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ABSTRACT

Aims. XO-2 is the first confirmed wide stellar binary system wheie dlmost twin components XO-2N and XO-2S have planets,
and it is a peculiar laboratory to investigate the diversitplanetary systems. This stimulated a detailed charaeatésn study of the
stellar and planetary components based on new observations

Methods. We collected high-resolution spectra with the HARPS-N gpgraph and multi-band light curves. Spectral analysidde
an accurate determination of the stellar atmospheric paterand characterization of the stellar activity, andhiggecision radial
velocities of XO-2N were measured. We collected fourteandit light curves of XO-2Nb used to improve the transit paeters.
Photometry provided accurate magnitudffetences between the stars and a measure of their rotatiodger

Results. The iron abundance of XO-2N was four@.054 dex greater, within more than 3than that of XO-2S. The existence of a
long-term variation in the radial velocities of XO-2N is éwmed, and we detected a turn-over with respect to previessarements.
We suggest the presence of a second massive companion iteaimdait or the stellar activity cycle as possible causah@bbserved
acceleration. The latter explanation seems more plausiittethe present dataset. We obtained an accurate valuee girtijected
spin-orbit angle for the XO-2N systen#£7°+11°), and estimated the real 3-D spin-orbit angle-27*12 degrees). We measured the
XO-2 rotation periods, and found a value 6f#1.6+1.1 days in the case of XO-2N, in excellent agreement witlptedictions. The
period of XO-2S appears shorter, with an ambiguity betwearl 34.5 days that we cannot solve with the present datiaset. a
The analysis of the stellar activity shows that XO-2N appdarbe more active than the companion, and this could be dtreto
fact that we sampled fierent phases of their activity cycle, or to an interactiomeen XO-2N and its hot Jupiter that we could not
confirm.

arXiv:1501.01424v1 [astro-ph.SR] 7 Ja

Key words. (Stars:) individual: XO-2S, XO-2N — Stars: fundamentalgraeters, abundances — planetary systems — techniques:
radial velocities, photometric
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1. Introduction for the case of a circumbinary disk). If the warp is located in
the planet formation region, it mightfact the process, although

The diversity of the more than 1,700 extrasolar planets dig;ch gfects have not yet been studied.
covered so f@ (~850 of which are in multi-planet systems; Several examples of planets orbiting only one of
Rowe et all 2014), from their orbital architectures to thems the binary components, defined aS-type planets, are
physi_cal environments \_Nhere they reside, represents LMY Lnown (e.g. [ Roell et al. ' 2012} Mugrauer et al. 20’14, and
plex issue to be investigated to understand the mechanismgfap it & Haghighipolit 2014 for a recent review). The
their formation and dynamical evolution. existence ofS-typeplanets rises several questions: how the
In the era of comparative exo-plan_etology, afundamental Bftesence of a stellar companion caffeat the formation,
proach for the understanding of theferent exoplanetary prop-syrvival and dynamical evolution of such planets? Is it fies
erties relies on the characterization of planet-host stadsstatis- identify which properties of a stellar system most inflcen
tical analysis of the planetary system frequency. Sevewdies he physical characteristics of the hosted planets? Dogs an
shown that the properties of the planetary system architest consiraint exist with respect to the case of isolated strs,
and physmal characteristics of the planets depend updiarsteany dependence from the physical separation of the binary
properties, such as the mass (Johnsonlet al. 2010; Bonflls etgmponents? Observationalfiitulties exist in searching for
2013) and_ the metallicity| (Sozzetti et al_. 2009; Santoslet %'-typeplanets in multiple stellar systenis (Eggenberger & Udry
2011; Mortier et al. 2012). Moreover, during the last ye&s t3010), in particular those with a very small angular sepanat
search for exoplanets was extended in environments liket 9ifless then~2"), since, for instance, the components cannot be
stars (e.g. Kepler-91, Lillo-Box et al. 2014b,a),open alwbg-  pserved as two isolated targets in the spectrograph’s diber
lar clusters, and only recently planetary companions waued gt |n many cases of confirmed extrasolar planets the poese
(see, e.gl, Quinn etal. 2012; Meibom €t al. 2013, and reé@®nof 4 stellar companion to the host star was discovered afeer t
therein). detection of the planet (e.g. Roell etlal. 2012). Binaritgema
Binary systems are interesting astrophysical environstent major challenge in understanding how such planets coukt exi
search for planets. Considering that nearly half of therstylae  and their evolutionary history in the stellar system.
stars are gravitationally bound with at Iea§t anotheraitekbm- _ Very wide binaries, with semi-major axes of the order o 10
panion (e.g. Raghavan et al. 2010; Duchéne & Kraus'2013), Ry and sky projected angular separations of several arcgec,
nary systems naturally represent a typical environmenet®X fer the best opportunity and less observational compticatto
plored for studying the processes of planet formation awdbev search for planets orbiting each component. At the same time
tion leading to very dterent planetary architectures. they allow an accurate determination of the properties @fih
Planet formation in a binaries has been considered by valvidual stars. Despite the large separation between #ikast
ious authors. For coplanar orbits between the disk and t®mponents, these systems are an interesting subjectrianty
binary the general expectation (e.g., Marzari & Scholl 200ftal studies also related to the presence of planets.
Kley & Nelson|2008] Marzari et al. 2012) is that the tidal ef- [Kaib et al. (2018) anfl Kaib & Raymond (2014) studied the
fect of the companion would induce an eccentricity growth ierturbations produced by passing stars and the titiatts of
the planetesimal population that might inhibit planet fatron  the Milky Way on the orbits of very wide binary stars. Intres
if the binary separation i 50 AU. In this configuration even jngly they found that occasionally the orbits could become e
the formation of icy planetesimals is jeopardized by thehhigremely eccentric, resulting in the collision of the binagym-
temperatures in the discs and the formation of breaking WaVhnents or, less dramatically, they could evolve towardelo
(Nelson 2000; Picogna & Marzeri 2013). The situation is moig contact systems. Moreover, simulations by Kaib &{all&0
complicated for misaligned systems where the planetesiamal jngjcate that very wide binary companions may often strgng!
gas discs precess around the binary orbital plane. Planetesshape planetary systems after their formation, by cgubia
mals naturally develop strongftirential precession that wouldgjection of planets from the system or heavily changing the o
inhibit planet formation by increasing the velocity dispien pjta| eccentricities of those that survive. Another intliieg ex-
(Marzari et al. 2009). On the other hand, if the gas disk is rample of a plausible fate for planets in wide binaries is the
dially narrow (which is expected for separation of the oraer 'houncing’ scenario investigated by Moeckel & Veras (2012)
50 AU because of tidal truncation), it will precess rigidigca They found that in 45 to 75 per cent of the cases a planet, ini-
would drag the planetesimals into rigid precession, mihgg tja|ly orbiting one of the binary components and then ejgcte
the preViOUS fiect [Fragner et dl. 2011), unless the inclination .ﬁom its native system by p|anet_p|anet Scattering, Coumn
so large for Lidov-Kozai #ects to become important. Also inyp and down passing from the gravitational influence of oae st
this case, theféects should be relevant mostly for binary separgg the other, for more than a Myr. This situation may trigger o
tions smaller than 50-100 AU. For wider, misaligned binsitiee  pta| instability among existing planets around the conipan
gas disk on the other hand is expected to reach a quasi-steggly in some cases result in an exchange of planets between the
non precessing warped configuration (see Facchini et al 2Q}o stars, when both host multiple planetary systems.
_ o _ _ At present, few very wide binaries are known where a plan-
* Based on observations made) ith the ltalian Telescopio etary system was discovered around one of the stellar compo-
Nazionale Galileo (TNG), operated on the island of La Palmahie  honiq The star HD20782 is the binary companion of HD20781
INAF - Fundacion Galileo Galilei (Spanish Observatory ofgie de with a projected separation 69000 AU, and it hosts a Jupiter- '

los Muchachos of the IAC);ii() with the Copernico and Schmidt tele- | i tri bitat. 4 AU 0 T Al
scopes (INAF - Osservatorio Astrofisico di Padova, Asiataly); (iii) mass planet on a very eccentric orbit-at. (Jones et al.

with the IAC-80 telescope at the Teide Observatory (Institle As- 2006f. The very high eccentricity reported in the literatuee (
trofisica de Canarias, IAC)i\) at the Serra la Nave "M.G. Fracastoro™= 0.97) could be the result of significant perturbations exper
Astronomical Observatory (INAF - Osservatorio AstrofisidoCata-
nia); (v) at the Astronomical Observatory of the Autonomous Region & HD20781 should host two Neptune-mass planets witfi3 AU,
the Aosta Valley (OAVdA). as reported by Mayor etal. (2011), but the discovery has abbgen
1 NASA exoplanet archive, httffexoplanetarchive.ipac.caltech.¢du confirmed and published.
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enced by the planet during the evolution of the system and poan tell a part of that story. While the analysis of the XO-8-sy
sibly due to the stellar companion. In this binary systemergh tem was still in progress, the discovery of a hot Jupiter adou
both the components can be well analysed separately, a compach of the twins, metal-rich ([Ad]~0.25 dex), F-type compo-
ative study of the physical properties of the pair could beadp nents of the WASP-94 wide binary (projected separatiai00

for explaining the nature of the planetary system. To irigag¢ AU) was announced (Neveu-VanMalle et al. 2014). This system
any existing link between the planet formation mechanisnas awith host star properties and planetary system architestdif-

the chemical composition of the host stars, Mack et al. (201f#rent from those of XO-2, indeed makes more intriguing the
performed a detailed elemental abundance analysis of the-at understanding of the role of stellar multiplicity on the qéa for-
spheres of HD207882, by considering both stars to host planmation and evolution.

ets. This kind of study, when at least one component hosts a This paper is organized as follows. We first describe in Bect.
close-in giant planet, could result in the evidence of cloami the spectroscopic and photometric datasets used in tloig Sile
imprints left in the parent star suggesting the ingestiomafe- presentin Se¢fl3 a new determination of the basic stellanpa
rial from the circumstellar disk (and possibly also of pleamg eters based on HARPS-N spectra, as well as results of aatétail
origin) driven by the dynamical evolution of the planet ¢arbh  and homogeneous analysis aimed at searching féerdnces
fact, when a star with a close-in giant planet is found to be ein the iron abundance between the XO-2 components with high
riched with elements of high condensation temperatureygs slevel of confidence. In Sekt.4 we present and discuss réeuits
gested by Schuler etlal. (2011b), this can be related to Wrth a photometric follow-up of the two stars, including the meas
migration of the planet from the outer regions of the circtelis ment of the stellar rotation periods and the modelling of & ne
lar disk, where it formed, to the present position closerh® t dataset of 14 transits of the planet XO-2Nb. $éct.5 is deslica
star (Ida & Lin2008| Raymond etal. 2011). Mack et al. (2014p the XO-2N planetary system. There we present a new asalysi
found for both stars a quite significant positive trends wfite of the radial velocity time series, thanks to which we confiine
condensation temperature among the elemental abundancesexistence of an acceleration with a not yet establishedecdns
suggest that the host stars accreted rocky bodies with neassthe same Section we also present new observation and analysi
tween 10 and 20/, initially formed interior to the location of of the Rossiter-McLaughlinféect, better constraining the value
the detected planets. Searches for abundance anomalg#isiposof the projected spin-orbit anghe A detailed analysis of the stel-
caused by the ingestion of planetary material by the cestaal lar activity for the XO-2 components is presented and diseds
were also conducted by Desidera etial. (2004, 2007) (and refa Sec{®. We finally conclude with Sddt.7, where we speeulat
ences therein) for a sample of wide binaries. These autborelf about the evolution and long-term stability of the XO-2 mtary
that the amount of iron accreted by the nominally metal nichsystems.

companion (in binaries with components having 35500 K)

is comparable to the estimates of the rocky material acttete ] )

the Sun during its main-sequence lifetime, and therefore c&. Observations and data reduction methods

cluded that the metal enrichment due to the ingestion of nadte
of planetary origin should not be a common event.

