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Abstract. We present HARPS spectroscopyofirae (HD160691) performed for studying the origin of the atiétity ex-
cess in this planet-hosting stars. The asteroseismol@gipaign led to the previously reported discovery of a 14headss

LO planetary companion (Santos et04b). The presengsasabinforces this interpretation by excluding othersiole pro-

- cesses for explaining the observed Doppler variation aadsléo the identification of up to 43 p-mode oscillations W4B-3,

8 frequencies in the range 1.3-2.5 mHz and amplitudes in thgerd0-40 cm3.

a Key words. stars: individual: HD160691 — stars: oscillations — teqaeis: radial velocities — planetary systems

N 1. Introduction lar interiors and for testing the internal structure andncical

composition of bright solar-type stars (e.g. Bouchy & Garri

I One particularly important_fact that is helping astr_onoa;ne; Bedding & Kjeldsefl 203). It also appears as the only
o un_derstand the mechanlsms of planetary formation hasi@ans o determine the metallicity gradient across théastel
¢ do with the planet-hosting stars themselves. These Sta® Wi jor in order to solve the question of the origin of metal

found to be particularly metal-rich, i.e. they have, on the alicity excess in planet-hosting stars (Vaucl004; Ra%o
-—erage, a metal content higher, by0.2 dex, than the OneVaucIair)

< found in field stars without detected planetary companierts ( We noted earlier (Bouchy et a[, 2004: Boud 005) that
@ Gonzalef 1998; Santos et . 20PI, 3403, 2p04a). with a radial velocity( precisiyon benﬁ 1 m§ theml—[ARP)S
The impact of this fact is enormous regarding the u”desrpectrograph (Pepe et &I 2p02, Mayor efal. 003) mounted
~standing o_f the processes of planetary formation and geolut 4; the 3 6-m telescopeffered promising perspectives for such
al If stars with planets were formed out of more-than-averaggaoseismologic studies. We present here results ofsaur a
@_me'Falllc material, then we might conclude that the metalli¢grgseismologic campaign obtained with this instrument on
q—'ty is playing a key role in the formation of giant planets,n160691, one of the most metal-rich stars with planetary
However some evidences suggest that planetary materiat migympanions. Comparison with stellar structure models and i

have fallen onto the planet-hosting stars (Israelian @01; erpretation are presented in a companion paper (Bazot et al
(O Murray & Chaboyef2042) and might be able to produce t1BD0%).

O metallicity excess observed. In this case we might condiuale
I the issue of planetary migration is commonly to be engulfed
by the star. Which of these two scenarios is correct? In otherObservations and data reduction
N words: is the metallicity excess observed in planet-hgsttars
¢ of primordial origin, or is it due to stellar pollutiorfiects?
Asteroseismology consists in measuring properties of
mode oscillations and provides a unique tool for “drillirgjel-

HD160691 (i Ara, HR6585) is a G3IV-V star with a V magni-
ide of 5.1 and a metallicity [FFd] of +0.32. A giant planet
1.7 Myyp) in @ long period (637 days) orbit was detected

by Butler et al. @1). The orbital solution was updated by

Send offprint requests to: e-mail: Francois . Bouchy@oamp . fr Jones et al.@ 2) and Gozdziewski et pl. (2003), who found
* Based on observations collected with the HARPS spectrbgrag® long term drift possibly due to the presence of a second

at the 3.6-m telescope (La Silla Observatory, ESO, Chilegam body (> 1.5 My, ~1500 days) in the system. Bright enough

073.D-0578) for HARPS, this target is furthermore well sited for an as-
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Fig. 1. Radial velocity measurements of HD160691. White cir- 2
cles correspond to the night average. The dotted curve-corre
spond to the orbital fit of the low-mass-planetary companion ‘
confirmed thanks to additional measurements by Santos et al.io i} Aenal s
(2004). L ; |
0~ el B }‘ y ‘ i | g | —
teroseismology campaign (observable more than 10 hours per | ‘ 1
night). HD160691 was observed over 8 nights in June 2004. g ; é ‘ 1‘0
We took sequences of 100-s exposures with a dead time of 31- hours

s in-between. In total 2104 spectra were collected withdgipi
night-averaged signal-to-noise ratigi} per pixel in the range
95-193 at 550 nm.

