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Abstract

Aims. In the context of the GAPS program, we observed#tgno system with the HARPS-N spectrograph in order to testwa ne
observational strategy, aimed to jointly study asteroseiegy, the planetary orbit and star-planet magnetic augon.

Methods. We took high-cadence observations on 11 nearly conseauitiyeés, and for each night averaged the raw FITS files using
a dedicated software, in order to obtain highi Spectra and radial velocity values free from stellar dstbdns, without losing this
latter information. Dedicated software was written to 8uailnew custom mask, used to refine the RV determination wethithRPS-

N pipeline, and to perform the spectroscopic analysis.

Results. We updated the planetary ephemeris and proved the aciehedate to the stellar binary companion. The study of stellar
activity variation suggests the presence of an high-ld¢itplage during the time span of our observations. The @tivel between
the chromospheric activity and the planetary orbital phraseains unclear. Solar-like oscillations are detectedhénradial velocity
timeseries: we could estimate asteroseismic quantitiedinfy a good agreement with theoretical predictions. Withgtellar model
built we found forr Boo an age of ® + 0.5 Gyr, and could further constrain the value of the stellassrta 138+ 0.05 M.

Key words. Stars: individual:r Boo — planetary systems — Asteroseismology — techniquestrgscopic — Stars: activity

1. Introduction gets for characterization are transiting exoplanets, lneifdrge

) i ) L population of non-transiting ones solicits new methods aind
While the number of confirmed exoplanets is rapidly increaggpyation strategies for this purpose.

ing, we are improving the ability to characterize them, dgo
means of studying their parent stars and the star-plaratdid
magnetic interactions. At the moment, the most interedting

In our intent of characterizing planetary systems with a
spectro-photometric approach, we selected the well-kreygn
tem 7 Bootis A (HD 120136, F6V, ¥#4.49) as a test case in
the framework of the project Global Architecture of Plamgta
Send offprint requeststo: F. Borsa System$ (GAPS, Covino et al. 2013). GAPS is a joinffat
e-mail: francesco.borsa@brera. inaf. it of Italian researchers in collaboration with a few expebtoad,

* Based on observations made with the Italian Telescopiod¥ai® 5,4 the GAPS team manages a lona-term observation program
Galileo (TNG) operated on the island of La Palma by the Fuiotac g g prog

Galileo Galilei of the INAF at the Spanish Observatorio Regie los
Muchachos of the IAC in the frame of the program Global Aretiitire L httpy/www.oact.inaf.itexoiyEXO-IT/ProjectgEntrieg2011/12/
of the Planetary Systems (GAPS). 27_GAPS.html
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with the high-precision HARPS-N spectrograph (Cosentino 8plicity of subprograms and goals within such limited tdepe
al. 2012) at the Telescopio Nazionale Galileo (TNGRBoo A time. Moreover, the exposure times have to be very short to-mo
is included in the sub-program dedicated to the charaetiiz itor the solar-like oscillations and consequently therasteismic
of planetary systems through studies of their interactioitk  targets have to be bright stars. Therefore, we did not méessph
the central stars. Its brightness allows us in particulgetdorm portunity dfered by the scientific case ofBoo, matching very
high-resolution spectroscopy and asteroseismology witiima well some exoplanetary goals (search for additional ptaastl
ited investment of telescope time. study of the star-planet interaction), to use it as a patbfima
The bright F6V star has a faint M2V companion (separaticapplying the high-cadence observation strategy for aséésmic
1.83”, Drummond 2014)7 Boo B, forming a long period bi- purposes.
nary system. The primary component (hereaft@&oo for sake The paper is structured as following: Sect. 2 presents the ob
of uniformity with current literature) was first claimed tos$t a servations and describes the data reduction. Sect. 3 igatkvo
planet with a period of 3.312 days by Butler et al. (1997), use the spectral analysis, with results presented in Sectelldr
ing the radial velocity method. Due to its brightness, tyistem parameters), Sect. 5 (orbital parameters), Sect. 6 (stativ-
was employed in the past to develop new study techniques thg), Sect. 7 (asteroseismology) and Sect. 8 (evolutiostage).
have been later applied to other stars. Among the most imp@enclusions are presented in Sect. 9.
tant discoveries, there are the fixing of upper limits on otéd
starlight providing a maximum value for the planet's albedo
(Collier Cameron et al. 1999; Rodler et al. 2010), the sjpectrp. Opservations and data reduction
scopic detection of CO absorption lines in the planet atrhesp
that permitted to determine the inclination angle of theeys 7 Boo was observed with HARPS-N on 11 nights between April
and thus the exact mass of the planet,#8.95 + 0.28 My, 13th and May 8th 2013, obtaining a very good phase coverage
Brogi et al. 2012; Rodler et al. 2012) and, very recentlyfits¢  of the orbital period of the planet. A few more observatiomsav
detection of water vapor in the atmosphere of a non-tramgsitidone in April and July 2014, to characterize the long-teend
exoplanet (Lockwood et al. 2014). observed. Th-Ar simultaneous calibration was used to ivgro
7 Boo was also considered in searches for star-planet m#lge radial velocity (RV) precision. The complete set of abse
netic interaction (SPMI)fects. In fact, a peculiar characteristicvations is shown in Table 1. When possible, right after tie ta
of this star is the presence of an optical variable modutatib get we observed the telluric standard stafMa (B3V, V=1.84,
the light curve likely due to photospheric spots which petesi  Vsini = 205 kms?!), thus providing a tool to remove telluric
at fixed longitudes for a few hundred days, as observed by t&es.
MOST satellite (Walker et al. 2008). SPMI is a long debated is
sue, with the best evidence coming from modulation of chromg _ : . . .
spheric activity tracers phased with the planetary orliealod Table l HARI?S-N R\k/] observations afBoo. This table is available in
rather than with the stellar rotation period (Shkolnik et24105, its entirety online atthe CDS.
2008; Lanza 2009, 2012).
Assessment of this behavior requires long-term monitoring

BJDy7c-2450000. RV (ms) RV err (ms?) Bis. span (ms)

of stars with close-in massive planets (hot Jupiters), Vegi 6396.517465  -16145.21 0.83 -104.71
signal—to—noise spectra/($> 300 at 3950A) and adequate re-  6396.518460  -16136.13 0.83 -114.74
6396.519444 -16141.63 0.84 -109.08

solving power R > 80000) to measure variability in the core
of deep chromospheric lines such as thenG4&K doublet.
Detection of periodicities and relating them to the plareiqad
is crucial, because variability can be due to intrinsidatelctiv-
ity, not related to the presence of hot Jupiters. On the dtaed,
the study of stellar activity is important as a source of Sadi
in the search and characterization of new planets in extia-s In order to study the star-planet interaction, we needed to
systems. reach a high signal-to—noise ratigin the zone of Ca H&K

In the case of Boo, previous searches for SPMI in theiCa lines. Unfortunately, to match this requirement with a sérex-
H&K lines were unsuccessful (Shkolnik et al. 2005). One pogosure, given the spectral energy distributiom 8o combined
sible reason is that SPMI is due to magnetic stresses betwedih the lower éficiency of HARPS-N in the blue region, would
the stellar and planetary magnetic fields, but thiget is very cause the saturation of the rest of the spectrum. We were thus
limited in 7 Boo because the stellar rotation is known to be sy@ble to create a synergy between two components of the GAPS
chronized with the orbital motion of the planet (e.g., Heaty campaign: for such a bright star the need to avoid saturation
al. 2000). Nonetheless, this system remains an interetstiggt well integrated with the requirements of an asteroseiswge f
because the parent star shows evidence of magnetic cydths, wibility study ofr Boo with HARPS-N. Our observational strat-
polarity reversals happening every2 years (e.g., Catala et al.egy consisted in taking several subsequent short expogece s
2007; Donati et al. 2008; Fares et al. 2009). tra (1 minute long) and then to average them to obtain a single

