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ABSTRACT

Context. With about 2000 extrasolar planets confirmed, the results show that planetary systems have a whole range of unexpected
properties. This wide diversity provides fundamental clues to the processes of planet formation and evolution.

Aims. We present a full investigation of the HD 219828 system, a bright metal-rich star for which a hot Neptune has previously been
detected.

Methods. We used a set of HARPS, SOPHIE, and ELODIE radial velocities to search for the existence of orbiting companions to
HD 219828. The spectra were used to characterise the star and its chemical abundances, as well as to check for spurious, activity
induced signals. A dynamical analysis is also performed to study the stability of the system and to constrain the orbital parameters
and planet masses.

Results. We announce the discovery of a long period (P = 13.1 yr) massive (m sini = 15.1 Mjy,,) companion (HD 219828 ¢) in a very
eccentric orbit (e = 0.81). The same data confirms the existence of a hot Neptune, HD 219828 b, with a minimum mass of 21 M, and
a period of 3.83 days. The dynamical analysis shows that the system is stable, and that the equilibrium eccentricity of planet b is close
to zero.

Conclusions. The HD 219828 system is extreme and unique in several aspects. First, ammong all known exoplanet systems it presents
an unusually high mass ratio. We also show that systems like HD 219828, with a hot Neptune and a long-period massive companion
are more frequent than similar systems with a hot Jupiter instead. This suggests that the formation of hot Neptunes follows a different
path than the formation of their hot jovian counterparts. The high mass, long period, and eccentricity of HD 219828 ¢ also make it a
good target for Gaia astrometry as well as a potential target for atmospheric characterisation, using direct imaging or high-resolution
spectroscopy. Astrometric observations will allow us to derive its real mass and orbital configuration. If a transit of HD 219828 b
is detected, we will be able to fully characterise the system, including the relative orbital inclinations. With a clearly known mass,

HD 219828 ¢ may become a benchmark object for the range in between giant planets and brown dwarfs.

Key words. planetary systems — techniques: spectroscopic — techniques: radial velocities — stars: individual: HD 219828

1. Introduction

At a moment when the number of discovered extrasolar
planets is already above 2000 (see e.g. Schneider et al. 2011,
http://www.exoplanet.eu), most of the attention in the field

* Based on observations collected with the HARPS spectrograph at
the 3.6-m ESO telescope (La Silla-Paranal Observatory, Chile), runs
ID 072.C-0488, 075.C-0332, 075.C-0332, 076.C-0155, 077.C-0101,
183.C-0972, 091.C-0936, and 192.C-0852, as well as with the ELODIE
and SOPHIE spectrographs, at the OHP Observatory, France.

** Full Table 1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/592/A13

Article published by EDP Sciences

is given to detecting planets with increasingly lower mass and to
characterising their structure and atmospheres (for some recent
reviews see e.g. Mayor et al. 2014; Burrows 2014; Lissauer et al.
2014).

While these efforts have mostly concentrated on short-
period planets, which usually have a higher detection proba-
bility (through transits and radial velocities) and can be more
easily characterised, the detection of long-period giant plan-
ets still enjoys considerable interest (see e.g. Feng et al. 2015;
Santerne et al. 2016; Moutou et al. 2015). The frequency of sys-
tems with long-period giant planets (e.g. Rowan et al. 2016),
which are more similar to the solar system gas giants, may
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provide important clues to the formation of our own system.
Giant planets also play a crucial role in shaping the geometry
of any planetary system (e.g. Morbidelli et al. 2007). Their de-
tection thus provides important clues to the frequency and ar-
chitecture of different planetary systems, in particular concern-
ing the existence of other Earth-like worlds, or concerning the
formation process and properties of short-period planets (e.g.
Nagasawa et al. 2008; Izidoro et al. 2015).

In parallel, the formation of high-mass giant planets, in par-
ticular those on the borderline between giant planets and brown
dwarfs, is still lively debated. The distinction between the two
types of objects has been argued to be related to the deuterium-
burning mass limit near 13 My, (Burrows etal. 2001). The
lack of a discontinuity in the mass distribution of companions
to solar-type stars at the brown-dwarf regime (Udry & Santos
2007; Sahlmann et al. 2011) suggests, however, that a distinc-
tion based on the formation mechanisms may be more represen-
tative (Chabrier et al. 2014). The detection and characterisation
of high-mass planets in systems where lower mass planets exist
(e.g. the derivation of their masses, orbital properties, and rela-
tive inclinations) may in this sense provide relevant information.

Melo et al. (2007) presented the discovery of a short-
period Neptune-like planet orbiting the bright GO sub-giant star
HD 219828. Evidence for a longer period signal in the data was
also presented, although no conclusive orbital solution was pro-
posed. In this paper we present the results of the analysis of new
radial-velocity measurements of this star, covering a time span
of 16 years. The results allow us to fully confirm the detection
of the Neptune-mass companion, but also to constrain the orbital
solution and minimum mass for the longer period counterpart.
In Sects. 2 and 3 we present our new radial velocity dataset and
a comprehensive analysis of the stellar parameters and chem-
ical abundances, respectively. The detected radial-velocity sig-
nals are discussed in Sect.4, and in Sect. 5 we present a dy-
namical analysis of the system. We then discuss the relevance,
uniqueness, and potential of this system in Sect. 6.