A representative case of a very wide binary with one conthe spectra of the XO-2 components analysed in this work
ponent hosting a close-in giant planet is that of the XO-2esys Were collected with the high-resolution HARPS-N spectapgr
(projected separation31”), where the star XO-2N is orbited by(Cosentino et al. 2012) installed at the Telescopio Nazena
the transiting hot Jupiter XO-2Nb (Burke ef al. 2007). An-elé5alileo (TNG) on La Palma (Canary islands). The observa-
mental abundance analysis of XO-2N and its companion XO-figns were carried out in the framework of the large programm
was performed by Teske et dl. (2013), who determined the sfelobal Architecture of Planetary Systems (GAPS; Covind.et a
lar abundances of carbon and oxygen, as well as iron andinick813; Desidera et al. 2013).

Their goal was to probe the potentidferts that planet forma- ~ For the star XO-2N we collected 43 spectra between Novem-
tion and evolution might have had on the chemical compasiti®er 20, 2012 and October 4, 2014, while the companion XO-2S
of XO-2N, where the companion XO-2S was treated as a noMas observed at 63 individual epochs between April 21, 2013
hosting p|anet star. Later, Desidera etlal. (2014) disandnat and May 10, 2014. The Th-Ar simultaneous calibration was not
the star XO-2S actually hosts a planetary system formed by/$ged to avoid contamination by the lamp lines. This has no sig
planet slightly more massive than Jupiter orbiting at 0.48 Anificant impact on the measurements of the radial velocgy, b
and a Saturn-mass planet at 0.13 AU (with cautious evidehcecguse the drift correction with respect to the referencibical
along-term trend in the radial velocities time series gagsiue tion shows a dispersion of 0.8 m's which is smaller than the

to an outer companion, yet of unknown nature). The discoigerynedian radial velocity (RV) uncertainty due to photon-eoise.

of particular relevance because it represents the firstrooed 2.0 m s* for XO-2N and 2.2 m s! for XO-2S. The reduction
case of a very wide binary in which both components host p|dﬁf.the spectra and the RV measurements were obtained for both
ets (see Fid]1 for a sketch of the XO-2 planetary systems. T¢pmponents using the latest version (Nov. 2013) of the HARPS
X0-2 binary dfers a unique opportunity to explore the diverN instrument Data Reduction Software pipeline and applying
sity of planet formation mechanisms, by considering théiijev K5 mask. The measurement of the RVs is based on the weighted
the parent stars are almost equal in their main physicalgsropcross-correlation function (CCF) methad (Baranne =t a619
ties, the planetary systems aréféient. This finding has conse-Pepe et al. 2002).

quently motivated a detailed comparative study of the whpse
tem, which is the subject of this paper, through the use of n
high-resolution and high/8 HARPS-N spectra and dedicate
differential photometry. It is crucial to highlight any exigfidif- We collected and analysed new photometric light curvesdtin b
ference between the properties of the two stars which caaud h components of the XO-2 system with thre&elient facilities. In
played a distinctive role in the formation processes of flaap particular, XO-2S was intensively monitored with the HARPS
etary systems: any observedtdience, if correctly interpreted,N spectrograph. When it became clear that the star had plane-

2.1. Spectroscopy

.2. Photometry

Article number, page 4 ¢f26



M. Damasso et al.: GAPS V: Global analysis of the XO-2 system

1.0—

0.5—

Y (AU)

0.0+ (\ ®

—0.5

L Earth

1.0+

1.0—

0.5

Y (AU)

0.0~

—0.5—

Earth

—~1.0—

2.2.1. The APACHE dataset

A follow-up of the XO-2 field was conducted for 42 nights be-
tween December 2, 2013 and April 8, 2014 with one of the 40cm
telescopes composing the APACHE array (Sozzettilet al.[2013
based at the Astronomical Observatory of the Autonomous Re-
gion of the Aosta Valley (OAVdA+45.7895 N+7.478 E, 1650

m a.s.l.). Each telescope is a Carbon Try8sifRitchey-Chrtien
equipped with a GM2000 10-MICRON mount and a FLI Pro-
line PL1001E-2 CCD Camera, with a pixel scale of 1/pixel

and a field of view of 2626". The observations were carried
out using a Johnson-Cousihdilter. The images were reduced
with the standard pipeline TEEPEE written iDL and regu-
larly used for the APACHE purposes (see Giacobbelet al. 2012)
The APACHE data were used to tentatively derive the rotation
period of the two stars and to monitor their magnitudéedénce

in | band, as described in S&¢t.4.

2.2.2. The TASTE dataset

Since February 2011 several transits of the hot Jupiter XB-2
have been observed at high temporal cadence with the 182cm
and the Schmidt 9B7 telescopes at the Asiago Astrophysical
Observatory £45.8433 N,+11.5708 E, 1366m a.s.l.), in the
framework of the TASTE Project (The Asiago Search for Transi
time variations of Exoplanets; Nascimbeni et al. 2011). Bssi

of these measurements was used to estimate the magnitude dif
ferences of the two XO-2 binary components in Reband.

Two additional transits were also collected with the IACt8l@-
scope at the Teide Observatory, using the CAMELOT CCD im-
ager (see Nascimbeni et al. 2013 for a description of theggt-
and one supplementary light curve was obtained with the same
telescope but using the TCP camera (Troms6é CCD Photometer;
@stensen & Solheiin 2000). All these observations, for d tdta

14 light curves, were carried out in the CoyB&iassellR band

and were analysed together to improve the determinatiohneof t
parameters of XO-2Nb.

2.2.3. The Serra la Nave dataset

The XO-2 system was also observed for five nights, between
May 6, 2013 and May 7, 2014 with the robotic 80¢i® Ritchey-
Chrétien telescope APT2, operated by the INAF-Catania As-
trophysical Observatory and located at Serra la Nave (SLN,
+37.692 N,+14.973 E, 1725m a.s.l.). The telescope is equipped
with a CCD detector Apogee Alta U9000 (3Kx3K pixels) op-
erated in binning 2x2, corresponding to a pixel scale 0.6 ar

Fig. 1. Comparison between the planetary systems orbiting the XCs2¢pixel. The data were reduced with tH8AF packag@ us-
binary stars and the architecture of the inner Solar Systéna.case of ing the standard procedure for overscan, bias and darkasubtr
XO-2N is shown in the upper panel, while that of XO-2Sis repreted  tjon and flat fielding. The aperture photometry was done with
in the lower one. In both plots, the red ellipses (solid [)negresent the the softwareSExtractor (Bertin & Arnout§ 1996). The data of

Orbit.sé’.f the dxo_-ﬁ gllanitsBlThe Ogbits of N(;ercu(%. Ve”“s.d"“’ml‘”h SLN were collected in th8VRIbands and used to measure the
are indicated with black, blue and green dotted lines reis@éy; also .
labelled with the planet names. The cross symbol in the raidfleach magnitude dferences between the two stars.

plot indicates the star location.
3. Stellar parameters
3.1. Spectroscopic analysis of the individual stars

The components of the XO-2 binary system have a separation
of ~31 arcsec (corresponding to a projected distance4®&00

tary companions, we started a dedicated photometric fellpw AU assuming a distance 6fL50 pc, as estimated by Burke et al.
of the target to estimate the stellar rotational periodhferrchar-

acterizing its level of activity and look for possible trigf its
exoplanets.

3 Registered trademark of Exelis Visual Information Solngio
4 httpy/iraf.noao.edu
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2007), and share, within the uncertainties, the propeienotversion 2013 of the MOOG code (Sneben 1973) and consid-
vector as listed in the UCAC4 catalogue. Essential inforomat ered theabfind driver, assuming local thermodynamic equilib-
about the XO-2 system is presented in Table 1. A standarg-analum (LTE). Initial stellar parameters were set to the soklues
sis of the HARPS-N spectra was performed witietient meth- (Teo=5770 K, logge, = 4.44, andé, = 1.10 kmys) for both
ods to derive the stellar atmospheric parameters of the dwe ¢ components. Then, the finaffective temperature ¢F) was de-
ponents, with those for XO-2S first presented_in _Desiderdl et &rmined by imposing the condition that the abundance firwen t
(2014). Tabld’R summarizes our results, which represent & lines (logn(Fer)) was independent on the line excitation po-
weighted averages of the individual measurements. We used fentials; the final microturbulencé)(by minimizing the slope of
plementations of both the equivalent width and the spesynal logn(Fer) versus the reduced equivalent widiBW/ 1); and the
thesis methods, as described.in Biazzo et al. (2012), Seh#&ds final surface gravity (log) by imposing ionization equilibrium
(2013), and_Esposito etlal. (2014). It is interesting to rtbt (i.e. logn(Fer)=logn(Fem)). Plots of iron abundance (lagFe))
the dfective temperature flerence between the two stars deversus excitation potential) and reduced EW for both com-
rived spectroscopically is in good agreement with the testtd ponents are shown in Figl 2, which shows that the correlation
tained from photometric measurements. In fact, followihg t are close to zero, as required. Using the same proceduré)we o
same analysis performedlby Munari et al. (2014) for halfioril tained lognh(Fer), = logn(Fen), = 7.53+ 0.05 for the Sun. We
of stars of the RAVE spectroscopic survey, if we assume arcofmwint out that the exact values of the solar parameters are no
excessE(B - V)=0.02 mag (as explained in S&ctl3.3) the XCerucial as we are performing afférential study for both com-
2S star results 683 K hotter than the companion. The stellaponents with respect to the Sun. Table 3 lists the final residlt
mass, radius and age were determined by comparing our maé procedure, where the errors in iron abundance incladerd
sured fective temperature, iron abundance, and surface grauiynties in stellar parameters and in EW measurementsItResu
with the Yonsei-Yale (Y-Y) evolutionary tracks (Demarguek from this first homogeneous analysis seems to be in accoedanc
2004) through thg-square statistics (Santerne et al. 2011). Thvath those obtained with éfierent methods of spectral analysis
adopted errors include an extra 5% in mass and 3% in rad{diable2).
added in quadrature to the formal errors to take systematiert ii. Line-by-line analysisSince we are interested in a homo-
tainties in stellar models into account (Southworth 20Taking geneous analysis, we applied the same iterative method as in
advantage of the fact that the planet XO-2Nb transits itemiar the first step, but here we considered a strict line-by-linal-a
star, we derived a second, slightly more accurate estirnateé ysis, i.e. the same lines were used for both components; with
mass, radius and age of XO-2N, using the stellar density-infgut any implementation of line rejection criteria. Thisoaled
mation as determined from the analysis of the transit ligihtes us to avoid uncertainties related to both atomic parameieds
(e.g.,Sozzetti et al. 2007). measurements of equivalent widths, due to, e.g., blends@md
tinuum level. In the end, the analysis was based on 75aRd

) ) ) 10 Fen lines. Thanks to such analysis, the errors i Were
3.2. Differential spectral analysis reduced substantially, as reported in Table 3.
iii. Differential analysisHere, as stellar parameters of XO-
, we considered the values derived in the line-by-lind-ana
is, while XO-2S was analysedfi#irentially with respect to

the companion, strictly using the same line set and EWs as in

dance between the components. The average values f’ﬁ”‘][':‘?he revious step. We applied thdfdrential abundance method
obtained from the analysis of the individual stars (Tdblen2) : Widgly describe% in GPaR[ton etlal. (2001) and Desideralet al.