Asteroseismology of stars hosting exoplanets had a gregectrum with a very high/8.. In such a way we could obtain
boost from the photometric time series collected by spage mihe high-cadence spectra to monitor the solar-like ositia
sions. On the other hand, spectroscopic campaigns aimesd atahd get mean spectra to cover the orbital phase of the planet.
tecting solar-like oscillations are very hard to organiae tb the Moreover, we also get RV values to study the long-term stgbil
long time baseline requested to resolve and identify thé@egkc of the system.
modes. For instance, Bazot et al. (2012) could obtain a measu We developed an interactive program written in Python lan-
of the large separation of 18 Sco by means of 2833 datapoigtsage (Borsa et al. 2013) to average the raw images pixel by
collected over 12 complete nights. It igittult to insert an as- pixel, adjusting the header of the created files. The rewmylti
teroseismic program in a large project as GAPS, coveringla mmean FITS files are ready to be passed through the HARPS-N

6396.520439 -16141.12 0.80 -102.26
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pipeline, in order to be reduced exactly in the same way as all Spectral Analysis

the FITS fll_es acquired with HARP_S_N (Table 2). ._.The analysis of the magnetic activity oBoo was performed by
The Julian dates of the mean files calculated by the p|pell[]§ing the high 8\ mean spectra. The CCF provided by the DRS
gre not ther']cor.reclt ones due to.th.e preignqe o;the overinead t[.'Jipeline is computed by cross-correlating the spectrumiBdo
etween the single exposures: since this timeds sec, its in- gith the custom mask (see Sect. 2): it is thus essentiallgh hi

fluence gnf cor;]sectL)Jtlve kl' min EXposures |fs I:qwf]e Ife'e\éam- mean line profile, and is highly sensitive to the presence of
corrected for that by taking an average of the Julian dates gfiive regions on the stellar photosphere.

the _smgle images, weighted on their respect|)(!e:$1 this way To study the variability of the photospheric activity, wemao
we introduced a sort of exposure-meter information on the 10,0 the fine profile variations of the CCF, in particults i
Exposure mean .f'le' The RVs are ther_1 corrected for the cha ftrast (CCFc) and full-width at half-maximijm (FWHM), the
n th‘? Barycentric Ear_th Radial Velocity (BERV) between th%isector Inverse Slope (BIS, Gray 2008) and thg paramet’er
pipeline-estimated Julian date and the corrected one.ior t Figueira et al. 2013). We c'omputed these indicators by mean

purpose, we created a new tool and verified it to be compatg- - -
ble with the HARPS-N pipeline at the level f3 cms? in the spggtsrg).m made routines, developed by our team for HARPS-N

BERYV for different coordinates and dates (Borsa et al. 2013). ™™ \\/1s 41s0 monitored the variability of the chromospheric ac-

tivity. We focused on the Ga H&K lines (3968.47 A and
3933.66 A respectively), the Na@;, doublet (5889.95 A and

Table 2. RVs for the generated Boo mean files¢ refers to the orbital 5895 92 A), the HeDs triplet (blend at 5875.62 A), and the,H

phase of the planetary companion, based on ephemeris of Sact

considering the planetary inferior conjunction¢as0. line (6562.79 A) as chromospheric diagnostics.
The analysis of the chromospheric indicators, that we will
Night BJDy7c-2450000 RV [msS] RVerr[msy ¢ discuss in Sect. 6.1, is based on th&atential comparison be-

tween the spectrain the series realigned in the wavelepgttes

L 6396.531788 ~16135.08 0.86 0.73  This approach allows us to avoid the uncertainties related t
2 6397.536059 -16716.81 0.77 0.03 . . . S

the absolute flux calibration and continuum normalizatenmd
3 6398.499820 -17016.77 0.93 0.33 . .
4 6399548081  -16231.25 1.39 0.65 IS thus more robust than the one adopted by Scandariato et al.
5 6401.498724 -17085.13 0.79 023 (2013), which depends on the normalization to the contin(am
6 6402.497328 -16501.11 1.31 0.53 difficulttask in the presence of broad lines such as the &K
7 6406.653040 -16169.98 0.78 0.79 lines). Here we discuss how we reduced the data in order to per
8 6407.703825 -16904.41 0.89 0.10 form the diferential analysis, while in Sect. 6.1 we will analyze
9 6408.686713 -16878.51 0.96 0.40  the variability in the spectra afBoo.
10 6410.680969  -16603.65 1.34 0.00 In the following analysis we excluded the data of night 4,
11 6421.517542 -17054.54 0.97 0.27

because it has low/S and no spectroscopic standard star was
observed due to bad weather.
The Na D;, doublet, the He D3 triplet and the H line
are dfected by telluric contamination, variable from night to
The final reduction of the data (324 single exposures and ight due to diferent airmasses and atmospheric transparencies.
mean exposures) was done using the HARPS-N Data Reductié each night of observation, the removal of telluric feesu
Software (DRS) pipeline on the Yabi platform. Yabi (Hunter efrom the target spectrum was performed via comparison Wh t
al. 2012) is a Python web application installed at #4®Trieste, Spectrum of the standard statMa. Correction of telluric ab-
that allows authorized users to run the HARPS-N DRS pipelig@rption was achieved using the tasklluric in IRAF (Tody
on their own proprietary data with custom input parameters. 1993). Conversely, the GaH&K spectral region of the stan-
The pipeline installed at the TNG estimates the radial ygard star does not show any telluric feature above noisturiel
locities of the targets by computing a cross-correlatiorcfion correction was thus not performed on the correspondingisec

(CCF, Pepe etal. 2002) using the best suited line mask amoHBTs.erval ofr Boo in order to preserve the originals ,
the available ones (G2, K5 or M2 spectral type). Taking ad- In order to carry out the spectralffiérential analysis, we
vantage of the Yabi platform, we were able to create and ifeeded to rescale all the spectra to the same flux scale. o thi

plement a new custom mask ferBoo (Rainer 2013; Gratton purpose, we select_ed the spectrum at middle-time (i.e.nee-s.
2013). Using the standard G2 mask as a starting point, we m%ﬁ'—m Qfln'ght 6) |W|th lrespec:]_to V;’]h'.Ch we performed the dif-
sured the depths of several unblended lines in a well-exjyos rential spectral analysis. This choice aims at miningzamy

high SN 7 Boo spectrum. From these measurements, we foufipe-dependentinstrumentafect along the time series of spec-

; i ; ; tra (see below).
g}et;‘]oellc();vgnr?]aesr?(p;rrlsja![ﬁggreeIgp?lsetéeotgvesir;(t:r:r%mfgif?[):) For each diagnostic, we extracted the cc_)rrespond_ing sap_iectr
0.0409321: €280654L.0c2  Using this equation, we corrected thd €910M, and we compgred eac_h spectrum in the series with the
values of the line depths in the standard G2 mask and creafBffrence one on a pixel-by-pixel basis (Fig. 1), takingaadyv
the new custom mask (3625 photospheric lines) that we used g€ Of wavelength stability of HARPS-N. In this way, theeref
the data reduction. In addition to this, we increased thetwad €NCc€ Spectrum defined the common flux scale, and all the other
the half-window of the weighted CCF from the default value cﬁpectra were rescaled accordingly using a linear best-tief
20 up to 30 kms'(about the double of the Vsirof the star), in UX VS. flux relation. The intercept adjusts the baquromavél,
order to well cover the continuum around the wings of the meXyhile the slope rescales intrinsic stellar fluxes. Line soxere

l file. | h he RV SI596. excluded from the best-fit to avoid any intrinsic non-lingar
ine profile. In such a way, we reduced the RV error 0 possibly introduced by chromospheric variability. The thilof

the analysed spectral ranges and the line cores are reported
2 httpy/ia2.0ats.inaf.jt Table 3.




Table 3. Spectral ranges used for the analysed chromospheric diagno o
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tics. =
Line Vacuum wavelength ~ Spectral width  Core width 8 _
A) Q) A) T
Can K 3933.66 35 0.5 2 s |
Can H 3968.47 3.5 0.5 R
Nai D, 5889.95 35 0.3
Nar D, 5895.92 3.5 0.3 3 -
Hei1 D3 5875.72 3.5 0.6 ©
H, 6562.79 3.5 0.5 o
03_ —]
© T T T T T T T T
3930 3932 3934 3936
] A (R)
2 o
% § 7] Figure 2. Example of the low-order correction of the €& line. The
9, black line is the ratio of one spectrum in the series to theresfce
@ | spectrum, while the red line is the low order fit (95% confideband
X is shown in red dashes). The vertical dashed lines brackgirt core,
C o in gray, which is excluded from the fit.
o _
= y=-0.18+2.38x .