The spectra obtained were extracted on-line and in re
time using the HARPS pipeline. Wavelength calibration was
performed with ThAr spectra. The radial velocities were ob- =
tained by weighted cross-correlation with a numerical mask
constructed from the Sun spectrum atlas. We also computedzf
oft-line the stellar radial velocities using the optimum weigh
procedure as described by Bouchy et moon but found no
significant gain. The journal of the observations is given iA °[
Table 1 and the radial velocities are presented in Figﬂreﬁﬂ & |
E. The dispersion of each individual nights, in the range2l® i |
ms, is strongly dominated by the acoustic modes with period = |- .
around 8 minutes as shown in F}. 3. i 1

The simultaneous ThAr spectrum was used in order to " L ‘ ‘ o o
compute the instrumental drift using the optimum weightpro  © 20 40 60 80 100
cedure. The spectrograph drift was systematically lowean th minutes
0.75 ms?! during a night and lower than 2 msduring the Fig.3. Zoom of radial velocity measurements showing in the
whole campaign, illustrating the extreme stability of HARP time series the presence of p-modes with periods around-8 min
Considering this point, we observed without simultaneouges. The semi-amplitude of about 2 m sloes not represent
Thorium during the fourth night in order to construct as motée individual amplitude of p-modes but comes from the inter
properly as possible (without any risk of ThAr contaminajio ference of several modes.

a high $N combined spectrum for spectroscopic analysis of
HD160691.

@

Fig.2. Radial velocity time series of individual nights dis-
played from bottom to top in a relative scale. The box on the
fgurth night is zoomed in Fig] 3.

3 i

In order to confirm the long period modulation, further
observations were carried on during two GTO runs (program
073.C-0005) in July and August 2004. Considering that the
Our first surprise was to detect in the Doppler signal an ulengest periods of p-modes in this star are around 11 minutes
expected modulation with an semi-amplitude of about 4 s(see Secﬂ 4), we decided to construct each measurement by av
and a period equal or greater than 8 days. Hig. 1 clearly shosvaging consecutive independent observations over acdpefio
that we would not have been able to detect such a small signahice the longest acoustic period 22 minutes). These further
only one measurement was made each night. Indeed, the sem@asurements allowed us to confirm the modulation and de-
amplitude of 4 ms! corresponds typically to the peak-to-peakermine the period to 9.55 days. This Doppler modulation was
variation induced by the p-modes in the time series. interpreted as caused by a 14 earth mass planetary companion

3. A low-mass-planetary companion
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Table 1. Journal of radial velocity measurements. The mini-
mum and maximum /8! of spectra obtained during the night is
given. The dispersionrys is strongly dominated by the seis-

mic signal and do not reflect the precision of individual fioin 5
Date Nb spectra Nb hours  /I$ orus [Ms™] S
200406/03 279 10.32 105-181 2.49 =
200406/04 274 10.19 65-237 1.71 é
200406/05 285 10.34 77-239 1.79
200406/06 286 10.38 132-235 2.03
200406/07 275 10.35 43-263 2.20
200406/08 229 8.43 24-233 2.04
200406/09 202 7.43 57-147 1.65
200406/10 274 10.42 32-186 1.49 . . . . .
Fig. 4. Typical Cross Correlation Function of HD160691 with
location of the intervals used to compute the bisector vloc
spanV; — Vp.
the third one detected in this exoplanetary system andghé li 10 - . N
est planetary companion ever observed (Santos 004b_‘} i . L

