongs to a completely different class of objects because
the central star has already cannibalised the close-in giant planet
and we do not know what kind of planetary system was present
at the beginning of its evolution. On the other hand, all correla-
tions between Li and planet hosts are focussed on stars currently
orbited by planetary-mass companions, hence engulfment events
did not occur.

We discuss the scenario of the engulfment of a planetary
companion in more detail in the next subsection.

4.2. A possible engulfment scenario of a planetary
companion

To quantitatively evaluate the timescales involved in our pro-
posed engulfment scenario, we employed a simple tidal evolu-
tion model. It assumes circular and coplanar orbits and includes
the rate of angular momentum loss produced by the stellar mag-
netised wind L̇w with a Skumanich-type law; that is L̇w = −KΩ3,
where K = 3.52 × 1040 kg m2 s and Ω is the stellar angular
velocity. The tidal torque between the star and the planet fol-
lows the equilibrium-tide formalism (see e.g. Zahn 2008) with
its strength parameterised by the tidal modified quality factor Q′
of the star. We take into account the evolution of the radius of
the star along the main sequence5. The adopted parameters for
stellar mass and metallicity are M = 1.2 M� and Z = 0.02, re-
spectively. The validity of the Skumanich law implies that we
cannot model phases with the star rotating faster than ≈5 days.
Following Fuhrmann & Chini (2015), we adopt a mass of 2.7 Mj
for the planet.

Since the planet is falling into the star, the numerical solution
of our tidal equations is highly sensitive to the initial conditions
when we integrate them forwards in time. To avoid such an in-
stability, we start from the final condition, that is with the planet
filling its Roche lobe at af = 0.009 AU, and integrate back-
wards in time to find the initial condition. Our model does not
take into account the mass transfer that occurs when the planet
fills its Roche lobe. This phase has been modelled by, for exam-
ple Valsecchi et al. (2014, 2015) and Jackson et al. (2016), who
found that its duration depends in a critical way on the inter-
play between the planet mass loss, which tends to increase the
semi-major axis, and the stellar tides, which shrink it. We also
note the above-mentioned publications concerning evaporation
issues. A complete treatment of this topic is beyond the scope
of the present paper and does not affect our conclusions. If the
planet reaches its Roche lobe early, when the star is on the main
sequence and tides are not particularly effective, the mass trans-
fer phase can last for hundreds of Myr or Gyr. In our case, we
assume that the planet loses most of its mass in a relatively short
time (tens or hundreds Myr) because tides are rapidly shrinking
its orbit owing to the radius expansion of our 1.2 M� star during
the final phase of its main-sequence evolution. Therefore, only
the core of the planet, if any, should survive the rapid evolution
after the onset of Roche lobe overflow.

We consider that the age of the star is ≈2 Gyr and that the
bulk of the mass transfer has not occurred more than 200 Myr
ago, otherwise the acquired angular momentum would have been

5 We have used the EZWeb interface to compute and read a simple stel-
lar evolution model (http://www.astro.wisc.edu/~townsend/
static.php?ref=ez-web).

Fig. 6. Time evolution of the rotational period of the star (upper panel)
and of the semi-major axis of the orbit of the engulfed planet (lower
panel) for Q

′

= 107.

Fig. 7. As Fig. 6, but for Q′ = 106.

partially lost resulting in a slowdown of the stellar rotation owing
to its magnetised wind. For Q′ = 107 and a stellar rotation period
of 6.5 days when the planet reaches its Roche lobe, the reverse
integration results in an initial orbital distance for the planet of
≈0.030 AU and a rotation period of ≈20 days (cf. Fig. 6). On
the other hand, if we adopt Q