2. Observations and data

Melo et al. (2007) presented the discovery of a hot Neptune or-
biting HD 219828 based on 22 high-precision radial velocities
obtained with the HARPS instrument at the 3.6 m ESO telescope
(La Silla-Paranal Observatory, Chile — Mayor et al. 2003). Since
then, 69 new HARPS spectra were obtained with the goal of con-
firming the existence of the short-period Neptune but also to try
to constrain the orbit of the longer period companion. A total of
91 HARPS measurements over the same number of nights are
now available, spanning from 2005-05-19 to 2013-11-20. We
note that two further measurements were obtained in August
2015. However, a major instrument upgrade was made in June
2015 with the introduction of octogonal fibers (see Bouchy et al.
2013, for the SOPHIE example and motivation), and an offset in
the radial velocities was introduced that is still not well charac-
terised. As a result, these two new measurements do not allow
us to add any relevant information. We thus decided to remove
them from the current analysis.

The HARPS measurements were obtained with an exposure
time of 900s and a simultaneous calibration using the Fabry-
Pérot étalon mode whenever this was available. Otherwise, the
traditional ThAr simultaneous calibration mode was used for
the older measurements that have been published in Melo et al.
(2007). This allowed us to achieve an individual precision of
better than 1 ms~! for most of the measurements (the average
noise in our data is 80 cms~!, including photon noise, calibration
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noise, and the uncertainty in the measurement of the instrumen-
tal drift, with an rms of 20 cms™!). The exposure time used also
allows averaging out the noise produced by stellar oscillation
modes (Dumusque et al. 2011), with timescales of the order of a
few minutes. This strategy does not allow us to completely over-
come the granulation noise, however.

All HARPS spectra were reduced using the latest ver-
sion of the HARPS pipeline. Precise radial velocities were de-
rived, together with measurements of the bisector inverse slope
(BIS), full width at half maximum (FWHM), and contrast of
the HARPS cross-correlation function (CCF — Baranne et al.
1996; Pepe et al. 2002). These values are useful to diagnose
radial-velocity variations that are intrinsic to the star, for in-
stance caused by stellar activity on its different timescales
(e.g. Queloz et al. 2000; Santos et al. 2010; Figueira et al. 2010;
Dumusque et al. 2012; Santerne et al. 2015). Values for the
chromospheric activity index log R}, were also derived (see
Sect. 3) following a procedure similar to the one adopted in
Gomes da Silva et al. (2014; see also Lovis et al. 2011).

In addition to the HARPS data, radial-velocity measure-
ments of HD 219828 were also obtained using the ELODIE
(Baranne et al. 1996) and SOPHIE (Perruchot et al. 2008) cross-
dispersor fiber-fed echelle spectrographs, mounted on the 1.93 m
telescope at the Observatoire de Haute-Provence (OHP)!. Albeit
with a lower precision when compared with HARPS, the radial
velocities derived using these instruments are useful to constrain
the period and eccentricity of the long-period companion (see
Sect. 4).

A total of four observations were made with ELODIE be-
tween 1999 and 2004 as part of the ELODIE planet search
program (Perrier et al. 2003). The first of the four observations
from the ELODIE database was made without a simultaneous
thorium-argon lamp but observed within the same mode imme-
diately before the constant star HD 220773. For this constant
star, we determined the radial-velocity offset for observations
obtained with and without a simultaneous thorium-argon lamp.
We applied the same radial-velocity offset for HD 219828. This
allows us to be confident of the measured radial velocity because
the instrumental drift between the observations of the two stars is
expected to be much lower than the error bar of the measurement
(of the order of 15-30 ms™).

A total of 19 measurements were also acquired with SO-
PHIE as part of the science verification at the end of 2007 and
after the installation of octagonal fibers in 2011 (Bouchy et al.
2013). SOPHIE observations were secured in high-resolution
mode and with thorium-argon simultaneous calibration. Expo-
sure times were 900 or 1200 s, and the error bars of individ-
ual measurements have a value of 3.4 ms~! on average. System-
atic effects were corrected in the SOPHIE measurements. All the
spectra taken before June 2011 are corrected for the seeing ef-
fect (Boisse et al. 2010, 2011). Spectra taken after June 2011 are
corrected using a set of standard stars that are monitored every
night. This correction accounts for any instrumental variations
and is described in detail in Courcol et al. (2015).

All the used radial velocities are made available in electronic
form in CDS. A sample is provided in Table 1.

3. HD 219828: the star

According to the revised version of the Hipparcos catalogue
(van Leeuwen 2007) and SIMBAD, HD 219828 is a GOIV star

! SOPHIE replaced ELODIE at the 193-cm telescope at the OHP ob-
servatory in France.
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Table 1. Radial velocities (RV) for HD 219828 together with the respec-
tive barycentric Julian dates, errors, and instrument used.

BJD RV o(RV)  Instrument
[-2400 000 days] [kms™'] [kms™]
51448.4592 —24.1328 0.0300 ELODIE
53281.4457 —24.0628 0.0150 ELODIE
53332.3841 —24.0828 0.0150 ELODIE
53334.3126 -24.0628 0.0150 ELODIE
53509.927917 —24.02444  0.00090 HARPS
53510.928367 -24.01105 0.00130 HARPS
Notes. The full table is available at the CDS.
Table 2. Stellar parameters for HD 219828.
Parameter Value Reference/Method
Spectral type GOIvV van Leeuwen (2007)
Parallax [mas] 12.83 £ 1.01 van Leeuwen (2007)
Distance [pc] 77.9 van Leeuwen (2007)
my 8.04 van Leeuwen (2007)
B-V 0.654 van Leeuwen (2007)
M, 3.58 -
Bolometric correction —-0.061 Flower (1996)
Luminosity [Lg] 3.08 -
Mass [Mg] 1.23 +£0.10  Bressan et al. (2012)
log Ry -5.12 HARPS
P, [days] 28.7/31.7 @
v sini [km s7!] 2.9 HARPS®
Terr [K] 5891 + 18 Melo et al. (2007)
logg 4.08 +0.10©  Melo et al. (2007)
& 1.18 £ 0.02 Melo et al. (2007)
[Fe/H] +0.19+£0.03  Melo et al. (2007)