600 800 1000

Reference fluxes [counts]

Relative Residuals

Figure 1. Example of the flux calibration of the mean spectrum of nigh
3 over the mean spectrum of night 6 in theiO& spectral range. The
best fit (red line) is computed using the black dots, whichresent
instrumental fluxes out of the line core. The instrumentaietuof the
line core (in gray) are not included in the fit. The equatiothefbest fit

is also shown.

This procedure generally led to satisfactory resultsfluges
were well aligned along a straight line (Fig. 1). Still, in ewf
cases occurring especially with the K line, the residuals of
the fit were larger than the noise up 6% over small wave-
length ranges, typicallgl A (Fig. 2). These distortions, fre- <
quently observed during the first year of operation of HARP%Z
N, are not relevant in the measurement of RVs, but introdu€e
spectral dishomogeneities on a night-to-night basis whiely
hamper the SPMI analysis. To correct for them, we divided the
spectra by the reference one pixel by pixel, and we locatiydit
the ratio with a low order polynomial, excluding a narrow win

esiduals

dow centered on the line cores where the SPMI signal may be

mistaken as an instrumentdafect. Finally, each spectrum was

-0.02 0.00 0.02

-0.04

-0.02 0.00 0.02 0.04

-0.04

night 1, S/N=1968
night 2, SIN=1977
night 3, SIN=1773
night 5, S/N=1800
night 6, SIN=1317
night 7, SIN=1510
night 8, S/N=1394
night 9, S/N=1250
night 10, S/N=750
night 11, SIN=1735

T T T T T T T
3932 3933 3934 3935 3936 3937 3938

A (R)

night 1, S/N=2896
night 2, S/N=3082
night 3, S/N=3200
night 5, S/N=3337
night 6, S/N=1852

night 7, S/N=2427

night 8, S/N=2296
night 9, S/N=2381

night 10, S/N=1411
night 11, S/N=3130

3966

T T T T T T T
3967 3968 3969 3970 3971 3972 3973

A (R)

divided by the fitted ratio in order to remove the low order flukigure 3. Residuals relative to the average spectrum of the K4top
variations. In Fig. 2 we show an example of the low-order copanel) and H (bottom panel) lines. The color code is repairtetthe

rection in the Ca K line.
After the removal of distortions, we averaged the time s
ries of the low-order corrected mean spectra for each sgec

residuals with respect to the averaged spectrum (Fig. 8)iran
tegrated them over1A window around the line center, obtain-
ing the Integrated Relative Deviation (IRD). The uncetti@sion

nes.
range. Then, for each mean spectrum we computed the relativé

legend, together with the/S in the line for a 1 A spectral element (night
é_has been excluded, see text). The residuals have beentrmddot
ﬁVOid cluttering, for this reason they slightly exceed tbeical dashed

L

the IRDs are not easy to compute. As a matter of fact, the unc@f the IRDs by summing in quadrature photon noise and the un-
tainty introduced by the flux normalization depends on phot&ertainties on flux calibration and low-order correctiom this
noise and the reduction inaccuracies, while the low-orger ¢ Way we are taking into account the same sources of error more

rection tries to fix these inaccuracies, still with an unaieitty
level depending on photon noise. We computed the unceagsint

than once, thus obtaining an upper limit to the true unoatyai

The results of the whole procedure is presented in Sect. 6.
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Figure 4. Fit of the observed mean spectrum (solid black line) with thEigure 5. Amplitude of the Fourier transform of a mean line profile. Red
synthetic one (dashed red line) in the wavelength regiorsidened, dashed line refers to the LSD software, black solid line éoHIARPS-N
using the SME software. CCF. The horizontal lines show the noise level.

4.1. Differential rotation

Using HARPS-N data, we found evidence of solar-lik&et
We derived the physical parametersrddoo by means of fitting ential rotation int Boo by studying the Fourier transform of
synthetic spectra (ATLAS9 stellar atmosphere models,éllastthe mean line profiles of the mean spectra. We used two dif-
& Kurucz 2004) to a normalized HARPS-N mean file using thisrent mean line profiles: the CCF computed by the HARPS-N
SME software by Valenti & Piskunov (1996). Unfortunatehgt pipeline, and the profile obtained by using the LSD software
hydrogen lines could not be used to determine the temperatyDonati et al. 1997) on the wavelength regions 4415-4805,
because they span over several spectral orders, intraglpmb-  4915.5285, 5365-6505 A. The CCF was computed using the
lems in the normalization of the spectra. As such, we deddedyap; interface, which means that we were able to reduce the
use the region between 5160 and 5190 A, where the Mg tripigfectra with our custom mask and further increasing the CCF
can be found. half-window width up to 40 kms, to insure having the whole

We computed the Vsinusing the Fourier transform of themean line profile and the continuum.

CCF of a mean file (see Sect. 4.1). This value was kept fixed in We Fourier transformed both the LSD and the CCF pro-
the fit, while the other parameters were left free to varylddb files (Fig. 5) and found the values of the first two zero posi-
shows our results, which are in good agreement with the saluns g; andg,. The g; position gives an estimate of the pro-
found in literature (e.g., Santos et al. 2013). A portionhef bb-  jected rotational velocity Vsii while the ratiogy/q; is an in-
served and synthetic spectra is shown in Fig. 4. An indepgndeicator of diferential rotation (Reiners & Schmitt 2002), ei-
check of the stellar parameters was done with the methodibagger solar-like ¢./q; < 1.72) or anti-solar @z2/q; > 1.83). We
on the equivalent widths of spectral absorption lines (8@tsl. found q,/q; = 1.53 + 0.08 for the LSD profile andy,/q; =
2007, Biazzo et al. 2012, and references therein). Everisf th.63 + 0.04 for the CCF. The larger error in the LSD profile
method is not preferable due to the large Vismalue ofr Boo, arises probably from the fact that we did not use the whole-spe
results were compatible with those estimated with the stith tral range. These values are compatible with the results fro
spectra method. Reiners (2006)d>/g1 = 1.57 + 0.04) and Catala et al. (2007)

(Go/0h = 1.60+ 0.02).

Theqy/q; found can indicate either solar-likeftérential ro-

4. Stellar parameters

Table 4. Stellar parameters derived foiBoo. tation (equator rotating faster than the poles) or strorayity
darkening in a rigidly rotating star. In the second case fdihe
Parameter Value lowing empirical equation (Reiners 2003) can be used ta infe
Ter [K] 6399 + 45 the rotational velocity of the star:
logg [cms?] 4.27+0.06
[Fe/H] 0.26+0.03 Q2/01 = 175+ av + bv? 1)
Vsini [kms™]  14.27+0.06
Luminosity [L,] 3.06+0.16 wherea and b are parameters depending on the stellar spec-
Mass Mo] 139+ 025 tral type. In particular, these parameters are 0.172x 1073
Radius Ro] 1.42+0.08 andb = -0.993x 10°° for FO stars ancé = 0.184x 10~3 and
Vireakup[kms ] 352+ 67 b = —-0.116x 10°° for GO starsr Boo is classified as an F6 star,

falling in the middle of these values, which means that ireord
to justify the values ofyj,/q; found by means of rigid rotation
the star rotational velocity should be either between 4 b0
We determined stellar radius and mass (Table 4) by combkm s1(in the CCF case) or between 520 and 550 khiis the
ing the spectroscopic results with the parallax(84-0.19 mas, LSD case). Considering the values of mass and radius of Zable
van Leeuwen 2007) and using a bolometric correctiéh@78 we can compute the breakup velocifyfeakup = 352 kms?.
Torres 2010; Flower 1996). For the values),/q; to be caused by gravity darkening the star
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should rotate faster than the breakup velocity. We can teenr  We fitted the RVs with a Levenberg-Marquardt algorithm
ably estabilish that both thgy/q; values found show the pres-(Wright & Howard 2009), using a 2-planet fit model (Fig. 6)
ence of solar-like dferential rotation inr Boo. to take into account both the short-term variability duehe t
Adopting an inclination angle for the stae 40° (Donati et known planet and the long term trend due to the stellar binary
al. 2008) and using thay/q; values found, we can compute thecompanion (Sect. 5.1). To estimate the error-bars, we used a

differential rotation parameter= 22 whereQ is the equato- bootstrapping code (Wang et al. 2012). The orbital pararsete