dicate that the North component is characterlsed by. h|.gber | 2004 2006), which yields very accurate results when, itiga
abundance, but the two estimates are compatible withinfRe {2 “the two components are very similar in stellar paramset
certainties. In order to val!date thlsfﬁhrencg with a high level (as for the XO-2 components). In summary, the most important
of conﬂder_mce, we Qetermmed th_e:férence in [F.ﬂ-'] Very ac- ingredient in this analysis is theftiérence in temperature be-
curately with a dedicated analysis. Together with the spesit 4 aon the components. In our case, we take advantage of the
both targets, we also at;quwed thre(_e solar spectra throbgh Qnowledge of the luminosity flierence between the targets, as
servations of the astermd Vesta. This allqwed us to perfarque can assume they are at the same distance from us. We con-
differential analysis for éach componentwith respect to the SUfyereq as magnitudefttrences in dferent bands the mean val-
thus avoiding the contribution d.u.e to the uncertaintiedamac ¢ reported in Selt.4.1 and as bolometric correctiongtties
parameters, suc_:h as the transition probabilities. All HBRP rived by using the code provided by Casagrande & VandenBerg
spegtra Were_shlfted in wavelength and then co-added irr wde(2014), which allows to estimate the bolometric correciam
obtain very highS/N spectra{ 180- 250 atl ~ 6700 A). We  geyeral photometric bands using;T[Fe/H], and logy as pri-
performed the spectral analysis following three main steps mary inputs. Then, since the stars are on the main sequerce, w
i. Analysis based on equivalent widthale measured the could obtain accurate estimates of thifetienceA log g between
equivalent widths (EWs) of iron lines on one-dimensiona&csp their surface gravities (see Eq. 6.in Desidera &t al. 2006r&vas
tra using thesplot task in IRAF, paying attention to trace asstellar mass dierence we assumed 0.04,, as given in Table
much as possible the same position in the continuum level B This allowed us to accurately derive their temperatiife d
the spectra of both components and the asteroid Vesta. We denence ATet) using the equilibrium of the iron ionization, be-
sidered the line-list from Biazzo etlal. (2012), and adopterl cause the dierence between the abundances provided by the Fe
same procedure as these authors for tiffeintial analysis rel- and Far lines is strongly sensitive togf (about 0.001 dek;
ative to the Sun, the rejection criteria of bad lines, the bnoad- see Gratton et &l. 2001). The final atmospheric parameteéng of
ening mechanisms, the model atmospheres, the measureimeséocondary were derived asferences with respect to those of
stellar parameters and iron abundances, and their comds@p the primary by means of an iterative procedure (becauseg, log
uncertainties. We refer to that paper and to Biazzolet allIP0 &, and [F¢H] depend on the assumed temperatures). We inter-
for detailed descriptions of the method. In brief, we usesl thupted the procedure considering reached the convergdmae w

Thanks to the high-quality of the HARPS-N spectra, we p N
formed a detailed and homogeneous spectral analysis oﬂ?(O?és
and XO-2S to search for possibleffédrences in the iron abun-
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the grid step-size was of 1 K ingf, 0.001 dex in log, and a lower iron content. To explain this deficiency, Ramirez.ct a
0.01 kmfs in&. No othero clipping was implemented here. Thg(2011) suggest that an early depletion of metals happened du
final adopted dferences in stellar parameters are listed in Tazg the formation phase of the 16 Cyg Bb planet. An alterna-
ble[3, while Fig[B showa[Fe/H] as a function of the excitation tive and suggestive possibility is that 16 Cyg A may have in-
potential. The under-abundance in iron and the higffectve gested a massive planet that enriched the star with irondewhi
temperature of XO-2S when compared to XO-2N are confirmétk large orbit of 16 Cyg Bb (with semi-major axis of 1.68 AU)
by this procedure. All dferential parameters we obtained arbkely prevented any mass loss from the planet. We note that,
affected by both internal and systematic errors. Internat@mo despiteA[Fe/H] is similar with that we found for XO-2, the
ATer was derived from the line-by-line scatter of iFend Far amount of iron involved should beftiérent. In fact, the XO-2
and the errors in the other atmospheric parameters. Iitemua  stars are cooler than 16 Cygni A and B and have therefore more
in Alogg includes the uncertainties in thefidirences in mass, massive convective envelopes, implying that more iron khou
magnitude, bolometric correction, anfilextive temperature. Er- be necessary to pollute the XO-2N photosphere and produce al
ror in the microturbulence fference was obtained by summingnost the sameé\[Fe/H]. Also ILaws & Gonzalgz| (2001) found
in quadrature the error contributionsdiof each component. Thethe primary of the 16-Cyg system enhanced in Fe relative to
error in the iron abundanceftkrence was derived taking intothe secondary. Similar studies conducted in binary stas$-ho
account the uncertainties in all stellar parameters addadrmt- ing planets (see, e.d., Gratton etlal. Z001; Desidera e0aK,2
ically. All errors in the diterential analysis are very low, as sum2006;| Schuler et al. 2011a; Teske etlal. 2013; Liu et al. 2014;
marized in Tablé13, and this demonstrates how this procedivtack et al! 2014) did not find relevantfiérences in elemental
is efficient to unveil small dferences in atmospheric parameabundance among the components. All these results imply tha
ters, removing many sources of systematic errors. In faatea the presence of giant planets does not necessarily imfilgrdi
marked by Desidera etlal. (2006), external uncertainties,td, ences in the chemical composition of the host star.
e.g., wrong estimations of parallax and mass, or inadegqsadi Our results will produce a more clear picture when several
model atmospheres and LTE deviations, have negligifieets iron-peak,a-, s-process, and other gégen-Z elemental abun-
on our results, because of the similar characteristicso€tm- dances will be analysed for both stars and their behaviothr wi
ponents. In the end, thefférence in iron abundance of XO-2Nthe condensation temperature studied with the aim to igagst
with respect to XO-2S is 0f0.054 dex at a more tharv3evel. possible selective accretion of planetary material. Orthefd-

The diference in iron abundance between the two XO-2 stafantages of comparing coeval stars in wide binaries is thyt a
lar components poses an interesting issue. They belongito adifference in their abundance trend could be more related to ac-
sual binary and, as normally assumed for such systems, tleegtion of rocky-planetary material rather than to the Giida
should share the same origin and initial bulk metallicityreh  chemical evolution. This analysis will be the subject of etie
evant characteristic of this system is that both of the stasg coming paper of the GAPS series (Biazzo et al., in prep.) rehe
planets. Thus, for components of wide binaries where at lese will investigate if the presence of hot Jupiters couldiltéze
one star has a planet, a reasonable hypothesis to explain B@§t stars to ingest material, which in turn may leave meduer
measured and significantftérence in their present-day elemenehemical imprints in their atmospheric abundances.
tal abundances is that most likely the planet formation @ssc
had played a relevant role. The higher iron abundance of XQ- . . "
2N when compared to XO-2S might be due to past ingestighg' XO-2 distance and galactic space velocities
of dust-rich or rocky material, coming from the inner part ofJsing our stellar parameters, we derived an estimate oftbe-s
the proto-planetary disk and pushed into the host star biidhe troscopic distances of XO-2N and XO-2S by means of the fol-
Jupiter XO-2N as it migrated inward to its current orbit. Ase lowing procedure. We generated Monte-Carlo (MC) normal dis
ond mechanism, which acts on @drent time scale and after thetributions for each spectroscopic parameteg, TFe/H], and
pre-main-sequence stage, is presented by Fabrycky & Tremdbgg, composed of 10,000 random values and centred on the
(2007), who discuss the pollution of the stellar photosphéth  best estimates (Tablg 2). By keeping the stellar radii fixed t
metals produced by mass loss of inward migrating hot Juitethe values listed in Tablg 2 (for XO-2N we used the most ac-
Also, with their simulations Kaib et al. (2013) showed thaty curate estimate), for each MC simulation we first determthed
distant binary companions may severefjeat planetary evo- stellar bolometric luminosity. (in solar units) from the Stefan-
lution and influence the orbits of any planet around the othBoltzmann law, and then we derived the absolute bolometric
component of the system, thus maybe favouring the ingestimagnitudeMy, from the relation My = 4.75 -2.5log(L.,).
of material by the host star. Following the results shownim F By estimating the appropriate bolometric correction (B&),
2 of|Pinsonneault et al. (2001), we roughly estimated that X@alue for the absolute magnitude ftbandMy was then ob-
2N could have ingested an amount of iron slightly higher thaained. The BC term was evaluated using the code provided by
5 M, to increase its photospheric iron content ©§.05 dex, [Casagrande & VandenBerg (2014). An additional input is the
given its Ter ~5300 K. The diference in the iron abundance otolor excessE(B — V) of the star, which we derived through
the two XO-2 stellar components is similar to what found byhe relationE(B - V) = Ay(s)3.1, whereAy(s) is the interstel-
Ramirez et al! (2011) for the solar twins 16 Cyg A and 16 CygI&r dust extinction in V-band integrated at the distancé the
(A[Fe/H]=0.042+ 0.016 dex). These stars have masses closedi@r (in pc) and measured along the line-of-sight. We ddrive
those of the XO-2 companions and, together with a third comy, (s) by adopting a simplified model of the local distribution
panion 16 Cyg C, are members of a hierarchical triple systeof,the interstellar dust density (Drimmel & Spergel 20013; e
where the A and C components form a close binary with a preressed by the relatiqr=po-secif(zhs), wherezis the height of
jected separatior70 AU. The component B is known to host ahe star above the Galactic plane dnds the scale-height of the
giant planet in a long-period and highly eccentric orbi#800 dust, for which we adopted the value of 190 pc. The teris
days and €0.69fi, but unlike the case of XO-2 it is the star withrelated to the distancgand the Galactic latitude of the staby

the formulaz=s sinb. From this model we obtained the relation

5 httpy/exoplanet.eu Ay (s) = Ay (tot)-sinh(s sinb/hs)/coshé sinb/hg), whereAy (tot) is
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the interstellar extinction in V-band along the line-osi inte-
grated through the Galaxy, and can be estimated from 2-DoGala

Table 1. Basic information about the XO-2 stellar binary system

tic maps. For this purpose we used the valyétot)=0.16 mag Parameter XO-2N X0-2S Ref.
derived from the maps of Schlafly & Finkbeiner (2(A. By as- UCACA4 ID 702-047113 702-047114 o
suming s150 pc as a prior distance of the sters (Burke =t al.