′

= 106, the system evolution
is so fast and tides are so effective that the initial rotation pe-
riod of the star becomes unrealistically long before ≈1 Gyr (cf.
Fig. 7). This is an indication that, despite all the uncertainties
involved in our knowledge of the tidal interaction quality factor,
Q′ ≈ 107 seems more realistic. In comparison to the estimates
by Fuhrmann & Chini (2015), we find that the approach of the
planet to the star under the action of tides is accompanied by
a significant spin up of the star itself as a result of the transfer
of angular momentum from the orbit to the stellar spin. There-
fore, in our model the initial rotation of the star is found to be
rather slow, if tides acted since the system had ≈0.2 Gyr. We
might speculate that the planet was not initially at ≈0.030 AU;
but it was brought there through the Kozai mechanism because
of the presence of the external massive planet/ brown dwarf
companion of GJ504. Once this configuration was reached tidal
forces did their job, causing an orbital decay in approximately
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1.8−2.0 Gyr. When the planet reached its Roche lobe, conser-
vative mass transfer could have further decreased the rotation
period of the star from ≈7 days down to a few days. We can
account for a faster initial stellar rotation at 0.2 Gyr by reduc-
ing the mass of the planet, its initial distance, and playing with
the poorly known tidal parameter Q′. In view of these uncertain-
ties, we regard our computed models as simply illustrative and
do not attempt a full exploration of the initial parameter space to
account for the currently fast stellar rotation.

It is interesting to note that, according to our scenario in
which the planet is initially based at a distance of 0.03 AU with
a mass of 2.7 Mj, the location of this hot Jupiter falls within the
upper envelope of the distributions of planetary masses versus
orbital period.

5. Concluding remarks

In this paper we have presented a comprehensive scrutiny of the
fundamental properties for GJ 504. The star hosts a substellar
companion located at ≈44 AU, which has been claimed to be
one of the lowest mass objects ever observed via direct imag-
ing techniques (Kuzuhara et al. 2013). However, this conclusion
relied on a young age for GJ 504, namely less than ∼200 Myr,
as indicated by the rotational period of P = 3.33 days. Con-
versely, Fuhrmann & Chini (2015), thanks to high-resolution
spectroscopic observations, found evidence for a much older age
(≈3−6 Gyr), suggesting that the substellar companion is actually
a brown dwarf rather than a giant planet. In order to reconcile
this old age, coming from isochrones and spectroscopy, with the
indications of youth given by rotational and activity properties,
these authors conceived the possibility of a merging event. The
star GJ 504 might have engulfed a planetary-mass object that
caused the spin up of rotational velocity along with enhance-
ments in the chromospheric activity level. To shed light on this
debated and complex picture, we exploited a strictly differential
(line-by-line) analysis of GJ 504 with respect to two reference
stars, namely ι Hor and HIP 84827. The role of ι Hor is partic-
ularly critical in this respect because its properties are very well
constrained from an independent tool, i.e. asteroseismic obser-
vations (see Vauclair et al. 2008). Our results indicate that the
surface gravity of GJ 504 is 0.2 ± 0.07 dex lower than that of
the main-sequence star ι Hor, implying a slightly more advanced
evolutionary stage for the object. The isochrone comparison pro-
vides us with an age range between 1.8 and 3.5 Gyr, which is
qualitatively in agreement with Fuhrmann & Chini results, al-
though slightly younger. Interestingly, the solar Ba abundance
also points to a very old age for the system, which is at variance
with young stars in clusters and in the field (D’Orazi et al. 2009;
Desidera et al. 2011) that are known to be characterised by an
extremely high Ba content ([Ba/Fe] up to 0.6 dex). To investi-
gate the merging scenario suggested by Fuhrmann & Chini, we
ran a tidal evolution code, assuming an age of roughly ≈2 Gyr
and imposing the condition that the engulfment event could not
have occurred more than 200 Myr ago; otherwise the star would
have lost the angular momentum and slowed down. Our tests in-
dicate that a very plausible system architecture would result in
an initial configuration of a planetary companion (with mass not
larger than ∼3 MJ) located at 0.03 AU. This is probably because
Kozai cycles (due to the presence of the external sub-stellar com-
panion) have caused an inward migration. From such a small
distance, the low-mass body has been affected by the stellar tides
and slowly started to spiral down on the central star. If this were
the case, we would expect to reveal planetary remnants such as
rocky cores of the now defunct hot Jupiter in the proximity of

star GJ 504. Current measurements prevent us from investigating
this issue, but we plan to have purposely designed observations
to detect such a small signal in radial velocity variations.
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