Qo

rial angular velocity of the star, antl) is the diference between obtained are reported in Table 5.

the equatorial and polar angular velocities. Using the eogli
relation (Reiners & Schmitt 2003):

Table 5. Orbital parameters for theBoo system. Period and periastron
of the binary companiomn Boo B were fixed to those of the Drummond

X o 5.16(%) N 4.32(%)2 B 1.30(%)3 (2) (2014) astrometric solution.
Vsini Q1 S1 01
Parameter Value
we founda = 0.24+ 0.07 fromqy/q; = 1.53 (LSD profile) and ~Boo b
a = 0.16+0.04 fromqz/q: = 1.63 (CCF), both compatible with . p
the valuer = 0.18 found by Catala et al. (2007). The LSD result T P%fg [da-“ZlZ]SOOOO] 331@50?982?8 ;(010
is exactly the same of the férential rotation found by Donati i [mUST—Cl] 47173+ 297
et al. (2008) using spectropolarimetric measures. e 0.011+ 0.006
Our work shows that the LSD profile and the CCF provide w [deg] 1134 + 32.2
comparable values @j/q;. As such, the CCF computed inter- y[ms? 0.0
nally by the HARPS-N pipeline can be used as an indicator of msini [M ] 4.32+0.04
differential rotation, at least in the case of highl Spectra. semi-major axis [AU] 049+ 0.003
7Boo B
Period [years] 964 (i xed)
5. Orbital fit T periastron[BIDuTc-2450000] 12670 (i xed)
—1
For the nights where multiple HARPS-N exposures were taken, < [nr;s ] 12%?16;53336
we used in the orbital fit the RV values obtained from the mean w [deg] 941 + 64.0
spectra (Table 2), in order to be independent from stellar os y[ms? -10995 + 2730
cillations. In addition to our HARPS-N data, we used the re- msini [M] 0.4+0.1
cently released archival data of Lick Observatory (Fis@texl. semi-major axis [AU] 109 7
2014). These data were obtained with #efient lodine-cell se- offset, ms] 0.0
tups (identified as number 2, 13, 6, 8 in Table 5), that werertak Offset_l'(:k::tup?[m 51 _2317
in consideration during the analysis adding a RV shift aza fr otfset:zk’sasps [ms] 19.03
parameter to each set. We excluded all the data witls 30 OﬁsehAF;PS_pN [ms] _1629487

ms(e.g., all the data of the Lick setup number 2) and those
that were not keeping the same instrumental setup contsiyiou

independent long term trends

The number of Lick RV measurements used in the orbital fit RV SIOP@iscsupz [Ms™ y™'] 2.7+55
is 166. By combining Lick and HARPS-N data we obtained a ';\(/S|FPQick,saupl3 [ms "y —18388 i?'ff
dataset composed of 186 measurements, spanning a time inter SI0P&iacsetups [MS™ Y™ 1 Te0 xS
val of about 20 years RV S10p@;ccsaups [ Y] ~186+24
: RV slop&ares_n [MS™ y] -36.6+4.0

6O00F 7
FAea, ¥ 3
400; ‘ o Ty 7V 1 We analysed in frequency the RV residuals shown in the
2000 g a U 3 . bottom panel of Fig. 6, without finding any trace of additibna
B of v o eriodicity. We note in particular tha residuals o
5 E 7 ¢ periodicity. We note in particular that RV residuals of HARP
€ ool 4 & v . N show a clear correlation with the pipeline-estimated diise
- Fa v 0 span (Fig. 7), supportin eir stellar activity natures(disse
Y ’ pan (Fig. 7), supporting their stellar activity natures(issed
BRI Y WYY ‘e later in Sect. 6).
—-600 [~ v s °
——800[ 1
- ago; ‘ ‘ ‘ ‘ 5.1. Stellar companion
£ - gf L ik T ‘ Many astrometric measurements have been done to estingate th

res [

0 2000 4000
t [BJD—2450000]

orbital parameters of the binary stellar system, with thetne-
cent solutions (Roberts et al. 2011; Drummond 2014) clagmin

that the binary companion has a periodL000 years, and will

Figure 6. Two-objects orbital fit (gray) for the Lick Observatory
archival data (red upward triangles, pink squares, greemaard tri-

approach periastron within the next two decades.
To check if the RV data well match the astrometric best-fit

angles corresponding to thefldirent setup configurations 13, 6, 8 re-0rbit, we treated each Lick instrumental setup and HARPS-N
spectively) and HARPS-N data (blue circles). RV residuatsshown separately. We fitted a 1-planet model, imposing the orbial

in the bottom plot.

lution forr Boo b fixed, and keeping a long-term linear trend free

(lower part of Table 5). In this way, we could put in evidenoe f
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—40f Fal 6. Stellar activity
60 . 3¢ ‘i 4, ¢ ; g In this Section we aim to study the SPMI in thBoo system. To
_s0F ?I&s * -3’? . ;°-i§ os b this purpose, we extensively analyse and compare all the mag
- . ‘%; ..f' - ot netic activity indicators available, both computed digétom
0 1001 faeey B S <AL TR [ * the spectra and extracted from the CCF (see Sect. 3).
£ 120 R A ;’5 ¢ . . ]
o C [ ) s ® (] N
el r L e e . . .
_140f «® i ;;i S F - 6.1. Analysis of the IRD vs. IRD relationships
160 F ® 5 - 6.1.1. Can H&K and H,
[}
—-180¢L w w w w w Figure 3 shows that the cores of theiCld&K lines are dfected
-20  -10 0 10 20 30 by variability larger than noise in the corresponding spece-

Figure 7. Residuals of the planetary fit for the HARPS-N measureme
vs. the pipeline-estimated bisector span. The green ssjuefier to ex-
posures taken at JD 2456421, during which the target was\aise

V residuals (m s™)

gions. In Fig. 9 (left panel) we plot the corresponding IRDs o
ttrsle two lines (IRDy and IRDk, respectively): we found that the

"Wo proxies are strongly correlated with each other with a-co

fidence level 0~94%, thus validating the fact that the detected

between clouds. Red circles are the measurements for the fiem  Signal is not an artifact produced by our data reductionabises
Error-bars for the bisector span are taken as twice the R\ .err

from the magnetic activity of the star. The significance af th
correlation was computed by 10,000 random permutatioriseof t
data, which were also randomly perturbed by the correspondi
uncertainties. Since the uncertainties on the variabkes@npa-
rable, the best-fit line was computed by means of Ranged Major

the first time the changing of the slope in RVs caused by the XIS (RMA) regression (Legendre & Legendre 1983).

nary companion Boo B. The information of the astrometric or-

Since the two H and K proxies are strongly correlated, we av-

bital parameters (Drummond 2014) and parallax (van Leeuwgfpged them in order to obtain the collective {xDWe found

2007) imply a mass sum of IMg, and a value of @M, for

that the latter strongly correlates with the canonicalRag

7 Boo B. We used this value to calculate the astrometric-basé¥pyes et al. 1984) computed following Lovis et al. (2011)
orbital RV slope caused onBoo A by the stellar companion (Fig. 9, middle panel).

(Fig. 8).
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Moreover, as shown in Fig. 9 (right panel), IBD also
strongly correlates with IRR,. A similar result was obtained
by Fares et al. (2009), who spectroscopically monitorechtiie
tivity level of r Boo in 2008. This is consistent with féérent
studies by other authors (Meunier & Delfosse 2009; Martine
Arnéiz et al. 2010, 2011; Stelzer et al. 2013; Gomes da $ilva
al. 2014), who found strong pairwise correlations betwéden t
H&K and the H, lines despite the lierent formation heights
(lower and upper chromosphere respectively), adoptifigrdi
ent approaches (single-epoch comparison of many starsi; mul
epoch variability study of single objects, emission lineés vs
indices as relative measures, etc...).