2007), we obtainedA,(150pc)0.06 mag, corresponding to  R-A-(J2000)  07:48:06.471 07:48:07.479 @)
E(B-V)=0.019 mag. This is the value used as input to the code DEC (J2000)  +50:13:32.91 +50:13:03.25 (1)
of ICasagrande & VandenBerg (2014) to obtain a first guess o
the BC inV-band. This in turn was used in the distance modulusi\lealr UV (mag)  18.1580.047 17.9880.044 @
formulaV-(Mpo-BCy)=5- log(s)-5-A/(S), to obtain a new value B (mag) 12.0020.015 11.9220.015 3)
for the stellar distance The new distance was used to repeatthe v (mag) 11.1380.026 11.0860.025 3)
procedure iteratively, by determining at each step a neuevat

Ay (s) andBGy (s), and finally another estimate sfWhen the Re (mag) 10.6630.020 10.630.019 )
absolute dference between the last and previous calculated val- 1. (mag) 10.2420.012 10.21€0.013 (3)
ues ofswas below 0.1 pc, the iterative process was interrupted 3 (mag) 9.7440.022 9.7420.022 4)
and the last derived value farwas assumed as the distance of

the star for the Nth Monte-Carlo simulation. The adopted esti- ~ H (Mag) 9.3480.026 9.3730.027 “)
mates for the distance of the XO-2 components are the median Ks (mag) 9.3080.021 9.2720.021 (4)
of the distributions of the 10,000 MC values, and the asymmet 9 28

. ; ’ ’ . Distance (pc 145; 148.0 5
ric error bars defined as the 15'85nd 68.8' percentile (see I (Fi ) S5 29 ®)
Table[1). Being model-dependent, we do not argue here whethe o (Mas yr) -31.9:3.0 —29.9:3.6 @)
the diference of~2.5 pc between the XO-2S and XO-2S dis- 4, (mas yr?) -156.2:3.3 -156.2:3.6 (1)
tances is real. We only note that the two values are compatibl . 079 075

within the uncertainties and that our best estimate for ke d U (kms™) 70-3%05; 7105575 ®)
tance of XO-2N locates the star few parsec closer than regort Vv (kms™?) -76.025 ~77.65}32 (5)
by Burke et al. (2007) W (km s1) _2.971+067 —3.46064 (5)

Distances, together with the stellar equatorial coordinat 0% 002

the proper motions, and the average radial velocities €T@bl Relative magnitudes (XO-2N - XO-2S)
andT), were used to provide new estimates of the galactaespa AB (mag) 0.0750.002 (6)
velocities (U,V,W) of the stars with respect to the Localrstard AV (Mma 0.0520.002 6
of Rest (LSR). We thus assumed (i) a left-handed system of ref (Mag) ' ' ©)
erence (i.e. the velocity component U is positive towarddhe AR: (mag) 0.0480.002 (6)
rection of the Galactic anti-center), (ii) the transforioatmatrix 0.0410.004 )
from equatorial to galactic coordinates taken from the Idipp ,

cos catalogue (Perryman & ESA 1997), and (iii) the correctio Ar" (mag) 0.03&0.001 ®)
for the solar motion in the LSR derived fram Coskihoet al. Al (mag) 0.03%0.003 (6)
(2011). The results are listed in Table 1. Burke et al. (2@0$9) 0.030-0.006 9)

cussed the kinematics of the XO-2 system by using data for XG
2N only, and concluded that, despite the high galactic space References. (1) UCAC4 catalogue [(Zacharias et dl. 2013); (2)
locity, which indicates a thick disk membership, the sup@lar [Bianchietal. [(2011); (3) APASS all-sky survéy Henden & Mrina
metallicity is indeed representative of a thin disk membigrs (2014) ; (4) 2MASS catalogué _(Skrutskie etlal. Z006); (5)sThork;
This suggests that the high-proper motion of the system ean(B) This work (Serra La Nave Observatory); (7) This work (TAS
related to an eccentric orbit with a maximum height above tieoject); (8) (Kundurthy et al. 2013)l0=626 nm, 4 epochs ; (9) This
galactic plane 0£100 pc, then confined to the galactic disk. Work (APACHE project).

We performed a new analysis of the galactic orbits, based on
the work of_ Barbieri & Grattan (2002), and we confirm the pre- ) )
vious findings. Results for a sample of 1000 orbits show thet t4- Analysis of the light curves
X0O-2 system belongs to the thin disk, with a likely maximu Af :
height above the galactic plane of 120 pc. This result dogs ?él' Out-oftransit photometry
change significantly unless the distance of the stars isaat B Figure[4 shows the relative photometry of the two components
pc more or less our estimates. Our analysis also indicates-a [pf the XO-2 system obtained fromftirent facilities. Measure-

sible eccentric orbit, with a modal eccentricity equal 40502 ments were collected in thBVRI standard photometric pass-

(the asymmetric errorbars are defined as th& a6d 9¢" per- bands and the points corresponding to the transits of theepla
centile), and a minimum distance from the galactic center ¥O-2Nb were not included in the calculation of the intratitig
Rmin=3.5+1.5 kpc. If we assumBy,, as a rough estimate of theaverage values. The uncertainties associated to the neeasur
galactic region where the two stars formed, this could @rplanents are the RMS of the points collected in each single night
their super-solar metallicity, because regions closedgtiactic of observation, and when only one measurement per night was
center are more metal rich than the solar neighbourhoodeMoavailable from SLN, we adopted the dispersion of all the data
over, this could also have modified the orbit of the binaryhwitas the error. The average values for the magnitufierénces in
time due to the influence of the more dense stellar environmeach band are indicated in Taljle 1. We note that the indepen-
close to the galactic center, with important consequencgb® dent measurements R(TASTE and SLN) andl (APACHE and
evolution of the orbits of the planets. SLN) bands agree well each other. Our derived relative magni
tudes have been used in théfdiential abundance analysis dis-
cussed in Se€t.3.2.

6 available at httgfirsa.ipac.caltech.egapplicationtgDUST/
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Table 2. Stellar parameters for the XO-2 components derived from the
analysis of the HARPS-N spectra and from stellar evolutiptiacks.

The adopted values represent the weighted mean of individeasure- 0.3 S e T L e n '5
ments obtained with dierent methods (except for the projected velocity C N-=S ]
Vsinl,, for which we adopt the measurement derived from the Rassite E o Fel 1
McLaughlin dfect), and their associated uncertainties are, for a more 0.2F 3
conservative estimate, the average of the uncertaintifgeahdividual PO Fel
values.
Parameter XO-2N X0O-2S Note e
~
Tett [K] 5332+57 539554 L
logg [cgs] 4.44:0.08 4.430.08 =
[Fe/H] [dex] 0.43:0.05 0.320.05
Microturb.¢ [kms}]  0.88£0.11 0.9@:0.10 : ]
Vsinl, [km s 1.07+0.09 1.50.3 01 2 E
Mass [M:] 0.97+0.05 0.980.05 (D) C ]
0.96+0.05 - 2) [ <A [Fel/H]>=0.054 dex (0=0.022 dex)
Radius [R] 1.01:92, 1.025%9 1) —0.2Eiii, L T T Liviiiiies Live
0.99809%3 - 2 0 1 2 3 4 5
Age [Gyr] 7.923 7.1:25 1) x (eVv)
7873 - (2

Luminosity [Lo]

0.70+t0.04 0.720.14 for XO-2N: (2)

for XO-2S: (1)

Notes. (1) Matching the T, [Fe/H], and logg to the Yonsei-Yale evo-
lutionary tracks. (2) Matching thegf, [Fe/H], and stellar density to the

Yonsei-Yale evolutionary tracks.

Table 3. Stellar atmospheric parameters and theffedéences for XO-

2N and XO-2S. ee discussion in SEcil 3.2

Parameter

XO-2N X0O-2S AN-s

Analysis based on equivalent widths

Ter [K] 5320+50 533@50 -10+ 71
logg [cgs] 4.46:0.08 4.4%0.12 +0.05+0.14
£lkms?]  0.89+0.14 0.930.04 -0.04+0.15

[Fe/H]? [dex] 0.3%0.07 0.320.08 +0.05+0.11
Line-by-line analysis

Ter [K] 5290+18 532225 -32+31
logg [cgs] 4.43:0.10 4.410.10 +0.02+0.14
&kms?t]  0.86+0.06 0.920.05 -0.07+0.08

[Fe/H]? [dex] 0.3%0.07 0.320.08 +0.05+0.11
Differential analysis

Ter (K] 5290+18 532537 -35+8
logg [cgs] 4.43:0.10 4.42@0.094 +0.010+0.020
£[kms?]  0.86+0.06 0.930.03 -0.07+ 0.07

[FeH]2[dex] 0.3%0.07 0.320.08 +0.054+0.013

Notes. @ The iron abundance [Pd] refers to the abundance of Fe

Fig. 3. Iron abundance éfierence between XO-2N and XO-2S vergus
Dashed line shows the meafiFei/H], while dotted lines represent the
standard deviatior 1o- from the mean, where=0.022 dex.

very good instrumental stability and turned out to be usgdul
strengthen the results obtained with broad-band measmtsme
of the diferential magnitudes. In fact, these are in good agree-
ment with the AFOSC measurements, as shown infrig. 5. Due to
the high scatter of the data in théand caused by fringing, we
did not include in the plot the measurements with wavelength
greater than-770 nm.

4.1.1. Rotational periods

Thanks to the timespan of the APACHIEband observations and
~800 useful data points for each component, we could analyse
the photometric time series to search for periodic modureti
ascribable to the rotation of the stars and produced by tiréss
inhomogeneities distributed on the stellar photosphessch

are assumed to change on time scales longer than the timespan
of the observations). Taking into account that the XO-2eayst

is quite old (see Tabl€g 2) and the two stars are magneticaiét q
(see discussion in Sddt.6), they are expected to haveaw -
riods of some tens of days and low amplitudes in the lighteurv
variations. We used the Generalized Lomb-Scargle algurith
(GLS; Zechmeister & Kirster 2009) to search for periodisiti

in our photometric time series, after binning in a singlenpthe

data collected during each night. The data are availablinen-

at the CDS, each containing the timestampgedéntial magni-
tudes and corresponding uncertainties. Results are shrokig.i

On the night between October 31, and November 1 208land7 for XO-2N and XO-2S. The major peaks at low frequen-
we took for 30 minutes a series of 60 s exposures of the X@es in the periodograms are due to the limited time baseline
2 field with the Asiago Faint Object Spectrograph and Camesar observations. For the North component we find a peak in the
(AFOSC) at the 182cm Asiago Astrophysical Observatory-telgeriodogram corresponding to a periogdR.6+1.1 days, with a
scope, while the field was close to the zenith. By placing bo#emi-amplitude of the folded light curve of 0.062¥.0004 mag.
components in a’8slit and using a grism covering the spectraBecause there is no evidence of harmonics in the periodggram
range 3900-8000 A, we obtained a final simultaneofiedintial the measurements can be arranged almost perfectly wittea sin
spectrum by dividing each other the combined individuatsge function. To estimate the significance of the best periodpere
in each wavelength resolution element. Th@atential spectrum formed a bootstrap analysis (with replacement) by usinga®,
is shown in Fig[b. These observations were characterised bfake datasets derived from the original photometry, andxn s
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cases we found a power greater than that associated to the besThrough the combined analysis of 14 new transit light
period in the real dataset. This corresponds to a False Alacorves, we present here refined parameters for the XO-2N sys-
Probability (FAP) equal to 0.06%, which makes the result féem, together with those in Tallé 2. The individual tranigjint
XO-2N rather robust. curves are shown in Fidl 8, and the full dataset combined in
Interestingly, to our knowledge other two systems with & Single, high-quality transit light curve is shown in Fig. 9
old star have measured rotation periods thankisepler data. The information about each dataset is summarized in Table 4.
The A and B components of the 16 Cygni system, which e raw scientific frames were first corrected for bias, dawk a
estimated to be 6.8%2 Gyr old, have rotation periods 23@ flat-field using stz_indard software tools. The STARSKY pipeli
and 23_2%125 days respectivelyl (Davies et al. 2015). Anothdsee Nascimbeni et &l. 2013, and references therein) was em-
example is that of Kepler-77, a star-planet systes? TGyr ployed to perform dferential photometry between XO-2N and

old. The detected stellar rotation period is+B6days, with a set of o_ptimally-weighted refere_nce stars. The whole fset_o
@rteen light curves was then simultaneously analyseth wit

sizeable changes in the shape of the light curve modulati ;
(Gandolffi et all 2013). This case and especially that of 16 C JKTEBOH] code (version 34, Southworth ef al. 2004). The
opted transit model parametrizes the stellar limb danken