Notes. (9 Using the activity level and the calibrations of Noyes et al.
(1984) and Mamajek & Hillenbrand (2008). (*” Based on HARPS spec-
tra using a calibration similar to the one presented by Santos et al.
(2002). © Value after correction using the calibration of Mortier et al.
(2014).

with a parallax 7 = 12.83 + (.74 mas, an apparent magnitude
mv = 8.04, and a colour index B — V = 0.654. These values
imply, adopting the bolometric correction from Flower (1996),
an absolute magnitude Mv = 3.58 and a luminosity of 3.08 L.
Still according to Hipparcos, the star is stable up to 0.013 mag
(typical for a constant star of its magnitude).

Using a high-resolution and high signal-to-noise ratio (S/N)
HARPS spectrum, Melo et al. (2006) derived precise stellar at-
mospheric parameters for this star (see also SWEET-Cat —
Santos et al. 2013)%. The values are presented in Table2. The
derived effective temperature 7. = 5891 = 18 K, logg = 4.19 +
0.05 dex, and [Fe/H] = 0.19 +£0.02 dex agree well with the spec-
tral type listed in HIPPARCOS and also with other values from
the literature: van Belle & von Braun (2009) derived a tempera-
ture of Tex = 5929 + 90 from SED fitting, and Gonzalez et al.
(2010) derived T = 5861 + 38 K and logg = 4.21 dex.

PARSEC evolutionary models (Bressan et al. 2012)% indi-
cate that HD 219828 has a mass of 1.23 + 0.06 M, and an age

2 http://www.astro.up.pt/resources/sweet-cat
3 See daSilvaetal. (2006) — http://stev.oapd.inaf.it/
cgi-bin/param

of 4.6 + 0.7 Gyr. A similar age was found by Casagrande et al.
(2011; 5+ 1.34 Gyr), also compatible with its activity level (Pace
2013, indicating an age above 2 Gyr). A mass of 1.22 M,; is also
found using the calibration of Torres et al. (2010) based on the
spectroscopically derived values of T.g, logg, and [Fe/H], af-
ter correcting for the systematics as explained in Mortier et al.
(2014) and Santos et al. (2013). We decided to adopt a value
of 1.23 M, to which we associated a conservative uncertainty
of 0.10 M. A surface gravity value slightly lower than the one
found through the spectroscopic analysis (4.09 dex) was derived
when we considered the above stellar mass, the bolometric cor-
rection, and the Hipparcos distance and magnitude following
Eq. (1) of Santos et al. (2004). A similarly lower value (4.08 dex)
was also obtained when we corrected the spectroscopic surface
gravity using the calibration presented by Mortier et al. (2014).
We therefore decided to adopt a lower surface gravity, with a
conservative error bar of 0.10 dex.

Our derived lithium (Li) abundance for HD 219828 is
loge(Li) = 2.33 = 0.04, similar to the value found by
Gonzalez et al. (2010) (log e(Li) = 2.17 £+ 0.06), and typical of
early-G dwarfs. Planet-host stars with a temperature close to so-
lar have been suggested to be Li-poor when compared with sin-
gle field dwarfs of the same age and metallicity (for a recent pa-
per and debate see Figueira et al. 2014, and references therein).
However, the T of this star lies beyond the temperature range
where this effect is observed (5700-5850 K), and hotter stars
show higher Li abundances regardless of the presence of planets
(e.g. Delgado Mena et al. 2014).

The derived radius of the star, based on the relation of lumi-
nosity, temperature, and radius is 1.69 Rg. This value is slighly
above the one derived using the Torres et al. (2010) calibration
(1.47 Ry), the spectral energy distribution (SED) fitting proce-
dure adopted in van Belle & von Braun (2009) (1.58 = 0.10 Ry),
or the one obtained from the PARSEC interface (da Silva et al.
2006, 1.61 £ 0.12 Ry).

In brief, HD 219828 is a metal-rich early-G dwarf that is
slightly evolved beyond the main sequence. The adopted param-
eters for the star are listed in Table 2.

HD 219828 has also been found to be a low-activity star:
from the HARPS spectra we derive a mean log R}, = —5.12 dex,
with a small dispersion of only 0.02 dex. These values are even
lower than those found in Pace (2013) (log R}, between —4.896
and —4.880), attesting to the low activity level of this star. This
low value for the activity level would correspond to a rotational
period of 28.7 + 0.6 days and 31.7 + 0.8 days, according to the
calibrations of Noyes et al. (1984) and Mamajek & Hillenbrand
(2008), respectively. A projected rotational velocity v sini =
2.9kms™! is derived from the FWHM of the HARPS cross-
correlation function (see e.g. Santos et al. 2002)*. With a stellar
radius of 1.69 R, and assuming a rotational period of 30 days,
HD 219828 should be rotating with Vo = 2.8 km s~!. These val-
ues suggests that the star may be seen almost equator-on.

The abundances of planet-host stars as well as their origin
in the Galaxy have been suggested to have an important influ-
ence on the frequency, composition, architecture, and formation
history (Adibekyan et al. 2012a; Dawson & Murray-Clay 2013;
Adibekyan et al. 2013; Santos et al. 2015). We therefore decided
to derive detailed abundances for several @- and iron-peak ele-
ments in HD 219828 using a combined HARPS spectrum, built
from all the data available at the time of this publication’.