6.1.2. Nai Dy 2 doublet and He D3 triplet
We found that the IRDs of the NaD; and Na D, lines lin-

early correlate, but with a confidence level not better th@2%
Figure 8. Points represent the values for the long-term RV slopesjfittgpig_ 10, left panel). We carefully checked the spectra aedlid
on Lick and HARPS-N data. Red square is the fit on the first L&tas ¢ fing any hint of bad telluric correction nor uncorrected t
with large error-bars, not taken in consideration for theffthe plane- o1 emission lines above the noise level. As descritieve
tary parameters. Black dot-dashgd Ilng represents the &ttat of the for the H&K i d the tw . btaining th
binary companion from the 2-objects fit of Table 5. Blue daislee is or (he Her lines, we average € (wo proxies obtaining the
the long term slope for the Drummond (2014) estimated besttit |RDpiz indicator.
for the stellar binary companion, assuming a mass value4dfig,. Plotting IRDb12 against IRk (Fig. 10, middle panel), we
did not find any correlation. This is consistent with the itssof
Diaz et al. (2007), who found a good correlation betweerNhe
and Ca doublets only for stars with Balmer lines in emissiant (
Clearly the data are not ficient to give more constraints,the case of Boo). In any case, it is interesting to note that there
but we can say that the best-fit astrometric solution is indgods a bifurcation in the sample of measurements (Fig. 10, faidd
agreement with the present data. The fact that the slope-calpanel).
lated on HARPS-N data is more than twice than those calalilate In a similar way, the IRB12 vs IRDpz plot seems to clus-
on Lick data demonstrates that the star is rapidly accéhgratter into two subgroups (Fig. 10, right panel). The origin loé t
due to the approaching of the periastron. A monitoring of thtevo trends is still unclear. Landman (1981), analysing adenv
RV trend during the next years will give the possibility tat@in  escent prominences on the Sun, obtained a similar biforcati
more reliable orbital parameters for the stellar binary pam comparing the intensities of the H®3 triplet with both Na
ion. D; and D lines. They conjectured, with no clear demonstration,
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Figure 9. Left panel: IRDy vs IRDk. Middle panel: IRDyk vs Log(R,,). Right panel: IRDyk vs IRDy,. In all panels, the color code is the same
as in Fig. 3, while the number in the bottom is the confidentermed by the correlation test. Numbers overplotted to gatats indicate the
ordered sequence in the series of observations. Gray dsisbeshe RMA best-fit.

that since the He triplet is back-heated by coronal UV réaliat ential rotation combined to the rotation rate of the staadems
then the two branches reflect the association of prominendiks line profile in a non-gaussian way.
with nearby corona_l activity of dlierent Ievells. The author re-  We thus approached the CCF profile analysis by averaging
marks that the origin of the two branches is related to the Hghe CCFs returned by the DRS from the series of 10 nightly-
Dj triplet, as it shows the same bifurcation when compared &eraged spectra, obtaining a master CCF profile with S
the intensity of the Ca 18498 line, while the latter well corre- higher then each nightly-averaged CCF/8ISThen, we fit each
lates with the Na Dy lines. On the contrary, we found the bifur-nightly-averaged CCF with the master CCF allowing for chemg
cation when IR} is compared with both IRE; and IRDu,  in FWHM and contrast (CCFc).
while there is no bifurcation in the IRR vs. IRDyk plot. Thus We also computed the BIS and thg,vparameter defined
our results indicate that the formation of the NBublet should by Figueira et al. (2013). The former measures the velodity d
be investigated to explain this twofold behaviour. _ ference between the midpoints at the top and the bottom of the
Another possibility is the presence of prominence-likestr CCF (Gray 2008), while the latter gives an estimate of thenasy
tures around the stars, formed with matter evaporating them metry of the CCF profile. By definition, the computation oftbot
planet and supported by the magnetic field of the star (Langarameters is model independent.
2014). Since exoplanets are expected to be richer in metal th  gince Queloz et al. (2001), variations in BIS are the

stars (e.g. Fortney et al. 2006), this may explain why the Ngaradigm for the signature of activity-induced RV variato
shows the two branches instead of theriBg triplet. As a matter of fact, they found strong anti-correlation kestw
Focusing on the HeDjs triplet, we found that the scatter ofthe measured RVs and the corresponding BIS of the CCF. Since
the IRDr3 measurements is slightly larger than uncertainties, ighen, the anti-correlation between BIS and residual raifc-
dicating that weak variability in this proxy has occurrddany. ities (RV;es, the RVs minus the planetary orbit best fit) is con-
Moreover, we did not find the correlation with the C&l&K  sidered a clear signature of short-term (i.e. rotatioriatiijuced)
lines which has been previously found by Garcia-Lopez et @hotospheric variability. In our case, BIS shows high deg®
(1993) in their sample of F-type main sequence stars. Thisggti-correlation with the residual RY (Fig. 7). This suggests
likely due to the fact that their statistical sample spanargd that RV;es are due to stellar activity.
range of Iog?.\VH.K, Whilg 7 Boo’s chromqspheric varigbility re- Another couple of parameters showing strong anti-
mained too limited during our observational campaign t@det cqrrelation is CCFc and FWHM (Fig. 11, left panel). This is
such a correlation. consistent with the fact that while FWHM measures the width
of the CCF at half maximum, CCFc counteracts in order to pre-
serve the area of the CCF. The two indices are thus sengitive t
the broadening of the wings of the CCF. We thus infer that cor-
The very high N of the mean spectra allowed us to study in dg€lations between these indices suggest broadening ilayiab
tail the CCF’s variability to a large degree of accuracy. amtjg-  the CCF.
ular, since the CCF is obtained from a large set of photospher Our results thus indicate that BIS follows the deformations
lines, the CCF'’s variability is indicative of the source dadel of the CCF better than CCFc and FWHM which, in turn, are
of photospheric activity. It is thus interesting to studg lBCF sensitive to the overall width of the CCF. BIS and CCFc canthe
profile in order to understand the phenomenology of magmetibe considered the best representatives of tfi@idint families
on the surface of Boo and how it is related to chromospheriof indicators. Given the operational definitions of BIS ar@He,
activity. we can regard the former as an indicator of the mean distortio
As suggested by Nardetto et al. (2006), one way to analy@lline profile and the latter as an indicator of the mean sfiten
the CCF profile is to retrieve its width and contrast to the-co®f photospheric lines.
tinuum by means of a gaussian best-fit. They also introduze th The weak variability of BIS with respect to measurement un-
possibility to fit asymmetric profiles by tweaking the gaassi certainties compared to CCFc (Fig. 11, middle panel) mag giv
model. In the case af Boo, both methods leaded to poor fits o6ome clues on the geometry of active regions on the stelfar su
the observed CCF profiles, likely due to the fact that thfeedi face. As a matter of fact, the stability of BIS and the valiapi

6.1.3. Parameters of the CCF
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Figure 10. Left panel: IRDp, vs IRDp,. Middle panel: IRDp1, vs IRDuk. Right panel: IRDpi1» Vs IRDps. In all panels, the color code is the
same as in Fig. 3 and represent§atient dates of observations. Numbers overplotted to damdsgadicate the ordered sequence in the series of
observations. In the left panel, the number in the bottorhéscbnfidence returned by the correlation test. In the middteright panels, the two
dashed gray lines are drawn by hand to highlight the bifisnatiscussed in the text.
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Figure 11. Left panel: CCFc vs FWHM Middle panel: CCFc vs BISRight panel: IRDp;, vs CCFc. Symbols and colors are the same as in Fig. 3.

of CCFc may indicate that the CCF changes its contrast with i@ 2. Time series analysis

spect to the continuum, while preserving its overall asytnyne

This is consistent with a scenario with an active region adou Using the ephemeris afBoo b reported in Table 5, we looked
the pole of the star, which is not Doppler-shifted by steitea- for the eventual phasing of each of the indicators discussed
tion and rapidly evolves in terms of contrast to the quiettpho far with the orbital motion of the planet. The most convinc-

sphere (either in temperatureférence antr coverage factor). ing cases are the phase-folding of IRDand IRD;, shown
in left and middle panel of Fig. 12, where we set the phase