B, with uncertainties of several days, demonstrate thabfadr LD) with dratic | ; ith th d
late-type stars the determination of the true rotationquecan ')A\W't aqua (atlcl aw, It.)'e' with the: two parameterlszlinf .
be particularly diicult. The intrinsic evolution of their surfacel2- ASSUMIng a circular orbit, seven parameters were leit free
active regions takes place on a time scale shorter than tiuiEom to vary in the f|tt|n_g proced_ure. the pe_ncﬁdand re_ference ume
period, and therefore starspots become bad tracers afrstell 10 Of the underlying transit ephemeris, the rakieRyR, and
tation. In the Sun, depending on the phase of the solar ayde, sum Ry+R.)/a of the fractlo_nal_ rad_n a_l:_)emg the semi-major
rotation period measured by fitting a sinusoid to the tot#rso axis of the system),_the orbital inclinationand the LD param-
irradiance - a good proxy for the Sun-as-a-star optical rtesdu€t€rsu andue. Leaving bothuy andus free to vary allows us to
void to put anya priori assumption on the stellar atmospheric

tion - varies between 22.0 and 31.9 days (the true synodioge . . .
being 27.27 days). The variations are especially largendufie parameters. Our estimates are in good agreement with theese d
.rived by interpolating the theoretical tables of Claret &8inen

maximum of the solar cycle because several large activemsgi 5011) usi derived stell i heri terns(0
are simultaneously present on the solar surface and evolve(g011) using our derived stellar atmospheric parameters(

time scales of 1-2 weeks, i.e. significantly shorter thantthe and 0.21 fou; andu,). The transit model was fitted to our data
rotation period (e.g Lanz’a et/al. 2003) with a non-linear least-squares technique; the unceiggiover
NV ' ) the best-fit parameters are then recovered with a bootstrap a

I_Evec? g the rotar:ion peril(_)d of XO-2N apé)efars |V(\jle” CONgorithm, described by Southwarth (2008). Other quantities
strained, however the complications expected for old tigpe- interest, such as the impact paramdter the transit duration

stars could actually have prevented us to detectan acu#ta® T “\vere derived through their analytical expressions froen th
Thisis mde_ed fche case f(_)r the companion star XO-2, forwhifise g parameters. The final best-fit values, along with tasii-

a less convincing detection resulted in our data. The GLE pef aeq errors, are summarized in Tdfle 5. We give the estimate
odogram returned the highest peak signaf@0.0384 days',  ,<'ihe median of the bootstrapped distributions, with tlyenas
corresponding to £26.0:0.6 days,_W|th a semi-amplitude Of qyric errorbars defined as the 15%8and 84.18 percentile.
0.0024£0.0005 mag of the folded light curve. Also for XO-28,, resyits are in good agreement with those in the liteeatar
there is no evidence of harmonics. The bootstrap analy$f8sn o icjjar with the results of Crouzet ef Al (2012) basedion

case led to a FAP2.6%, which casts some doubts on the reali ervations made with theubble Space Telescopaie were able

of the signal, even if the period is still compatible with hea- 1 o\ide an updated ephemeris (with an errorfoaf about
sured projected velocitysinl,. The similarity between the ob- o5 ¢y that we also used as a prior for the radial velocity fit

serveld_ pehriodogram and;[r;:gegentered ipectral Wind?\éofbot Sec(}). Our determination of the stellar dengjfy,, thanks to
phane 'ﬂ the gpperfpﬁrt 0 .'. ) strenfgt e(r;s|_(|)ur CONNAENCEH andu, being left free to vary, is completely independent from
the stellar origin of the periodicity we found. However, IUst g0 15 models, and was used as input to interpolate withen t

be noticed a second peak at 0.029 dé)(ﬁ’:34.5 days) with a vy evolutionary tracks and derive an accurate estimatetfer
slightly less power. This has some relevance in the d's‘mss'stellar mass, radius and age (S&ct.3).

since a rotational period of 34.5 days matches the gyrodiron
ogy relations (e.g. see Fig. 13.in Batines 2007) better treaarik
of 26 days, and it is also closer to the estimates based on n®aRadial velocities of XO-2N

surements of the activity indelR, (see Tabl&l8). Moreover, in )
analogy with the case of the Sun-as-a-star, if we assussd B We observed the star XO-2N as part of a program aimed at
days as the best detection, a true period which is a bit hityaer S€arching for additional outer planets in the system, anthwe
that is nonetheless reliable. Therefore more data are seges Vestigated the Rossiter-McLaughlin (RMLifect by acquiring
possibly covering several activity cycles, to reach a mobaist high-resolution spectra with HARPS-N during one transérev
conclusion concerning the true rotational period of X0-2S. ~ Of the planet XO-2Nb.

4.2. Transit photometry of XO-2N 5.1. Analysis of the radial velocity time series

i i ) To refine the orbital parameters of XO-2N b, our new HARPS-
Following the discovery of the hot Jupiter XO-2Nb (Burke Et a gata were analysed along with the RVs obtained with the
2007), new transit light curves of XO-2N were collected to iMspectrographs HDS (High Dispersion Spectrograph) at the Su
prove the stellar and planetary parameters and searchafwitr 5y, telescopel (Narita etldl. 2011), and HIRES (High Resolu-
timing variations/(Fernandez et al. 2009; Kundurthy et 832 tion Echelle Spectrograph) at the Keck telescope (Knutsaf e

Crouzetetall 2012), and the planet atmosphere was analysgia) The original spectroscopic data from Burke &t al0g0
with space-based_(Machalek et al. 2009; Crouzetlet al.|2012)

and ground-based observations (Sing et al. 2011, 2012). 7 httpy/www.astro.keele.ac.yjkt/codegktebop.html
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Table 4. Log of the transit observations of XO-2Nb analysed in thiskw(l4 distinct light curves). All of them were obtained ugia
CousinBessellR filter.

Date Observatory Telescofiestrument N o 01205
(mmag) (mmag))

201701/03 Asiago 182ctAFOSC 2620 1.37 0.37
201102/01 Asiago 182ctAFOSC 2483 2.19 0.42
201102/06 Asiago 67/91cm Schmidt 1029 3.98 1.35
201102/06 Asiago 182cAFOSC 2615 2.16 0.51
2011/04/02 Asiago 182ctAFOSC 1767 2.41 0.52
201%11/26 Asiago 182ctAFOSC 2999 2.28 0.50
201Y12/17 Asiago 182cifAFOSC 2343 1.59 0.36
20120112 Teide IAC8QCAMELOT 899 2.19 0.86
201202/23 Teide IAC8QCAMELOT 955 1.77 0.55
20120315 Asiago 182ctAFOSC 2853 1.63 0.47
201212/05 Teide IAC8QTCP 712 1.85 0.66
201212/12 Asiago 182cAFOSC 2736 1.41 0.37
201302/05 Asiago 182cAFOSC 1277 2.38 0.66
20140307 Asiago 182ctAFOSC 2114 2.19 0.59

Notes. The columns list: the evening date, the observatory anduim&tnt employed, the number of data poiNtsthe photometric RMS of the
residuals from the best-fit model (both for the original aameo, and after binning over 120-s intervads; o).

Table 6. Orbital parameters for the XO-2N and XO-2S systems. Errndsupper limits refer to & uncertainties. The results for XO-2Nb are
discussed in Sedf._ 5.1, while those for the XO-2S planetsa&emn from Desidera etlal. (2014). We also include our eséimaf few parameters
for a second companion to XO-2N, namely XO-2Nc, despitexistence is a matter of debate, as discussed in [Seci] 5.1.1.

Parameter XO-2Nb X0-2Nc X0-2Sb X0-2Sc Note
P [days] 261585922+ 2.8 . 10°7 > 17 years 18.1570.034 120.880.34 fitted
K[ms™] 90.17+0.82 > 20 20.64:0.85 57.680.69 fitted

K- P2?[msiday? - -5.13+0.54-10 - - derived
Vesinw - - —0.3148:822 —0.38&8:813 fitted
Vecosw - - 0.28209%4 -0.0385032 fitted
€cosw -0.0009 59533 - - - fitted
esinw ~0.0004 55587 - - - fitted

e <0.006 : 0180+ 0035  015282%%%  derived

w [deq] unconstrained - 319+ 95 2645+ 49 derived
T. [BIDrps-2,450,000] 556546480+ 5.4 105 - 6413.11082 6408.118 fitted
YHps[ms™] -17.3+20 - - - fitted
Yhires] M s -135+29 - - - fitted
Yiarpsn[M S 469329 + 1.7 - 465431 fitted
jitteryps[ ms™] <12 - - - fitted
jittergresi ms™ 7.0'29 - - - fitted
jitterparps.n[Ms™] 2.6+ 07 - 180+ 0.43 fitted
v [msiday ] 0.0017+ 0.0018 - 0.05330.0087 fitted
y [msday?] -2.03+0.21-10°° - - - fitted

M sini [M yy0] 0.597+ 0.0222 >18 0259+ 0.014 1370+ 0.053 derived

RadiusR [Ryy] 1.019+ 0.031 - - - derived

Densityp [g cn?] 0.70+3972 - - - derived

Surface gravity log [cgs] 315+ 0.03 - - - derived

afAU] 0.03673:0.00064 - 01344+ 0.0025 04756+ 0.0087 derived

Notes. @ For XO-2Nb this corresponds to the real mass of the planefastobtained with a Monte-Carlo analysis using the medi&reszof the
orbital period and inclination angle of the orbital plangtéid in Tablé€®b, the stellar mass in Table 2 (second valué)treamplitude K of the
radial velocity included in this Table.
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Table7. Radial velocities (RV), bisector velocity span (BIS) anthaty index log(R},.) of XO-2N, as measured with the HARPS-N spectrograph.
The BIS reported here are those derived by the data redygifi@tine of HARPS-N, with uncertainties assumed to be twhose on the radial
velocities.

Time RV RV error BIS logR},) error logR,)
(BIJD UTC - 2,450,000) (km3) (kms?) (kms?)

6252.773594 47.0169  0.0047 0.0209 -5.172 0.157
6266.500236 46.9521  0.0018  0.0204 -4.871 0.022
6266.511139 46.9500  0.0016 0.0213 -4.870 0.019
6266.522077 46.9472  0.0019 0.0187 -4.905 0.026
6266.533015 46.9416  0.0018 0.0164 -4.907 0.025
6266.543953 46.9406  0.0021  0.0210 -4.927 0.033
6266.554891 46.9490  0.0028 0.0303 -4.874 0.043
6266.565829 46.9422  0.0024  0.0245 -4.891 0.035
6266.576768 46.9413  0.0028 0.0249 -4.986 0.054
6266.587706 46.9388  0.0023 0.0150 -4.889 0.034
6266.598644 46.9305 0.0023  0.0229 -4.855 0.031
6266.609593 46.9217  0.0022 0.0274 -4.881 0.030
6266.620520 46.9181  0.0018  0.0195 -4.889 0.023
6266.631458 46.9153  0.0017 0.0205 -4.910 0.023
6266.642396 46.9162 0.0016  0.0178 -4.901 0.019
6266.653334 46.9196  0.0015 0.0209 -4.872 0.017
6266.664284 46.9179  0.0016  0.0217 -4.901 0.020
6266.675210 46.9135  0.0015 0.0191 -4.890 0.017
6266.686148 46.9138  0.0015  0.0152 -4.877 0.017
6297.623295 46.9958  0.0015 0.0154 -4.928 0.019
6298.643938 46.8409  0.0022  0.0097 -4.921 0.034
6299.762797 47.0128  0.0015 0.0099 -4.907 0.020
6305.631219 46.9708  0.0020  0.0125 -4.938 0.031
6322.563804 46.8777  0.0015 0.0129 -4.898 0.019
6323.686453 47.0147  0.0033  0.0209 -4.947 0.072
6380.349341 46.9211  0.0033 0.0106 -5.269 0.155
6400.444868 46.8469  0.0100  0.0573 -4.861 0.214
6406.361875 46.8938  0.0036 0.0113 -4.908 0.060
6420.392578 47.0089 0.0031  0.0066 -5.229 0.114
6437.372927 46.8412  0.0014 0.0140 -4.964 0.018
6548.731988 47.0043  0.0024  0.0059 -4.949 0.044
6586.684893 46.8605  0.0024 0.0145 -4.989 0.044
6602.751791 46.9259  0.0025  0.0094 -5.042 0.055
6616.709751 47.0041  0.0027 0.0203 -4.874 0.042
6617.722042 46.8368  0.0017 0.0153 -4.929 0.023
6631.704304 46.9647  0.0020 0.0051 -5.035 0.041
6657.453439 46.8928  0.0056  0.0255 -5.086 0.183
6700.404020 47.0066  0.0026 0.0147 -4.983 0.051
6701.349611 46.8410 0.0019  0.0164 -4.963 0.031
6783.385415 46.9513  0.0014 0.0077 -4.996 0.024
6784.360848 46.9543  0.0016  0.0082 -4.980 0.028
6933.733982 46.9031  0.0023 0.0052 -5.009 0.050
6935.754527 47.0090 0.0017  0.0107 -4.996 0.030

were not included because they have considerably larger err  We then modelled the RV data of the three datasets with a
bars & 20ms?) than the other datasets and thus do not yieKeplerian orbit and a polynomial model following the formal
any significant improvement of the orbital solution. We fiist ism of |Kipping et al. [(2011) and choosing &se: in their Eq.