4 This calibration is made for dwarfs stars, however, and may not be
fully valid for this slightly evolved star.
5 The combined spectrum has a S/N above 1000 per pixel.
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Table 3. Chemical abundances for HD 219828.

Element (X) [X/H] Mines
CI 0.093+0.002 2
(0] 0.188+0.047 2
Nal 0.191+£0.015 2
Mgl 0.180+0.030 3
All 0.204+0.009 2
Sil 0.177+0.018 14
SI 0.085+0.017 4
Cal 0.165+0.027 12
Scl 0.252+0.028 3
Scll 0.254+0.015 6
Til 0.191+0.025 21
Till 0.173+0.040 5
VI 0.196+0.010 8
Crl 0.153+0.014 18
Crll 0.116+0.034 3
Mnl 0.181+0.035 5
Col 0.216+0.086 8
Nil 0.191+0.017 40
Cul 0.238+0.019 4
Znl 0.158+0.005 3
Srl 0.103+0.050 1
YI 0.185+0.070 7
Zrl 0.106+0.040 4
Bal 0.138+0.031 3
Cel 0.122+0.052 4
NdI 0.095+0.057 2
A(Li1) 2.33+0.03 1

The method we adopted is fully explained in Adibekyan et al.
(2012b), and we refer to that paper for more details. The stellar
atmospheric parameters adopted for the analysis are those listed
in Table 2. The final set of abundances, together with the number
of element lines used to derive the abundances and respective er-
rors (denoting the error on the mean) are listed in Table 3. More-
over, we also derived abundances of several volatile elements (C,
0, S, and Zn) and heavier elements, following the procedures of
Ecuvillon et al. (2004) and Bertran de Lis et al. (2015). The val-
ues allow us to conclude that HD 219828 is a typical thin-disk
star from the solar neighbourhood; its [a/Fe]® abundance ratios
are nearly solar (i.e. ~0.0): no @-element enhancement, typical of
thick-disk or halo stars, is observed (see Adibekyan et al. 2012b,
and references therein).

4. Radial-velocity fitting

The HARPS, SOPHIE, and ELODIE data were fit simultane-
ously using the Markov chain Monte Carlo (MCMC) algorithm
implemented into the PASTIS software and fully described in
Diaz et al. (2014). The priors used are listed in Table 4. The num-
ber of Keplerian functions was set to two: one to take the short-
period signal into account that has been announced in Melo et al.
(2007), and the other to fit the long-term signal that is clear by vi-
sual inspection of the data (see also Fig. 1). The offsets between
the HARPS, SOPHIE, and ELODIE radial velocities were also
fit during the process.

We ran 100 chains of 3 X 10 iterations starting from an ini-
tial value randomly drawn from the joint prior. We then removed

6 Where a-elements are e. g. Ti, Si, and Mg, and the notation reads as
[X/Y] = [X/H] - [Y/H].
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chains that did not converge to the maximum likelihood. We also
removed the burn-in before thinning and merging the remaining
chains. This provided 10000 independent samples of the poste-
rior distribution.

The best-fit parameters of the orbits and their 68.3% con-
fidence interval are listed in Table5. The best solutions hold
for planets b and c, periods of 3.83 and 4791 days, eccentrici-
ties of 0.059 + 0.036 and 0.8115 + 0.0032, and planet masses of
21 £ 1.4 Mg and 15.1 + 0.85 Myy,,. The eccentricity value found
for HD 219828 b is not significant at a 1.6 sigma level, and we
therefore consider that we have no solid ground to assume that it
is different from zero. On the other hand, the high value for the
eccentricity for HD 219828 ¢ brings this companion to as close
as 1.13 AU from its host star at periastron, while at apastron the
distance is around 10.8 AU.

We also tested the possibility that an additional long-term
drift is present in the data. Adding this additional term to the
fitting procedure did not return any significant result. We exclude
any linear drift with an amplitude higher than 1 ms~' yr~! with
95% confidence.

Table 5 shows that the estimated jitter of the HARPS radial
velocities is of the order of 1.64ms™!, significantly above the
average error bar of the individual measurements of 0.8 ms™.
This difference may be caused by the fact that HD 219828 is an
early-G star, slightly evolved beyond the main sequence. It is
indeed well known that stars of earlier type and more evolved
stars present higher granulation noise in radial velocities (see
Dumusque et al. 2011, and references therein). It is also known
that stellar activity can produce signals that can mimic planetary
companions at different timescales (e.g. Saar & Donahue 1997;
Queloz et al. 2000; Santos et al. 2010; Dumusque et al. 2012;
Kane et al. 2016), even for stars with a low activity level (e.g.
Santos et al. 2014). The analysis of the generalized Lomb Scar-
gle (GLS) periodograms of the residuals (O—C) of radial veloci-
ties after removing the two Keplerians reveals some power near
30 days (Fig. 2, top left panel). This signal, although not statisti-
cally significant, is most likely related to the rotational period of
the star, which is estimated to be close to that value (Table 2). To
diagnose any activity-induced signal in Fig.2, we also present
the GLS periodogram of the FWHM, BIS, and log R}, time
series. A peak at a period of 30 days is also found in the peri-
odogram of the log R}, (lower right), again not significant. In
all the plots, the dotted and dashed horizontal lines denote the
10% and 1% false-alarm probability levels, respectively. These
were derived using a permutation test as done in Mortier et al.
(2012). No significant signal appeared in any of the variables.
We therefore have no evidence that stellar activity may be con-
tributing to produce the observed signals or any other additional
signal in the data, at any timescale. The lack of any long-term
significant variability on the BIS and FWHM also excludes the
possibility that HD 219828 ¢ is a solar-like stellar companion in
a highly inclined orbit (Santerne et al. 2015), since such a com-
panion is expected to leave a trace on these parameters.