¢ = 0 at the planetary inferior conjunction. In these diagrams
) o ) we overplot the weighted least-squares best fit of the form
We do not find any significant correlation betweeg,\and |rRp=A.sin 21¢+B- cos Zr¢+C, wherep is the orbital phase and
the other parameters of the CCF. A, B, C are the parameters to be fitted. We exclude JD 2456396
(i.e. night 1) from the fit because it is clearly an outliereTdo-
efficient of determinatioi®? of both fits is~50%, i.e. the model

When comparing the CCF parameters with the chrom@XpPlains~50% of the total variance of the sample. Moreover,
spheric indicators discussed in this Section, we found tHee likelihood ratio test suggests that the sinusoidal fibise
strongest correlation between IBR and CCFc (g:92.5%, right preferred with respect to the flat model with a relative lixebd
panel in Fig. 11). The same applies for IRDand IRD,_ with ~ close to 100%.

a lower confidence level g90%). We infer that the variability For all the other indicators, both chromospheric and CCF-
of the Nal Dy, doublet arises from changes in the line formaelated, we obtained lowé® coeficient, i.e. we found weaker

tion physics at the photospheric level, rather than genctime- or no evidence of such a phasing. Conversely, we found that
mospheric emission. As a matter of fact, the doublet is farm&€CFc, and IR[3;, consequently, shows a clear trend with

in the lower chromosphere (Tripicchio et al. 1997), and issthtime (right panel in Fig. 12). If we interpret that CCFc anti-
more closely related to the magnetic activity of the lowédsbe correlates with magnetic activity (either spot-like orgralike,
mosphere and photosphere. Moreover, as stated above, the 8&& Dumusque et al. 2014), then the decrease of CCFc between
Dj, doublet is a good proxy for chromospheric activity only fodD 2456402 and 2456407 suggests th8oo increased its ac-
mid-to-late type stars with emission Balmer lines, whicimdsg tivity level, and conversely it turned over towards a quietn-

the case of Boo. figuration between JD 2456411 and 2456422.
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Figure 12. Left panel: Phase folded diagram of IRR. Middle panel: IRDy,. Right panel: Time series of the CClsgaiss measurements. The
planetary inferior conjunction is g@=0. Colors and numbers are the same as in the previous figarte left and cental panel, the gray dashed
line is the least-squares best fit discussed in the text. ¥éeraport in the text the relative likelihood of the sinusdifit with respect to the flat
model returned by the AlCc.

6.3. Discussion it is still unclear whether the phasing of chromospheridvact

L ) ity with the planet is due to SPMI or to an active region simply
In Sect. 6.1 we argued that CCFc shows variations on timescaly otating. In any case, if the SPMI scenario is confirmediave
longer than the stellar rotation. Rolar magnetic regionsr 0Ny 5rk that in our observing season the plage is locatecat 1-
Boo have already been detected in several epochs by Fareg 8trig 12), indicating that the magnetic connection leem
al. (2013), who remark that the polarity of the magnetic fielgjanet and star, if present, has moved between years 2005 and
switches every-2 years. Moreover, inside each acti\_/ity_ cycl&n13. This may be due to a poloidal reversakdBoo’s mag-
they find signatures of rapid evolution oBoo’s magnetic field. peiic fields between these epochs. However, we remark that at
This supports the hypothesis that the variations of CCFc g§ga5e 0.8 we find the largest scatter in the activity diageeost
driven by large scale evolution of magnetic activity, evé&ng e have only two observations, and no statistical signitieaf
time spans as short aQO days _(F|g. 12, right panel). this hypothesis can be assessed.

Previous photometric monitoring of the star have never de-
tected photometric variability above the mmag level (Badis
etal. 1997; Walker et al. 2008). We thus assume that thedy/pie
peak-to-peak variability is of the order of 1 mmag as an upper
limit. With this assumptions, and assuming that the acéggéan We have shown in the previous sections how the mean spectra
is spot-dominated, using the SOAP2.0 code (Dumusque etauld be used to get very precise radial velocity measur&nen
2014) we obtain that the active region covefs1% of the vis- to study the planetary and binary orbits and very accuraliean
ible hemisphere. The corresponding peak-to-valley vianatof tors to monitor the stellar activity and the star-planegiattion.

RV, BIS and FWHM returned by the simulations a25 ms®, We now describe the results obtained from the analysis of the
while those of our measurements are actually larg&g@ ms?®, high-cadence, short-exposure HARPS-N spectra.
~70 ms?, ~150 ms?! respectively). We started our asteroseismic analysis with the correction o

Conversely, if we assume that the active region consiststbe Doppler shift due to the orbital motion of the planet (S&E
a bright plage, then the coverage factor~i2.5%. With this Then, to remove the residual low-frequency term left in tatad
coverage, the simulated activity-induced signal in RV, Bl several approaches were tried and we report here about tsie mo
FWHM is of the order of 100 m$, comparable with those of powerful one, i.e., the subtraction of a linear trend from data
our measurements. We thus conclude the high-latitudesaaiv of each night. This procedure ensured us that no spurious low
gion is likely to be plage-dominated. frequency term (due to instrumental problems, planetadytén

In Sect. 6.2 we briefly discussed the time variability of theary orbits, RV variations induced by activity phenomenthwi
most representative indicators, finding that the genuimerab- timescales longer than the duration of one observing se)en
spheric ones, such as IRRand IRD,,, seem to be phased withaffects the radial velocity measurements used for the asterose
the orbital motion of the planet. This has been previouslyntb mic analysis.
by Walker et al. (2008), who detected a plagerdoo at plane- This procedure returned timeseries centered at@RU m st
tary phase ~ 0.8 from Can H&K spectra in 2001 to 2003, and on each night (Fig. 13). The resulting RV curves show spo-
claim a photospheric spot using MOST photometric data takeadic peak-to-peak variations up to 15 M §JD 2456399 and
in 2004 and 2005. The authors state that the persistence of 2456410), but usually Boo is much more quiet, below 10 m's
active region at the same longitude is a strong indicatianith This amplitude is larger than that of the solar twin 18 Scaz(Ba
is due to a magnetic link between the planet and the star. ©n #t al. 2012), but comparable with that of the subgigaryi
other hand, Mathur et al. (2014) have recently reported a féBedding et al. 2007).
cases of bona-fide single F-type stars observedKaéfiher with The timeseries were then analyzed in frequency to detect
active longitudes persisting on the stellar surface foryys@llar  short-scale periodicities. We used the iterative sineenaast-
rotations. squares method (Vani€ek 1971) and we checked the restits wi

Sincet Boo’s rotation period equals the planetary periothe Generalized Lomb-Scargle periodogram (Zechmeister &
(with some degree of fierential rotation, Fares et al. 2009)Kurster 2009). The power spectra are very similar and styong

Asteroseismology

10



F. Borsa et al.: Putting exoplanets in the stellar conte®oo A

s - i g+

396.52 396.54  397.52 397.54 398.50 398.52 399.54 399.56

401.48 401.50 402.48 402.50 406.64 406.66 407.70 407.72

Radial Velocity [m s™']

o

I T
|-
| 1
|-
| 1
|-
| 1
|

1 1 | 1 1 1 | 1 11} | 1 1 1 | 1 1 1 1 | L1 1 1 1 | 1 1
408.68 408.70410.66 410.68 421.50 421.53
BJD-2456000

Figure 13. Asteroseismology of Boo: a linear fit was subtracted from the original HARPS-Nadafter the detrending from the planetary and
binary orbits.

affected by the sampling of the observations. The spectral witeverage: the doubling of the number of the measurements
dow shows strong aliases at multiples of £,d.e., 11.57uHz  would have allowed us to reach thg\NS-4.0 threshold.
(Fig. 14, insert in the top panel).