ted separately the HDS, HIRES, and HARPS-N RV time seriék) the mean of the epochs of the RV observations. In total,
with a Keplerian orbit and a slope, after removing the im&in  our RV model has thirteen free parameters: the transit epoch
points which are fiected by the Rossiter-McLaughlinffect. T, the orbital periodP, the radial-velocity semi-amplitude,

We then performed a Bayesian analysis with ouff@ential e cosw ande sinw of XO-2N b, whereeandw are the eccentric-
Evolution Markov Chain Monte Carlo (DE-MCMC) tool (seejty and argument of periastron; three systemic velocitieg<,

e.g., Desidera et al. 2014). Narita et al. (2011)land Knugs@t. ynyires, yHarps-n) and RV jitter terms fitteryps, jitteryres,
(2014) reported on a positive acceleration revealed irr RRei jitteryarps-n), corresponding to the threeffirent datasets; the
datasets, equal ta@06+ 0.0016 and 1267308 ms'day* lineary and quadratig trends. Gaussian priors were imposed
respectively, possibly due to a second massive companian inon i) T, and P from the new ephemeris we derived in Sgct.4,
outer orbit, namely XO-2N c. Our observations and analyais ¢ and ii) the centre times of the secondary eclipse observed by
firm the existence of this trend, but we observed a turn-averliMachalek et al.[(2009) at 3.6, 4.5, 5.8, and 80 with Spitzer,

the HARPS-N data and measured a negative acceleration edpgalause these provide strong constraints on the orbitehecc

t0 -0.0170°5353% m s tday . tricity; for this purpose, we used Eq. (18) [in_Jordan & Bakos
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Fig. 5. Upper panel Differential spectro-photometry of the XO-2 com-
ponents obtained with the AFOSC camera at the 182cm Asidgo te ~ '°™°
scope. Red dots represent the mean values of measureméuisan
200 A, while blue squares indicate the broad-barftedéntial magni-
tudes presented in Talilé lower panel Bandpasses of the filters used
for the broad-band measurements.

1.005

1.000 =

Table 5. Transit parameters derived from the combined analysisef th
14 transit light curves of XO-2Nb plotted in F(d. 8.

Differential magnitude

0.995

Parameter Value 0.990 RMS of residuals = 0.0020
P (d) 2.615859220.00000028
(R, +R.)/a 0.1393:0.0018 05 0 o o5 os o
Ro/R. 010490563063
(Ro/R.)? 0.0110G-0.00013 Fig. 6. Upper panel The GLS periodogram of the XO-2N light curve
i (deg) 87958‘5 collected by the APACHE survey and the corresponding wintiove-
a/R 7 gzgojogg tion, with the highest peak translated to the frequency ebisst signif-

* ’ -ggig icant peak found in the periodogram. Levels dffielient FAP are also
b 0.287 055 indicated.Lower panel The APACHE light curve of XO-2N folded at
T14 (Min) 162.15-0.36 the best pe_riod found by GLS with_superposed the best sidalsfii of
14 (d) 0.11266-0.00025 semi-amplitude A0.0027 mag (solid red line).
T. (BJD TDB-2,450,000) 5565.546480.000054
Uy 0.474305% (2014). Their medians and 8% confidence intervals are re-
Uy 0.171:3%%) ported in Tablé B, along with the system parameters of XO-2S
olpe 0.960°09%7 derived by Desidera etal. (2014). The Keplerian best fit o th

three datasets, after removing the quadratic trend, is ishiow
Notes. The listed parameters are: orbital periBdsum and ratio of F'Q-[E- Our new RV semi-amplitud¢ = 89.78+ 0.81ms* is

the fractional radii R,+R.)/a, (RyR,), orbital inclinationi, semi-major  slightly lower than the value found by Knutson et al. (2014t
axisa scaled by stellar radiuR, , impact parametds, total duration of is K = 939+ 2.2ms™. Its precision is improved by a factor of
the transit from the first to the fourth contalil, reference time of the three, especially thanks to the HARPS-N data. The orbitec
ephemerisT, (time standard is Barycentric Julian Day calculated frorricity is consistent with zera < 0.006 at br, which justifies the
UTC times: BJrc), the linear and quadratic LD parametaisu, the  jse of a circular model for the transit modelling (Ject.4The
average stellar densipjpo. combined analysis of the complete RV dataset and of the new
transit light curves allows us to refine the physical paramsstf

o . the planet XO-2N b, and we find that the best values for the ra-
(2008). We adopted ffeey's priors for the three jitter terms (Seey;, ' maqs and density ar®19:0.031Ryyp 0.597:0.021Myyp
e.g.. Gregory 2005) and non-informative priors for the Riise 007 3 ;
and 070f0:06§g cnt° respectively.

amplitude and the three systemic velocities.
After the earliest analysis, we noticed that the first HIRES

point at 2454372.14 Bl}c was 3r below our best fit hence 5 1 1. Ry acceleration in XO-2N: evidence for an outer

we discarded it and repeated the analysis, although itsi-incl companion or solar-like stellar activity cycle?

sion has a very minor influence on the final solution. The pos-

terior distributions of the fitted and derived parametersan®d- Under the hypothesis that an outer massive companion @xidts

tained with the same procedure as described in Desidera etsatesponsible for the observed acceleration, the changigof
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RV measurements over a timespan of several years. This is con
T Y sistent with the observation that older stars, with longea+
. N onese ° o ' tion periods, have longer activity cycles (elg., Noyes 51 984;
Ossendrijver 1997). In their work, Knutson et al. (2014) @b n
Fig. 7. Upper panel The GLS periodogram of the XO-2S light curvemention for XO-2N the existence of a correlation betweelir the
collected by the APACHE survey and the corresponding winfiove- RV residuals and some indicators of the stellar activityRis
tion, with the highest peak translated to the frequency @tiest signif- or 5, which would call the planetary origin of the acceleration
icant peak found in the periodogram. Levels offelient FAP are also jntg question. The same situation does not occur in our gatas
indicated.Lower panel The APACHE light curve of XO-2S folded at 1 jme series of thBy,, activity index, calculated according to
the best period found by GLS with superposed the best sidaisti of , recipe described [n_Lovis et dl. (2011), shows the existe
semi-amplitude A40.0024 mag (solid red line). of a negative trend (see Fig.]12). We modelled the data with a

linear fit, obtaining a negative slope with a Lincertainty of

derived from HARPS-N data with respect to the previous mea-14%. The Spearman’s rank correlation fiméent of the data
surements could be likely caused by the curvature of thet orli quite high p=-0.79) and with a low FAP (1:30°°/, thus
of XO-2Nc. Figure[Tl displays the quadratic trend in the R§trengthening the real existence of a correlation. Thectioe
residuals, after removing the orbital signal of XO-2Nb and< ©f the trend being similar for the RV residuals aRg, a sig-
sidering all the available datasets. By assuming a ciradait nificant positive correlation is observed between them (sge
for the outer companion XO-2N ¢, the derived quadratic treAd), characterised by a Spearman’s rank correlatiofficent
allows us to estimate its orbital period and minimum mass (se=+0.68 (FAP= 1.10") for N=26 measurements.
Kipping et al. 2011)P > 17 yrs andM sini > 1.8 My, Direct Due to the importance of this result, the significance of
imaging observations collected with the AstraLux instrmtriid ~ the correlation was further investigated by applying twiedt
not reveal a companion to XO-2N witki’ < 8 magnitudes and ent tests. Through the first method, described in Figueiah et
a separatiorg 2" (Daemgen et al. 2009), which corresponds t2014) (and references therein) to which we refer to asitie
~300 AU at the star location. A rough estimate for an uppettlimiypothesisapproach, we evaluated the probability of having a
of the XO-2N ¢ mass can be made using the informationion Spearman’s rank correlation d@eient larger or equal than that
By fixing the age and the metallicity to the values of XO-2Nganof the real data by testing the null hypothesis, i.e. by assum
using the CMI stellar isochrones, we find that the unseen coripg that the data pairs are actually uncorrelated. This atgth
panion should have a massdd.16 M,, which roughly corre- which does not take into account the data uncertaintieslasp
sponds to a main-sequence star of spectral type later thah M8 Fisher-Yates data sfiling to generate fake data pairs which
M6V. are uncorrelated. We generated 10,000 such random datasets
If not due to an outer companion, the quadratic trend coudéd then calculated the z-score for the correlationfimment
reflect a solar-like activity cycle, which leaves an impiimthe of the original dataset relative to the distribution of thes-

o
o
o

9 httpy/stev.oapd.inaf itgi-birycmd 10 values obtained with thR_CORRELATE function in IDL.

Article number, page 14 ¢f 26



M. Damasso et al.: GAPS V: Global analysis of the XO-2 system

lated Spearman'’s rank correlation @igents. The correspond-
ing probability (the p-value) is calculated as the one-@ililee-
lihood of having such a z-score from the observed Gaussg&an di
tribution. The second method, which instead takes into @aico 100
the data uncertainties, is described in Curran (2014) rfedeo
ascompositamethod) and it employs a double Monte-Carlo re-
sampling of the dataset pairs. First, fake data pairs arergésd
through a bootstrap (with re-sampling) method, with nevadat :
pairs randomly chosen from the original ones (i.e. each raw p
comes from the real dataset and it may appear more than once

or not at all in a simulated dataset). Then, the second step cou -50
sists in randomly shling each measurement within its uncer- &
tainty following a normal distribution of width 1 and cerndren

0. These two steps are repeated 10,000 times, resultingigs a d
tribution of Spearman’s rank correlation ¢beients for which

50

LA I B

ve\ocwty (m/s)

|
o
o

LI B I

920
the mean and the standard deviation are calculated. Mareove < ' ¥ oses rgﬁ ¢ oy e
the z-score is calculated for each simulated dataset thrthey 3 ,12 B } % G @%ﬁ ¢ §q§ it %
Fisher transformation of the correlation ¢@&ent, as discussed 8 20 L L L
in ICurran (2014), resulting in a z-score distribution forigrh 0.0 0.2 0.4 0.6 0.8 1.0
the mean and the standard deviation are provided. The &-scor Orbital phase
defines the level of significance of a correlation, being then
ber of o from a null correlation for the original dataset. Fig. 10. Phase-folded radial-velocity curve of XO-2N b, after reingv

The null hypothesis test applied to the RV residualsla’rmg the quadratic trend. Green diamonds, red squares, andibtiesdndi-
dataset for XO-2N resulted in z-scote-3.41, corresponding cate the HDS, HIRES, and HARPS-N measurements respectiady

to p-value= 0.032%, while the composite method resulted |P1|aCk solid line shows the best fit model.