We also tested whether this extra noise might indicate an-
other low-amplitude companion to the system. No satisfactory
Keplerian fit was found. We therefore find no compelling evi-
dence for additional companions.

In brief, we find clear evidence for the presence of two
companions orbiting HD 219828: a Neptune-mass planet in a
short-period circular orbit, and a high-mass companion on the
borderline between a giant planet and brown dwarf orbiting in a
long-period eccentric trajectory. This result fully confirms the
detection of Melo et al. (2007), and the fitted parameters are
compatible with those listed in the announcement paper within
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Table 4. List of free parameters and respective priors used in the MCMC analysis of the radial velocities.

Parameter Prior

Planet b Planet ¢
Orbital period P [d] J(0.3;100) J(100; 1 x 10%)
Epoch of periastron 7}, [BID] U((2453000;2453200) UR2450000;2650000)
Orbital eccentricity e B(0.867;3.03) B(0.867;3.03)
Argument of periastron w [°] U(0;360) U(0;360)
Radial-velocity amplitude K [ms™'] U(0; 1000) U(0; 1000)
Systemic radial velocity y [kms™'] U(-100, 100)
ELODIE radial-velocity jitter [ms™'] U(0,200)
SOPHIE radial-velocity jitter [ms™'] U(0,200)
HARPS radial-velocity jitter [ms™'] U(0, 100)
ELODIE — HARPS radial-velocity offset [kms™'] U-2,2)
SOPHIE — HARPS radial-velocity offset [ms™] U(-200,200)

Notes. J (a; b) is a Jeffreys distribution between a and b, U(a; b) is a uniform distribution between a and b, and B(a; b) is a beta distribution with

parameters a and b.

References. The choice of prior for the orbital eccentricity is described in Kipping (2013).
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Fig. 1. Top and middle plots: phase-folded radial-velocity curves and
data for planets b and c, respectively. Bottom: combined orbital solution
of planets b and c as a function of time. Residuals of the complete fit
are presented at the bottom of each diagram.

the error bars. We note that using the new dataset alone also leads
to an orbital solution for the short-period planet that is compati-
ble with the one presented in Melo et al. We did not detect signif-
icant eccentricity for the inner planet either, with an upper limit
of 0.15 within a 99% confidence interval.

We also computed the detection limits for additional plan-
ets in the system. For this we analysed the residuals of the fit
presented above, using a Monte Carlo approach similar to the
one used in Mortier et al. (2012). In brief, for each period we
injected signals in the best-fit residuals, assuming circular or-
bits, with varying amplitudes until the false-alarm probability of
the detection was higher than 1%. The amplitude of this signal
(for each period) sets the mass of the planet that can be detected
within the existing data. The results of this analysis are presented
in Fig. 3. In the figure, the two vertical lines denote the time span
of the HARPS observations and the total time span including the
older ELODIE and SOPHIE data. The red line corresponds to
the detection limit when we were able to detect a signal corre-
sponding to a circular orbit with a semi-amplitude of 1 ms~'.
The results of this analysis suggest that we can exclude addi-
tional planets with masses above 10 Mg in the period range up
to ~100 days. This value decreases to 4 Mg when we restrict the
period range to shorter than 10 days, and increases to ~20 Mg at
periods of 1000 days.

5. Dynamical analysis

The orbital solution given in Table 5 shows a planetary sys-
tem composed of two planets in a very uncommon configura-
tion: a Neptune-mass planet in a compact nearly circular orbit
(ap = 0.05 AU, ¢, = 0.06), together with a brown-dwarf-mass
planet in a wide very eccentric orbit (a. = 6.0 AU, e, = 0.81).
The stability of the system is not straightforward to gauge since
the pericenter of the massive outer planet is nearly at 1 AU. Grav-
itational perturbations on the inner planet cannot be neglected
and may give rise to some instability.

5.1. Stability analysis

To analyse the stability of the nominal solution (Table 5), we per-
formed a global frequency analysis (Laskar 1993) in the vicinity
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Table 5. Orbital parameters for the two Keplerian solutions and the derived planet minimum mass.

v [kms™] —24.1047 £ 0.0013
HD 219828 b HD 219828 ¢

K [ms™] 7.53 £0.28 269.4 + 4.7
P [days] 3.834887 + 0.000096 4791 + 75
Tp [BID-2400000] 55998.78 + 0.35 54180.7+ 1.2
e 0.059 + 0.036 0.8115 +0.0032
w [deg] 225 + 38 145.77 + 0.28
my sini 21.0+ 1.4 Mg 15.1 £ 0.85 My
a [AU] 0.045 5.96
HARPS jitter [ms~!] 1.64 +0.17
SOPHIE jitter [ms™'] 275+ 1.10
ELODIE jitter [ms™'] 114430
SOPHIE offset (relative to HARPS) [ms™!] 3.06 + 0.96
ELODIE offset (relative to HARPS) [ms™!] 54 +12
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Fig. 2. Periodograms of the radial-velocity residuals to the two-Keplerian fit and of the raw values of FWHM, BIS, and log R},.. The dotted and
dashed horizontal lines denote the 10% and 1% false-alarm probability levels, respectively.