o ) 7.1. The asteroseismic results: observation vs theory
As expected from the limited time coverage, the frequency

analysis of the RV values cannot supply an univoque deterniire availability of a small set of high-precision radial aeity
nation of the asteroseismic content. The power spectrumris vmeasurements allowed us to obtain an estimate of the asigros
noisy: a first relevant pattern occurs between 1.5 and 1.8, mHaic parameters of Boo making a very limited observational
followed by another between 2.4 and 2.9 mHz (middle paneipvestment. It is worthy to verify these results in a theiosdt
Both are #fected by the spectral windowffects: each pulsa- context.

tional mode ofr Boo originates a structure similar to the spec- We computed where the excess of power is expected in a
tral window, destroying the expected comb structure of the estar liker Boo. To do that we used the scaling relations between
cited modes. The former pattern stands out a little morelgleastellar parameters\, Teg, andL; Table 1) and the frequency of
over the noise and it shows the highest peaks around 1.68 nthiaximum power of the oscillationg,a (€.g., Stello et al. 2009).
(bottom panel). The corresponding period of 9.9 min can b&e obtained 1.980.46 mHz, compatible at1o level with the
glimpsed in Fig. 13: itis traced by six consecutive meas@m@s observed value. We performed a further check on the detectio
(60 sec exposure time, 25-35 sec overhead), but of course ofbf vimax by computing the power spectrum of the power spectrum
modified by the interference with the other modes. The ampto identify regularities in the detected frequencies. Tlustmel-
tudes of the peaks are very small, around 1. Ehis value evant feature was the 11.%FHz spacing due to the aliasing ef-
takes into account the intrinsic incoherence (amplitudamta fect. After this a peak at 94 4Hz has appeared (insert in the
ing, mode lifetimes) of the solar-like oscillations. Wealsal- bottom panel of Fig. 14). If the structure centered at 1.6&nsH
culated the level of the noise in the RV timeseries obtainirdye to solar-like oscillations, then the 944z spacing should
0.35 ms?t. The corresponding/8=3.1 leaves some uncertain-be the large separation. Actually, the couplgaf, Av)=(1680,
ties on the significance of the 1.5-1.8 mHz pattern since t8d) uHz matches the observed relation (see Fig. 2 in Stello et
threshold @N=4.0 (e.g., Bedding et al. 2007) was not reachedl. 2009). Though not yet decisive, these results are giuigg
All these observational uncertainties are due to the lignit@e more confidence in the asteroseismic approach to studyate st
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A A drogen burning, with an internal content of hydrogen in thieec

‘ ‘ ] of aboutX; = 0.5. As predicted by Fares et al. (2009), it has a
At : ] shallow convective region, with a depth of abd, ~ 0.1R,
0.5 0= ] typical of stars in this phase. According to the stellar avol

] tion constraints, given the match with the observed atmesph

0 ; . - - / properties, and with the use of all the possible values ofsmas
T T T and metallicity, our computations show that the age Bbo is
i ] 0.9 + 0.5 Gyr and the mass 81 = 1.38 + 0.05M,. It is clear
5 1 that the accuracy on the values of age and mass here inferred
1 i are dependent on the stellar model calculation procedndeipa
‘ I particular on the physical and chemical inputs (e.g., Liret

0.00 N O | V0 T RV I8 OO O T SR BT POV PR

0.1 Spectral Window

Power
cooo
onE oD
7T
Lolilal

1

Red. Fact
o
=)
@

S - S R S al. 2014). Here we limit to notice that lower values of the so-
ool O S lar heavy-element abundan@& K),, led to a mass lower by 5%
[ A j g ] and an age higher by 30%. These values are in agreement with
T 1 those deduced above withinRuncertainty limits. The Lithium

Freq. [uHz]

o
o
o

Red. Fact

line at 6708A could not be used to confirm the young age, since
Ter = 639K (Table 4) putsr Boo in the Lithium dip (e.g.,

o o IERHRNARAC VAP VAR AR Balachandran 1995).

1.4 1.5 1.6 . 1.8 1.9
Frequency [mHz]

The value of age which has been obtained by direct modeling
results to be better constrained than the large range ofqugv
Figure 14. Asteroseismology of Boo. Top panel: spectral window of yalues obtained by fierent methods, like the empirical relation
the HARPS-N data in the 0.0-4.5 mHz range and zoom in the O.8atween large scale magnetic fluxes and age reported bytwidot
0.5 mHz range (insert)Middle panel: power spectrum in the 1.0- o 5| (2014), chromospheric activity (@a et al. 2005; Henry
4.0 mHz rangeBottom pandl: power spectrum in 1.3-2.0 mHz rangeg 5y 2000), i,sochrone techniques {{®aet al. 2005; Suéhkov &
and power spectrum of this spectrum (insert). Schultz 2001) or X-ray luminosity (Sanz-Forcada et al. 2010

In order to reproduce the oscillation observations obthine
hosting exoplanets by means of radial velocity measuresneint Sect. 7, among all the computed models we selected the ones
performed mainly for other purposes. which best fit the observations. For the selected models We ca

culated the adiabatic oscillation frequencies using theFALS
code (Christensen-Dalsgaard 2008b). According to ountaic
8. Evolutionary stage tions this star should show solar-like pulsations with actijpen
in the interval 700- 2600uHz and frequencies equally spaced
Y a large separation of abott = 95+ 1 yuHz. The observed
arge separation appears in excellent agreement with #e th
retical one. The range of frequencies is very similar, thoting
spectral window ffects makes very flicult a straight compar-

on. We can conclude that there is no discrepancy between th

HtARtPS-N ol(ajselrvagogs, we Icalguflated arl] grid (ﬁf thei?(;tregce lues we could infer from the limited HARPS-N observations
Stucture modeis o Boo EvVoved trom chemicaty un and the current modeling of solar-like oscillationsriBoo.
model on the zero-age main sequence, by using the ASTEC evo-

lution code (Christensen-Dalsgaard 2008a) and by varyieg t
mass and the composition in order to match the atmospheric pa
rameters available (see Table 4). 8.1. Tidal evolution
The evolutionary models have been produced by employing
up-to-date physical information by following the proceeluie-
scribed in Di Mauro et al. (2011). The input physics for the-ev Lanza (2010) and Damiani & Lanza (2015) found that the rota-
lution calculations included the OPAL 2005 equation of estation periodP,y in a sample of main-sequence stars vilit 2
(Rogers & Nayvonov 2002), OPAL opacities (Iglesias & Roge300 K accompanied by hot Jupiters with orbital pefg ver-
1996), and the NACRE nuclear reaction rates (Angulo et dfies the relationship & Prot/Pors > 2 (cf. Fig. 10 in Damiani
1999). Convection was treated according to the mixing#eng& Lanza 2015). Given its almost synchronous rotatierBoo
formalism (MLT; Bohm-Vitense 1958) and defined through theatisfies this relationship as well. The timescale of tigathiro-
parametewr = (/Hp, whereH; is the pressure scale heightnization of the stellar rotation is at least-12 orders of magni-
The initial heavy-element mass fracti@n has been calculatedtudes longer than the stellar age (e.g., Donati et al. 2083
from the iron abundance given in Table 4 using the relatid Ogilvie 2009), suggesting that the system reached the ZAMS
[Fe/H]= log(Z/X) — log(Z/X)e, where Z/X) is the value at the close to its current synchronous state. The subsequenttirol
stellar surface. We obtainetf X = 0.045+ 0.003 assuming the was characterized by a weak tidal interaction between tespl
solar value Z/X), = 0.0245 (Grevesse & Noels 1993). and the star with a very slow braking of the stellar rotatiom;
The resulting evolutionary tracks are characterized by tleg to the low braking fficiency of the stellar winds of mid-F
input stellar mas3aM, the initial chemical composition and atype stars (cf. Damiani & Lanza 2015, Sect. 6.1.2 for detdits
mixing-length parameter. other words, the present orbital and rotational angular emam
The location of the star in the H-R diagram identifreBoo in ther Boo system are likely to be close to the initial ones with
as being at the beginning of the main sequence phase of corevery little evolution since the system arrived on the ZAMS.

It has been well demonstrated (e.g., Cunha et al. 2007) teat a
rate determination of mass and radius combined with the-sp
troscopic measurements of atmospheric parameters all®wzs u
well constrain stellar structure of observed stars.