Ps pearmar=0.54£0.15 and z-score= 1.2670.451. Both results

suggest that the null-hypothesis can be rejected for oasdat 20 Y Y Y Y —
A linear regression applied to the same dataset results in a E 3

slope of 30.2 ms'per unit of R, with a 1o uncertainty of

~ 10%. Comparing this slope value with that predicted by the

empirical model described by Eq. (13).in Lovis et al. (204dh) f E

an inactive star with the samByg and [FgH] of XO-2N, i.e. T of

32.9t0.2 ms'per unit of R, , we find that our estimate is in o E

agreement with that expected for RV variations produced by a0 E

long-term stellar activity cycle. -10F 4
The positive correlation found between the RV residuals andx £

R/« indicates that the variations seen in the RV residuals are _, /% |

Iikely related to the intrinsic behaviour of the star. Intfadur- [

ing a phase of high stellar activity a net redshift shouldesgpn

the RV measurements as a consequence of the suppressed con-">

vective motion in the photospheric active regions, whiclegia

blueshift contribution (see, for instance, Dumusque e2@1.2,

and references therein). This means that a negative treiig inFig. 11. Long-term trend found in the RV residuals data of XO-2N after

RVs is expected when a star is observed during a decliningephggmoving the orbital signal of XO-2N b, caused either by agtperiod

of its stellar cycle, with a similar trend appearing in ®Rg, in- companion XO-2N c or to the activity cycle of the star. Gremtbnds,

dex. Despite in our data there is evidence in favour of thiéaste €d Sauares, and blue circles indicate the HDS, HIRES, anBFEB\N

- - asurements respectively, while the black solid lineldispthe best
activity cycle as the cause of the RV variations over nearlyﬁ of the quadratic trend. Residuals of RV measurements aritkrror

years, in our opinion t_he covergd timespan is not yéicently bar greater than 5 nT§ even though considered in the analysis, were
long to corroborate this conclusion and to exclude the quss- 4t included in this plot for a better visual appreciatior thng-term

sive companion as an alternative explanation. More dataarerend.

deed necessary over a longer time baseline to cover at least o

activity cycle of XO-2N and to investigate in greater dethi

correlation with the RV measurements. epoch, starting-1 hour before the beginning of the transit up
to ~1 hour after the last contact. The RMKect was modelled
with the fitting algorithm described (n_Covino et &l. (2013)da
Esposito et al.[ (2014). Figute]14 shows the RV measurements
Dedicated observations of the RMlffect for the XO-2N sys- used for the analysis of the RMlffect, folded according to the
tem were carried out with HARPS-N during the transit whicephemeris calculated in this work, with the best-fit supsego
occurred in 2012, December 4-5. The RML observations f@ve found a projected spin-orbit angle= 7°+11°, and derived
this system were previously performed [by Narita etlal. (301Tor the projected rotational velocity of the host s¥sinl, =
who concluded that the orbit of XO-2Nb is unlikely to be highl 1.07+0.09 knys. They? map in thel - Vsinl, parameter space
tilted, but they obtained a poorly determined estimatelferdro- is shown in the same figure. The uncertainties were derivéd wi
jected spin-orbit angle} = 10°+72°. Here we present updateda Monte-Carlo analysis taking into account the uncert@énaif
results obtained from the analysis of 18 spectra collectétaba  all the parameters used. Our result provides a strongeeevé

10F

'1‘“‘1““1““1““1““1‘

4500 5000 5500 6000 6500 7000
BJUDwe—2450000

5.2. The Rossiter-McLaughlin effect
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Fig. 12. Time series of the chromospheric activity indg, for XO-2N
extracted from the HARPS-N spectra. Values of Rjg() are listed in
Table[7. We considered only the spectra with a signal-tsengreater
than 4 in the & order. Superposed is the best-fit linear function, reveal-
ing the presence of a negative trend.
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Fig. 14. Upper panel Radial velocity variations of the XO-2N star in

[ il correspondence to the transit of the exoplanet XO-2Nb oedwn the

5 F ‘ : - night between 4 and 5 December, 2012. Data are folded aocptdi
u s ’ the transit ephemeris derived in this study.§2,455,565.546480-

RV residuals, 1—planet removed (m/s)

N*2.6158592 BJD TDB], and superposed is our best-fit RML nhode
ol — ‘ ] (red line).Lower panel They? map in thed - Vsinl, parameter space.
S S P orbital inclination angle as measured by transit photoynatrd

A is the projected spin-orbit angle derived from the analgsis
the RML dfect. By calculating siih. from the projected rota-

tional velocity of the staWsinl,, the rotation period (4161.1
Fig. 13. Correlation between the RV residuals and the chromosphe l Y * P (

activity indexR;, for XO-2N. Data are extracted from the HARPS- 8ys) and the more precise measurement of the stellar na@ius

_ i th it functi L ave derived (0.9980.033 R)), we obtain sih,=0.88:0.09. By
z?icggzit?vipﬁre%?ed 's the best-itlinear function, shgtiie existence propagating the errors, we finally obtain ¢6s0.89+0.12, as ex-

pected very similar to siR because the angléandA are close

to 9C¢ and 0. By neglecting the unphysical values for which
for a spin-orbit alignment with an uncertainty times lower. In cosy>1, this result corresponds #o=27"33 degrees. Because a
fact, our new estimate of the transit impact parametergdrti measurement of the angfeis difficult to make, out of the 88
breaks the existing degeneracy betwaeand the stellar pro- planet host stars for which was determined, only for nine of
jected rotational velocity/sinl ., resulting in a better constraintthemy was constraineld]. For XO-2N, our estimate is the first
on . available.

5.3. The XO-2N spin-orbit alignment in three-dimensions 6. Stellar activity

Thanks to the photometric measurement of the XO-2N rotgrthis work we characterise the stellar activity of the X@en-

tion period, together with the analysis of transit photamend  panions, both through photometric measurements and spectr
the RML dfect, we have the opportunity to provide an estkcopic analysis. The analysis of the photometric time sage
mate of the angley between the stellar rotation axis and thgulted in an estimate of the spin rotation periods for thedam-
normal to the planetary orbital plane. This is given by the foponents (Se¢fl4), we then used the HARPS-N spectra to calcu-

mula cogj=cod , cos+sinl,sinicost (see discussion in Sect.4.4ate the chromospheric activity indé, based on the analysis
of\Winn_ et al! 20077), wherk, is still the inclination between the

stellar spin axis and the direction of the line of sighis the ! httpy/www.astro.keele.ac.yjkt/tepcatrossiter.html
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Table 8. Summary of stellar activity-related information for the XO
system. The values of the activity index &) are given as weighted

mean, and the uncertainty of each parameter is the standaid-d i T rrr T ]
tion of the mean. The estimates for the stellar rotationgaksricorre- L i
spond to two dierent relations, those of Noyes et al. (1984) [N84]and 1.2 =
Mamajek & Hillenbrand|(2008) [M08]. i 1
Parameter XO-2N X0-28 1.0~ } .
(43 spectra) (63 spectra) k) r 1
log (R.) -4.91+0.01 -5.020.01 XL { i
[a [ —
Exp. stellar rot. period [days] 39:6.6 [N84] 41.1:0.7 [N84] 0.8 L } |
41.8:0.8 [M08] 44.7:0.7 [M08] i 1
Meas. stellar rot. period [days] 4%:6.1 26.@:0.6 (or 34.5 days) 0.6+ —
. . . L P S S S S S S S S S S O S O S S S SR ]
of the Car H&K lines. Moreover, an analysis of ierent CCF 6400 6500 6600 6700 6800
line shape parameters (asymmetry indicators) was cartietho BJD TDB — 2,450,000
look for periodical modulations and correlations with tldial
velocities and th&®,, index. Fig. 16. Time series of the chromospheric activity indg, for the star

Figueira et al.[(2013) introduced and compared several #0-2S. Only values oR, derived from spectra with/8 > 3.9 in the
dicators for the asymmetry of the CCF and shown how th&Y order were considered.
can be used to establish whether the radial velocity variati
of a star is due to line profile distortions induced by, e.tgl-s
lar activity. We have computed the indicators bisector isge 4000
span (BISH, radial velocity dfferenceAV, and velocity asym-
metry Vag, for each of the XO-2 components, and a comparison £
between those parameters and the activity index was also per 9 ,49
formed. We adopted procedures similar to those of Figu¢ias e
(2013) and Santos etlal. (2014) to compute the asymmetry pa-
rameters with the exception &gy for which the derivative of 0
the CCF with respect to the RV was numerically evaluated by 3000
means of a Savitzky-Golay filter (e.q., Press etal. 1992). We 2500
estimated the standard deviation of the indicatdr from the
standard deviations of the best fit RVs as obtained with the
Levenberg-Marquardt IDL proceduMPFIT.PRO applied to fit
a Gaussian and a bi-Gaussian profiles to the CCF, respgctivel
The standard deviation of,sy was computed with a bootstrap 500 f+
procedure by taking into account both the photon shot naide a
the correlated noise of the CCF.

Call K

Flux XO-

Flux XO-2 N
[
o w
S o
S S
: ==
b b b b by

3928.0 3931.0 3934.0 3937.0 3940.0
Wavelength [Angstrom]

6.1. XO-2N
Call H

The analysis of th&, index time series has been presented in ~ °°%°¢ ‘
Sec{51, where we discussed the correlation found witliRthe ~, 4000 E
residuals, possibly indicating th&, is outlining the activity & 3000
cycle of the star. X 2000E 3

Here we investigate the correlations between the asymmetry
indicators and the residuals of the radial velocities (eenov- 1000 E
ing the one-planet fit and the quadratic term), and the resné 0¢ 3
shown in the left panel of Fig._15, while the right panel shows 3000
the correlations between the same indicators and the tgativi ~ 2500f
dexR,.. We note that between the CCF asymmetry indicator & 2000F B
AV and the RV residuals there is a moderate and low-FAP cor- X 5 & E
relation, as quantified by the Spearman’s rank correlatimi-c T 1000E E
ficients indicated on the top of each plot. More significant co g E
relations are observed when considering g index instead 500 ‘ ‘ ‘ E
of the RV residuals, in particular for the bisector BIS axid. 3964.0 3966.2 3968.5 3970.8 3973.0
These seem to indicate that the activity of the star doessinéle Wavelength [Angstrom]

the spectral line profile at some extent.