of this solution, in the same way as achieved for other planetary
systems (e.g. Correia et al. 2005, 2009, 2010). For each planet,
the system is integrated on a regular 2D mesh of initial condi-
tions, with varying semi-major axis and eccentricity, while the
other parameters are retained at their nominal values (Table 5).
The solution is integrated over 200 yr for each initial condition
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and a stability indicator is computed to be the variation in the
measured mean motion over the two consecutive 100 yr inter-
vals of time (for more details see Correia et al. 2005). For regu-
lar motion, there is no significant variation in the mean motion
along the trajectory, while it can vary significantly for chaotic
trajectories. The result is reported using a colour index in Fig. 4,
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Fig. 3. Detection limits for additional planets in the system.
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Fig. 4. Stability analysis of the nominal fit of the HD 219828 planetary
system (Table 5). For fixed initial conditions, the phase space of the sys-
tem is explored by varying the semi-major axis a, and eccentricity e, of
the inner planet. The step size is 1072 in eccentricity, and 5 x 10~ (top)
or 2 X 10 AU (bottom) in semi-major axis. For each initial condition,
the system is integrated over 10° yr and a stability criterion is derived
with the frequency analysis of the mean longitude (Laskar 1990, 1993).
As in Correia et al. (2005, 2009, 2010), the chaotic diffusion is mea-
sured by the variation in the frequencies. The red zone corresponds to
highly unstable orbits, while the dark blue region can be assumed to be
stable on a billion-year timescale.

where red represents the strongly chaotic trajectories and dark
blue the extremely stable ones.

In Fig.4 we show the wide vicinity of the best-fit solution
of the inner orbit. We observe that from 0.2 to 5 AU the system
is totally unstable as a result of the presence of the outer planet
(top). However, when we zoom into the region a < 0.1 AU (bot-
tom), we verify that planet b is stable even for eccentricities up
to 0.5. This figure thus show us that the HD 219828 planetary
system listed in Table 5 is stable over a timescale of several Gyr.

Table 6. Fundamental frequencies for the nominal orbital solution in
Table 5.

Frequency (°/yr) Period (yr) Angle (deg)

ny 3428779 x 10**  1.049936x 102 ¢,  21.8
ne 2741267 x 10" 1.313261 x 10*! ¢, 1254
g1 2.534770x 1072 1.420247 x 10** ¢, 2259
g 1.169675x 1070 3.077778 x 10*8 ¢, 1458

Notes. n, and n, are the mean motions, and g, and g, are the secular
frequencies of the pericenters.

We can also try to constrain the highest possible masses of
the planets if we assume co-planarity of the orbits. By decreasing
the inclination of the orbital plane of the system, we increase the
mass values of both planets. We repeated a stability analysis of
the orbits, like in Fig. 4. With decreasing inclination, the stable
dark- blue areas become narrower, to the point that the best-fit
solution lies outside the stable zones. At this point, we conclude
that the system cannot be stable anymore. It is not straightfor-
ward to find a transition inclination between the two regimes,
but our analysis suggests that stability of the whole system is
still possible for an inclination of 5°, but becomes impossible
for lower values. Therefore, we conclude that the highest masses
of the planets correspond to a scaling factor of about 10, which
would transform the inner planet into a hot Jupiter and the outer
one into an M-dwarf star.

5.2. Secular coupling

We performed a frequency analysis of the nominal orbital
solution listed in Table 5 computed over 10°yr. The orbits
of the planets were integrated with the symplectic integrator
SABA1064 of Farrés et al. (2013), using a step size of 5x 1073 yr
and general relativity corrections. The fundamental frequencies
of the systems are the mean motions ny, and n., and the two sec-
ular frequencies of the pericenters g; and g, (Table 6).
To present the solution in a clearer way, it is useful to make

a linear change of variables into eccentricity proper modes (see
Laskar 1990). In the present case, the linear transformation is nu-
merically obtained with the frequency analysis of the solutions
because of the high eccentricity of the outer planet. Using the
classical complex notation z, = epeiwp, for p = b, c, the linear
Laplace-Lagrange solution reads

Ui

u ’

zn | _ [ 0.058828 0.000961

Ze |/~ | 0.000000 0.811418
To good approximation, the two proper modes uy (with k = 1,2)
are given by u; ~ e@*%) where g; and ¢ are listed in Table 6.
Because the outer planet is much more massive than the inner
one, there is almost no effect of the inner planet on the outer
orbit: z. ~ 0.811 u,, and thus e, = |z.| = 0.811 = cte (Eq. (1)).

Equation (1) usually provides a good approximation for the

long-term evolution of the eccentricities. In Fig. 5 we plot the
eccentricity evolution of the inner orbit with initial conditions
from Table 5. Simultaneously, we plot its evolution given by the
above secular, linear approximation (e, = |z,|). We see there is a
good agreement with the numerical solution, that is, the eccen-
tricity behaviour is described well by the secular approximation
(Eq. (1)). The eccentricity variations result from the perturbation
of the outer planet, but they are very limited (0.05786 < ¢, <
0.05980). These variations are driven mostly by the secular fre-
quency g, with a period of approximately 14 kyr (Table 6).

ey
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Fig. 5. Evolution of the eccentricity of the inner planet with time, start-
ing with the orbital solution from Table 5. The red line gives the com-
plete numerical solution, while the black dashed curve is obtained with
the linear approximation (Eq. (1)).