Thus, in order to assess the information available fro
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9. Conclusions Bedding, T.R., Kjeldsen, H., Arentoft, T., et al. 2007, Ap83, 1315
) . Biazzo, K., D'Orazi, V., Desidera, S., et al. 2012, MNRAS742905
We studied ther Boo system by means of a new observation@bhm-Vitense, E., 1958, Zeitschrift fur Astrophysik,, 46,15
strategy applied to HARPS-N spectra collected in the fram@ersa, F., Rainer, M., Poretti, E. 2013, Internal report GAFCI-REP-006

work of the GAPS project. It allowed us to obtain both highgﬁig; '\4-' S”‘I\f/'l'aerrgy'- GA-VGV-’m@%‘;R;-;;f'ég%ﬂ';‘j‘ggf'lgoz
cadence 60-sec exposures to monitor the solar-like o80fiR g e, R P wright, J. T., Marcy, G. W, et al. 2006, ApJ66805
and high $N non-s_aturated spectra to study stellar activity anghstelii, ., & Kurucz, R. L. 2004, arXiv:astro-{f#05087
star-planet interaction. Catala, C., Donati, J.-F., Shkolnik, E., et al. 2007, MNR&®4, L42
We developed new computational tools to perform the cgﬂf!siensen-ga:sgaafg’ j ggggg' ﬁpgggv :3),12' ﬁ3
.. . ristensen-Dalsgaard, J. , Ap , ,
addltlon. of consecutive spectra "’?”d subsequent averagerof ¢ @Ilier Cameron, A., Horne, K., Penny, A., & James, D. 1998{uxe, 402, 751
preserving the correct computation of the BERV (and thus R¥}sentino, R.. Lovis, C., Pepe, F., et al. 2012, Proc. SRIESS
values that have to be referred to the flux-balanced referemevino, E., Esposito, M., Barbieri, M., et al. 2013, A&A, 55428
time. Implementing a custom mask foiBoo allowed us to ex- Cunha, M. S., Aerts C., Christensen-Dalsgaard J. et al. AGAR 217
tract more accurate RV values; the adaptation of the Yalpi plgarmiant C. &Lanza. A F, 2015, AGA, 574, /39

P : - i Mauro, M. P, Cardini, D., Catanzaro, G. etal., 2011, MNRA15, 3783
form gave us the possibility to test and verify these newstaol ., " "¢ "Gincunegui, C.. & Mauas, P. J. D. 2007, MNRAS, 3007

an user-friendly system. _ _ _ Donati, J.-F., Moutou, C., Farés, R., et al. 2008, MNRAS, 38L79
Our results can be resumed in the following points. Donati, J.-F., Semel, M., Carter, B. D., et al. 1997, MNRAS1 2658
Drummond, J. D. 2014, AJ, 147, 65
— We updated the ephemeris for the plaﬁeBoo b and Dumusque, X., Boisse, I., & Santos, N. C. 2014, ApJ, 796, 132

showed, by means of our RVs, that the binary compani(,’ig;gz' S" ,\Dﬂgﬁi‘g&‘]g'b'\gﬁ;;o‘j’ ?: :: Z: gggg' mgﬁg"mnzﬁi

7 Boo B is rapidly accelerating, confirming the astrometrigigyeira, P., Santos, N. C., Pepe, F., et al. 2013, A&A, 55592
predictions that it is approaching the periastron on a lightischer, D. A., Marcy, G. W., & Spronck, J. F. P. 2014, ApJ),A
eccentric orbit. We plan to take additional observatiorte@n Flower, P. J. 1996, ApJ, 469, 355

next years to have a more reliable value of its eccentricity.F0'tne, J. J., Saumon, D., Marley, M. S, et al. 2006, Apd, 695

; . Garcia-Lopez, R. J., Rebolo, R., Beckman, J. E., & McKeithDC1993, A&A,
— The SME software was applied to determine new stellar pa-,73 48% >

rameters, giving the same results as the equivalent widtbmes da Silva, J., Santos, N. C., Boisse, |., et al. 2014, AB68, AAGE
method. In particular we refined the values of mass and 1@ratton, R. 2013, Internal report GAPS-SCI-REP-002
dius to 139+0.25 M, and 142+ 0.08 R,. We could establish Gray, D. F. 2008, The Observation and Analysis of Stellart@smheres, by

. . p . _ David F. Gray, Cambridge, UK: Cambridge University Pre€9&
that the star shows strong(ﬁarentlal rotation, which we de Cgevesse, N. & Noels, A. 1993 in Origin and Evolution of therents, ed. S.

termined by means of both the LSD mean line profile and kynhono & T. Kajino, 14
the CCF. We stress that the CCF computed by the HARPSHunry, G. W., Baliunas, S. L., Donahue, R. A., et al. 2000,,431, 415

pipeline can then be reliably used as an indicator fieden- Hunter A.A., Macgregor A.B., Szabo T.O., et al., Yabi: Anioelresearch envi-
tial rotation ronment for Grid, High Performance and Cloud computing,r8@€ode for

. . R Biology and Medicine 2012, 7:1
— The analysis of the correlations between several indiCggsias, C. A., & Rogers F. J. 1996, ApJ, 464, 943

pointed out evident chromospheric activity. In particutbe Landman, D. A. 1981, ApJ, 251, 768
activity indicators extracted from HARPS-N spectra suggelsanza, A. F. 2009, A&A, 505, 339
the presence of a plage around one of the poles of the stdpza A. F. 2010, A&A, 512, AA77

; - . nza, A. F. 2012, A&A, 544, AA23
The nature of the chromospheric activity remains uncertal nza. A.F. 2014 AGA. 572, LL6

It iS_ unclear if it is due to SPMI or to a corotating active_epreton, Y., Goupil, M. J., & Montalban, J. 2014, EAS Paations Series, 65,
region, or both. 99
— Solar-like oscillations are detected in the RV timeseriekegendre, P., Legendre, L., 1998, Numerical Ecology, Eésev

i ; inLockwood, A. C., Johnson, J. A, Bender, C. F., et al. 2014],A83, L29
Thoth very limited by the spectral window, we could mLovis, C., Dumusque, X., Santos, N. C., et al. 2011, arXi0ZA5325

fer observational Values{ Ofnax andA.V' TheS.e values are in Martinez-Arnaiz, R., Maldonado, J., Montes, D., et all@0A&A, 520, AA79
good agreement both with the scaling relations and the-ast@#rtinez-Amaiz, R., Lopez-Santiago, J., Crespo-@hat, & Montes, D. 2011,
oseismic model computed from our stellar parameters. ThisMNRAS, 414, 2629

result supports our confidence in the application of therastéathur, S., Garcia, R. A,, Ballot, J., etal. 2014, AZA, 563124

oseismic approach to other bright stars hosting exoplaoetﬁgﬁirgﬁg '\,'\, ‘g,‘\ADoﬁlrfgrsdseb_incr)\?sl'l:‘gg_A’e?%}j 213863 ABAZIB00

constrain their ages and masses. _ ~ Noyes, R. W,, Hartmann, L. W., Baliunas, S. L., et al. 1984) /279, 763
— From the evolutionary point of view, Boo is at the begin- Pepe, F., Mayor, M., Galland, F., et al. 2002, A&A, 388, 632

ning of the main sequence phase of core hydrogen burnifeloz, D., Henry, G. W., Sivan, J. P., et al. 2001, A&A, 37892

with an age of ® + 0.5 Gyr. The model built allowed us to Raner. M- 2013, Internal report GAPS-SCI-REP-007
furth in th | f1h I Reiners, A., & Schmitt, J. H. M. M. 2002, A&A, 384, 155
urther constrain the value of the stellar mass @8k 0.05  gainers, A. 2003, A&A, 408, 707
M, and thus, using = 445 + 1.5° (Brogi et al. 2012), the Reiners. A., Schmitt, J.H.M.M., 2003, A&A, 398, 647
mass of the planet to. 83+ 0.17 My Reiners, A. 2006, A&A, 446, 267
Roberts, L. C., Jr., Turner, N. H., ten Brummelaar, T. A.,le2811, AJ, 142,
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