Fig. 18. Cau K (upper panel) and H (lower panel) lines of the coadded

12 o ahi
We have verified that between the line-bisector calculatedne aARpS.N spectra of XO-2N and XO-2S. It is clearly visible aper
DRS and the BIS indicator calculated with the method of Filguet al. g missjon flux in the line cores of the North component, whicindica-

(20:}3) there is a very high .correlat'ion:QB:QQ) for both stars, then we 40 of 5 greater activity of this star.
decided to adopt the latter in our discussion.
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Table 10. Results of the analysis carried out to asses the significange. Comparison of the activity levels for the XO-2 stars
of the Spearman’s rank correlations ffagents for the pairs of XO-2S

datasets shown in Fig.117. In Table[8 we summarize our activity-related measuremaents f
the XO-2 components. We can conclude that, at least in the
Method R vSBIS Rl vsav Rl VsVay timespan covered by our observations, the star XO-2N appear

Null hypoth. 7-score= 0.45 7-score= 0.37 7-score= 0.69 to be slightly more active than the companion. This is also di

pvalue=32.6%  pvalue- 47.2%  p-value- 24.5% rectly visible when comparing the @aH&K lines of the coad-
ded HARPS-N spectra (Fig.118), which show an emission flux in
the line cores greater for the North component. Also, tifikedi
ences seen in the existing correlations between the CCF-asym
metry indicators and the activity indéX, . support the scenario
that the activity level of the North component is higher.sTap-

To better characterize the significance of these correlgfiopears in agreement with the higher levels of magnetic agtivi
we performed the same analysis as described in Secfiod 5iM.3tars with hot Jupiters with respect to their wide binasyne
and based on two flierent tests. The results are summarized Ranions, as found in particular for HD 189733 and Corot-2(se
Table[9. They show that the null hypothesis can be discamted ¢.9..Lanza 2011; Husnoo etlal. 2012; Poppenhaeger et &; 201
substantially all the pairs, assumir@% as the threshold for thePoppenhaeger & Walk 2014). Then, theferent activity levels
p-value below which a correlation may be assumed significaff the two stars might be due to any influence of the hot Jupiter
The analysis with the composite method suggests that those n®n the activity of XO-2N or to the fact that we simply observed
significant correlations found by simply computing the Speahe two stars at dierent epochs of their activity cycles.
man’s rank cofficient with the actual datasets, i.e. those between In Table [8 we also show the expected values of the
the RV residuals and the BISV asymmetry indicators of the spin rotation periods derived from the measurement
CCF, are likely less pronounced, given the limited number afdex according to the works of Noyesetal. (1984) and
measurements @R5). Nonetheless, our analysis suggests thifiamajek & Hillenbrand|(2008). It can be seen that the esémat
effects of the stellar activity are influencing the spectra jmo- of the rotation period of XO-2N derived from photometry is in
files. very good agreement with the expected values.

We finally analysed the time series of the CCF asymmetry in-
dicators with the GLS algorithm, to search for signals edab
the stellar rotation period 6§41 days measured via photometry7. Considerations about the long-term stability and

No significant peaks were found, and in particular no pedibgi evolution of the XO-2 planetary systems
related to the star rotation appears Ry, .

Composite MC ~ p =-0.046:0.150 p =-0.008:0.145 p =-0.0470.145

Original ps pearman -0.068 -0.054 -0.101

In a recent workl, Wang et al. (2014) determined the planet oc-
currence rate in multiple-star systems by measuring tHiaste
6.2. XO-2S multiplicity in a sample ofKepler planet host stars, and com-
, L paring the stellar multiplicity rate between these and figlis
By looking at the average value of the activity ind&, (Table j, (e solar neighbourhood. Interestingly, they find thangt
8), this star appears less active than its companion. INI89. formation appears to be significantly suppressed in metiphr
the time series oRy, is shown. The internal errors are quitgystems when the separation between the planet host stéreand
comparable to the data scatter, with no clear evidence aigr 10 yiher stellar companion is smaller than 1500 AU, and this dis
term trend. tance could be thus assumed as the radius of influence afrstell
In the same way as for XO-2N, we investigated the relatioggmpanions. Nonetheless, the estimate of the planet eswer
between the asymmetry indicators and Rjg index, and the rate in multiple-star systems is presently a subject of tieba
results are shown in Fig. 17. No significant positive or negtorch et al.[(2014) investigated the binary fractiorkeplerex-
tive correlation is found, supporting the scenario of a \aariet  oplanet host stars by observing more than 600 objects atistie
star. This outcome is confirmed by the results, shown in Takad conclude that this appears similar to the rate obsexed f
[10, of the analysis performed to asses the significance of fig#d stars (40-50%), pointing out that the impact of binadh
Spearman’s rank correlation deients, as done for XO-2N. the planet occurrence should be lower than that emergimg fro
For completeness, we also quantified the correlation bettvee the work of Wang et all (2014).
Rk index and the RV residuals (after the subtraction of the two- The analysis of the stellar properties of the XO-2 binary
planet Keplerian solution) calculated by Desidera et d16, points to the scenario that the components have a comman orig
obtaining a Spearman’s rank dbeientp=0.27. By testing the and formed a bound system since their birth. Although the pa-
null hypothesis, we found a z-score-0.94 that corresponds torameters of the binary orbit are not known, we have performed
a significant probability §17.4% that the two datasets are noj pasic analysis of the long-term stability of the whole eyst
correlated. This result is confirmed by applying the comigoshased on the work ¢f Holman & Wiedeft (1999), extending to
method, from which we obtaip = 0.20+ 0.15, indicating lack the X0-2S system similar considerations done_by Burkelet al.
of correlation. (2007) for XO-2N[Holman & Wiegeri (1999) modelled the in-
We also used the GLS algorithm to search for periodicitifisience of a stellar companion on the stability of a 'testipka’t
in the CCF asymmetry indexes aR{], time series, but no sig- orbiting a star with an empirical relation (see Eq. (1) thgye
nificant peaks were detected. For instance, for the BISMnhd among the stellar mass ratic=m,/(m;+m,) (the subscriptl
parameters we found peaks close to half the tentative isteHa identifies the star orbited by a planet), the binary ecceityri
tation period derived from photometry{R6 days). A bootstrap e, and the semi-major axis of the binary. This relation presid
analysis resulted in FAP of 0.12 and 0.03, suggesting thsitlie an estimate of theritical semi-major axis, i.e. the maximum
nals are spurious. No peaks are found close to the orbitaigser orbital distance of a planet to survive after 10,000 binatyjite
of the two planets orbiting XO-2S. (corresponding to more than 4.9r in the case of XO-2).
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Table9. Results of the analysis carried out to asses the significafrtbe Spearman’s rank correlations ffis@ents for the pairs of XO-2N datasets
shown in Fig[Ih.

Method RV residvsBIS RVresidvsAV RV resid.vsVgg, Rl vsBIS Rk VSAV Rk VSVay

Null hypothesis z-score=-2.14  z-score=-2.93  z-score- +2.36 z-score= -4.04 z-score= -4.32 z-score= +3.31
p-value=1.6%  p-value=0.9% p-value=0.17% p-value= 0.003% p-value= 0.05% p-value< 0.002%

Composite Monte-Carlo p = +0.32:0.19 p = +0.34:0.18 p=-0.43:0.19 p=+0.44:0.14 p=+0.3:0.15 p=-0.40:0.15
Original ps pearman +0.685 +0.731 -0.562 +0.439 +0.595 -0.478

The work of Holman & Wiegert| (1999) considers planets
that orbit only one component of the stellar system, onalhti
circular and prograde orbits in the plane of the binary. We ca .
apply their relation to each XO-2 stars separately, obtgigim-
ilar results as the mass ratiqis-0.5 in both cases. By assuming 0,
the measured projected binary separatied600 AU as an es-
timate of the actual semi-major axis of the orbit, and wita th
eccentricity of the binary orbit left undetermined, we cati-e
mate the critical distance in the range of validity of the @mpl
formula, 6<e<0.8. In the case of a single planet orbiting one of :
the components the dependence of the critical semi-maipagax 400
from the eccentricity is shown in Fig. 119 by the thick curvel-F
lowing the discussion in Sect.5lof Holman & Wiegert (1999%, w 200
can assume half of th& values found in the case of the three-
body problem as a rough estimate of the critical distancenwhe O S S —
one star hosts more planets, which is here the case of -at leas  °° o2 Sinary osentricity oe
the star XO-2S. This result is shown by the thin line in Fig. 19
According to it, if the binary has the highest eccentricityisid-  Fig. 19. Critical semi-major axis for each star in the XO-2 binary sys-
ered here€=0.8), a planetary companion around XO-2S woultém, defined as the maximum distance that a single planeniteally
be in a stable orbit if located at a distanc®0 AU from the star, circular orbits, could have from its parent star to surviteral0,000

while for XO-2N the upper limit is-170 AU. binary orbits (thick line). The thin line represents a sienpktimate of
a. when one of the stars hosts more than one planet. Thesesrasailt

A final consideration should be made about the possidiased on the work of Holman & Wiegert (1999).
role of the Lidov-Kozai (L-K) mechanism (e.Q. Innanen et al.

1997;| Takeda et al. 2008) in particular on the migration &f th hank b . ith th i
planet XO-2Nb so close to its parent star. Because the orbF¥Stem- Thanks to observations with the Atacama Large Mil-

parameters of the binary are not known, at this stage we (HREer Array (ALMA), they obtained the clearest picturesev
not reconstruct the evolutionary history of this quite ojg-s S€€n of protoplanetary discs in a young binary (agé Myr),
tem. In particular, we do not have any direct measuremetieof {0C2t€d roughly at the same distance of the XO-2 system. They

mutual inclination between them and the binary orbital planprovided evidence fc_)r a relative inclination of the discghe
from which the @ects of L-K mechanism strongly depend ‘ange 60-68°, revealing that both or at least one of them must

Neveu-VanMalle et &l (2014) discussed that the L-K mecrani P€ Misaligned with the binary orbital plane, and probabtyrfo
likely played a role in shaping the orbits of the two hot Jepit ing an angle far greater than the critical value-df¥ for which

systems discovered around the components of the wasP-941 L-K mechanism is expected to bfeetive. Th_e results of
nary, this scenario being reinforced by the high projectsid-s Jér}sen & Akeson (2014) suggest that the.f_ormanon procegses
orbit anglet=151"+20° and the retrograde orbit of WASP-94Ab 2 binary can favour those necessary conditions to pertisdnag
Any discussion about the evolution of the XO-2 planetary sy§Xtent the planetary orbits since the first stages of planetd-
tems still remains mostly at the level of speculation. Hogrein

our opinion by assuming that the orbital configuration oftthe

nary did not change greatly with time, the L-K mechanism alo ;

can not explain why the XO-2Nb migrated close to its pareart s;g' Conclusions

and became a hot Jupiter, while XO-2Sb and XO-2Sc are fartiee have investigated in detail the physical properties eX-

out, maybe being prevented to migrate because of mutuabsec@ stellar and planetary systems. This is the first confirmee ca
perturbations. In fact, the large separation of the twosdsads of a wide binary whose components, with g Bimilar to our

to very long periods of the L-K cycle, well beyond the presei®un but older and super metal-rich, host planets. This wircu
age of the system. Nonetheless, if the system originatesclostance motivated a first comprehensive characterizatigly st

to the galactic bulge, as discussed in $edt.3.3, this coae hOur analysis is based on high-resolution spectroscopi @zt
produced a strong modification of its orbit with time, makinggected with the HARPS-N spectrograph, and new photometric
the study of the perturbing mechanisms very complicated. Daata from several facilities. The main results describethis
spite our present inability in assessing the role of the L4cht paper can be summarized as follows:

anism for XO-2 on firm basis, nonetheless it is interesting to

mention the relevant work of Jensen & Akeson (2014) about tHe Through a spectroscopic analysis carried out with bogh th
determination of the protoplanetary disk geometry in ayina  equivalent widths and spectral synthesis methods, and the
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use of stellar evolutionary tracks, we derived new estimate The XO-2 system should be still regarded with interest, in
of the physical parameters of the XO-2 stars. By performirngarticular for the evidence of long-term trends in the RvVbath

a differential spectral analysis, we measured a positifferdi the stars for which a clear explanation is still not possiSteuld
ence in iron abundance of XO-2N with respect to XO-2S #tese signals be caused by additional companions in ouiis or
more than 3. When considering this finding in conjunctiorthis would make the system still more interesting to be stiidis
with the existence of a hot Jupiter around the star with tlaepeculiar laboratory for testing the theories of planetfation
higher iron abundance, a very interesting implication & thand evolution. We are collecting new data to improve the-char
the evolution of this planetary system, assuming the migracterization of the whole system and provide insights tessdv
tion of the giant planet, could have favoured the ingestipn lmpen questions.
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