5.3. Tidal evolution

The inner planet is very close to the star, and it is therefore
expected to undergo strong tidal dissipation that slowly damps
the eccentricity close to zero (e.g. Hut 1980; Correia 2009).
The best-fit determination for the inner planet eccentricity is
ep = 0.059 + 0.036 (Table 5). This value is still compatible with
zero, but the question arises whether we measure some residual
equilibrium value resulting from the perturbations of the outer
massive companion (Mardling 2007; Laskar et al. 2012).

The linear approximation from the previous section (Eq. (1))
provides a direct estimate for the final equilibrium eccentricity.
In presence of tides, the proper modes are damped following an
exponential decay law |uy| = e™¥, where y; depends on the tidal
dissipation (Laskar et al. 2012). Assuming that dissipation oc-
curs only on the inner body, we obtain y; > y, and y, = 0.
Therefore, after some time, the amplitude |u;| is fully damped,
while |uy| ~ 1 is almost unchanged. From Eq. (1) we therefore
have e, = |z| = [0.058828 u; + 0.000961 u,| ~ 0.000961.

To test this scenario, we integrated the system from Table 5
taking tidal dissipation in the inner body and general relativ-
ity corrections into account. We adopted the same model as in
Sect. 6.3 of Bonfils et al. (2013b) with R = 28 000 km, k, = 0.5,
and Ar = 100 s. In Fig. 6 we show the eccentricity evolu-
tion until it reaches its equilibrium value. It stabilises around
0.000964, which agrees with the prediction from the secular
model (Eq.(1)). In our model we did not consider the rota-
tional and tidal deformation of the planet, which would decrease
the equilibrium eccentricity even more (Laskar et al. 2012). We
therefore conclude that the currently observed value e, = 0.059
is most likely overestimated.

6. Discussion

We presented the discovery of a massive giant planet in a
long-period highly eccentric orbit around HD 219828, a GOIV
metal-rich star for which a hot Neptune (HD219828b) was
announced in Melo et al. (2007). With a minimum mass of
~15 My, HD 219828 c is intermediate between the giant planet
and brown-dwarf classes. The data also allowed us to fully con-
firm the orbital parameters and mass for the shorter period low-
mass companion.

6.1. Statistics and the formation of hot Neptunes

The system discovered around HD 219828 is of interest for sev-
eral reasons. The first and most evident reason is the fact that
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Fig. 6. Long-term evolution of the eccentricity of the inner planet with
time, starting with the orbital solution from Table 5 and including tidal
effects. The eccentricity stabilises around e, = 0.00096, in perfect
agreement with the prediction from the secular linear model (Eq. (1)).

the two planets this system consists of are at the high- and low-
mass ends of the mass distribution for planet-mass companions
to solar-type stars. Studying it therefore may provide important
clues to the formation of short-period low-mass planets, as well
as about the transition from giant planets to brown dwarfs.

By selecting all the planets discovered using the radial-
velocity or transit methods in exoplanet.eu (Schneider et al.
2011), we conclude that the system orbiting HD 219828 presents
one of the highest mass ratios detected so far: assuming that
the orbits are co-planar, m/my, ~ 229. The peculiar mass ra-
tio of this system is well illustrated in Fig.7, where we plot
the mass ratio distribution of all multi-planet systems listed in
exoplanet.eu. For systems with three or more planets, only the
higher mass ratio is used for the histogram (mpigher/Miower). The
figure shows that most multi-planet systems have mass ratios
below 10, and only very few cases present mass ratios above
200. Except for HD 219828, other systems with a mass ratio
above 200 include our solar system (not included in the plot),
with a Jupiter-to-Mercury mass ratio of almost 40007, GJ 676 A,
an M-dwarf where Anglada-Escudé & Tuomi (2012) announced
the presence of 2+2 super-Earths+jovian planets (see also
Forveille et al. 2011; Bonfils et al. 2013a) with the highest mass
ratio of 353, Kepler-94, with a hot Neptune and a moderately
long-period (P ~ 820days) jovian companion (Marcy et al.
2014, a mass ratio of 288, assuming co-planar orbits), and
Kepler-454, a system composed of a short-period transiting
super-Earth, one jovian gas giant with a period of 524 days, and
an additional possible longer period gas giant (Gettel et al. 2016,
mass ratio of 207 assuming co-planar orbits). We note, however,
that at least one of the low-mass planets in the G1676 A system
has recently been disputed (e.g. Sudrez Mascarefio et al. 2015),
and for planet c, the higher mass planet in the system, the only
evidence presented in Anglada-Escudé & Tuomi (2012) comes
from a poorly constrained long-term trend in the data.

It is currently being discussed how often hot Jupiters are
found in systems with additional longer period companions. Re-
cent results using direct imaging and radial-velocity surveys
suggest that such companions are frequent around hot-Jupiter
hosts: in about 50% of the cases evidence exists for additional

7 We note, however, that a planet like Mercury, as an exoplanet, is still
beyond our detection capabilities.
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Fig. 7. Distribution of mass ratios for all multi-planet systems listed in
exoplanet.eu.

companions in the range 1-20 My, and with an orbital distance
of 5-20 AU (e.g. Bryan et al. 2016). This rate is similar to the
multiple star rate found in field stars (Raghavan et al. 2010).
The presence or absence of companions in longer period or-
bits may be key to understanding the processes of planet migra-
tion: disk induced (e.g. Lin et al. 1996), or dynamically induced
(e.g. Nagasawa et al. 2008). To our knowledge, however, a sim-
ilar study has not been conducted for lower mass short-period
planets.

We therefore searched in exoplanet.eu for all systems com-
posed of a hot Neptune or super-Earth and a longer period
massive companion (a giant planet) detected using the radial-
velocity method. We did not include planets detected by other
methods to ensure that no strong bias was introduced (e.g.
when the transit method is strongly biased towards short-period
planets). We found 40 stars with hot Jupiters, 4 (or 10*%)®
of them are in multiple systems, all of them with high-mass
planet companions (>0.1 Mj,,). On the other hand, we found
38 stars with hot Neptunes, 28 (or 74fg%) of them in multiple
systems: 16 (42f§%) have giant-planet companions (>0.1 Myyp)
and 12 (32’:2%) have additional low-mass planets (Neptunes or
super-Earths). This strongly suggests that the frequency of com-
panions, in particular longer period giant planets, in systems of
hot Neptunes is significantly higher than the one found for the
hot-Jupiter planets. This result may be a telltale sign that the for-
mation and evolution of hot Neptunes follows a path different to
that of their higher mass counterpars, the hot Jupiters.

6.2. A system full of potential

The interest in the HD 219828 system is also further enhanced
because its high mass, the long orbital period, and the very
high eccentric orbit of HD 219828 ¢ (it is among the top 10
known exoplanets with higher eccentricity), together with its dis-
tance to the Sun (78 pc), make it a prime target for Gaia. The
relative semi-major axis of the orbital motion of HD 219828 ¢
is ~5.96 AU, and the semi-major axis of the corresponding
barycentric orbit of HD 219828 is ~0.07 AU. This latter value
corresponds to about 0.9 mas at the distance of 78 pc. This signal

8 Error estimated following a binomial distribution.

is much stronger than the expected measurement uncertainties
and should be detectable with GAIA, even though the nominal
5 yr mission lifetime does not cover one complete orbit. Using
the combined astrometric and radial-velocity measurements, we
will then be able to derive a precise mass for the companion and
also for its orbital parameters, including its orientation with re-
spect to the sky.

Furthermore, given the radius of the star and the orbital pe-
riod of HD 219828 b, the probability that this planet transits is
about 17%. The hot Neptune HD219828b is very similar to the
transiting planet Kepler-8 b (Jenkins et al. 2010), which has a
mass of 24.4 + 3.8 Mg, a period of ~3.21 days, and is transit-
ing a GOIV star. Kepler-8 b has a radius of about 4.0 Rg. With
a mass of 18.8 + 2.2 Mg and a period of 4.2 days, the transit-
ing planet HAT-P-26 b (Hartman et al. 2011) is also similar to
HD219828 b. However, HAT-P-26 b transits a later-type main-
sequence star. It radius has been measured to be 6.3 Rg. Assum-
ing HD219828 b has a mass of 21.0 Mg, we can expect its radius
to be in the range 4-6 Rg. Given the stellar radius of 1.69 R and
an inclination of 90°, the transit is expected to have a depth in the
range 600—1200 ppm. For the most favourable case, this signal
could be detected from the ground (Delrez et al. 2016). It would
otherwise be an easy case for space-based photometry with a
dedicated observatory such as CHEOPS (Fortier et al. 2014) or
TESS (Ricker et al. 2010). Assuming a linear ephemeris for the
inner planet, we find that the transit epochs can be computed
using the following equation:

Tansic = 2456001.237 £5.6 x 1072 +n x 3.834887 £ 9.6 x 107°.
)

The covariance matrix between the initial transit epoch (7)) and
the period (P) is

2.494301 x 107°
9.32304943 x 10~°

3.012x 1073

2.494301 x 107° 3)

cov(Ty, P) = H

At the time of the launch of CHEOPS, the uncertainty on the
transit time is therefore at the level of two hours within a 68.3%
probability.

Furthermore, assuming a v sini of 2.9 km s~ and the above
assumptions, the Rossiter-McLaughlin effect is expected to have
a semi-amplitude that ranges between 1.4ms™' and 2.6ms™!
and could be detected with an instrument like HARPS. If such
a signal is detected, and assuming Gaia will provide an orbital
inclination (with respect to the sky) for HD 219828 ¢, we will
be able to derive the relative inclinations of the two compan-
ions. Such a unique measurement may allow us to set relevant
constraints on the formation models of short-period low-mass
planets (see e.g. Moriarty & Ballard 2015).

The long-period planet HD 219828 ¢ has a minimum mass
that positions it between a giant planet and a brown dwarf (this
value may be known precisely when Gaia data become available)
and orbits a bright nearby star. It has the potential of becoming
a benchmark object for the study of atmospheres. The 2MASS
H magnitude of HD 219828 is 6.6 (Skrutskie et al. 2006). As-
suming masses of 15, 50, and 80 times the mass of Jupiter for
HD 219828 c, an age of 5Gyr, and the distance of 78 pc, the
COND models of Baraffe et al. (2003) tell us that its appar-
ent H magnitude would be around 26, 20, and 15, respectively.
While for the lower mass case the magnitude difference may be
too high for a detection using direct imaging techniques, a flux
ratio of about 107 is expected if the companion is close to the
brown dwarf/stellar mass border. An even higher value may be
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expected at longer wavelengths. Such signals should be easily
detectable with recent instruments such as SPHERE or using a
detailed spectroscopic analysis (Brogi et al. 2012; Snellen et al.
2014; Martins et al. 2015). We note that the projected distance
on the sky between the star and the planet is about 0.14 arcsec at
apastron.

The system orbiting the bright HD 219828, with its extreme
mass ratio and the high-mass giant planet/brown dwarf compan-
ion may thus become a benchmark system for future studies of
the formation of planetary systems and of planet atmospheres.
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