In order to verify if this long period modulation was due to a; 5
blended binary system or a stellar spot, we conducted atbisec_
analysis of the Cross-Correlation Function (CCF) as deedri U‘% of
in Queloz et al.[(2041) and Santos et fl. (3002). Such an analy
sis is very dicient to discriminate between radial-velocity vari
ations due to changes in the spectral-line profiles from pufe
Doppler variations due to the orbital motion of the star.. Iﬁg o
presents a typical CCF of HD160691. We computed the bi-
sector velocity of each CCF for 100ft#rent levels (dividing o 1 = 3 T 5 s . s
the CCF in 100 slices). We defined the “bottom” velocity BID — 2 453 160
and “top” velocityV; by averaging the values in the range 10rig 5 Bisector velocity span of the CCF profile of HD160691.
35% and 70-95% of the CCF depth, respectively. THEedi \yhite circles correspond to the night average.
enceV; — V, is equivalent to the bisector velocity span and is
used to measure the variations of the line profile. The result !
our bisector analysis is presented in FEb 5 at the same scale ||
as Fig[ll. The dispersion of the velocity span on an individugtlo‘8 i
night is about 2 mg. No variation appears in phase with the® .
radial-velocity variations of period of 9.55 days. We chegk g
that no high frequency signals are present in the veloc'mylspg 0al
showing that p-modes induce a pure Doppler variation on the |
spectral lines. The dispersion of the night-averagedeiglo %2 [
span is 0.8 m3g. This result indicates that the periodic-radial-
velocity change is not due to an blended background binary °
(as HD41004 - see Santos et[al. 4002) nor a dark photospheric [+
stellar spot (as HD166435 - see Queloz ef al. P001). R

We also checked the magnetic activity of HD160691 by ’ i
computing the chromospheric activity ind&based on the = o6 [
relative flux level on Call H and K lines (see F@. 6). We mea&}j
sured the flux in two 1 A pass bands centered on the H and2K™* [
lines normalized by two 20 A wide sections of photospherfc, , |
flux centered at 3900 and 4000 A. The ind&xcomputed on r
the 2104 available spectra, has values in the range 0.1260.  o— w050 Tmemr memn mese T oem
Once in the Mount Wilson scale (Vaughan efal. 1978), this cor Wavelength [A]
responds to a loB,,=-5.034:0.006 (Noyes et a|. 19B4). As _ _ _
mentioned by Santos et 4b) this value, in close agrgég- 6._Ca|| .H. and K lines for HD160691 showing no chromo-
ment with the one obtained by Henry et 4. (1996), is typi¢al §Pheric activity.
an inactive solar type star.

51
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Fig.7. Power spectrum of radial velocity measurements gfg.8. Sum of the echelle diagram showing the modes
HD160691. [=0,1,2,3 and their side-lobes.

Finally our acoustic spectrum analysis (see Sgct. 4) allowHz modulated by a broad envelope, which is the typical sig-
to estimate the rotational period-a22 days which definitively nature of solar-like oscillations. This signature alsoesg in
eliminates any stellar activity origin in the 9.55 days $ilJn  the power spectrum of each individual nights. The mean white

We noticed that the residuals around the best Kepleriangiise level computed in the range 0.7-1.2 mHz 821073
have a rms of 0.43 n1$ for the 8 night-averaged measurem2 2. Considering a Gaussian noise, the mean noise level
ments made during our campaign of asteroseismology (avigfithe amplitude spectrum is 4.5 critsConsidering that the
age of more than 200 individual observations) and have a rfiifie series is based on 2104 measurements, the corresgondin
of 1.3 ms* for the other nights (average of 15 observations)e|ocity accuracy thus corresponds to 1.17 #a §he uncer-
This is due to the presence of low frequency (few hours) modinty due to photon noise is estimated to 0.52 risdicating
lations in the Doppler signal (see F[g. 2) with semi-amplés  that we are not photon-noise limited. The origin of the extkr
of 1-2 ms* which are not averaged by 15 consecutive indgpjse level of~1 ms s still unclear. The main instrumental
pendent observations. We checked that this noise did not ggritation of HARPS could comes from the guiding and cen-
pear in the Thorium signal. We also checked that this noise Waring errors on the optical fiber input but tests made during
not introduced by chromaticfiect on the fiber entrance duecommissioning indicated error sources at the level of 0.2'ms
to atmospheric-dispersion-correction residuals withngfeaof (Mayor et al., 2003). We strongly suspect a stellar origithf
seeing or change of fiber centering. The flux ratio betweea blygise (like granulation noise).
and red spectral orders do not present correlation withawe | |y solar-like stars, p-mode oscillations are expected s pr
frequency modulation seen in the Doppler signal. The o§in quce a characteristic comb-like structure in the powertspec

this noise is still unclear, but considering that it doesse®m with mode frequencies, m reasonably well approximated by
to be an instrumentalffect and that its amplitude change withhe simplified asymptotic relation (Tassoul 1980):

time, we strongly suspect that it could have a stellar ofiije
granulation noise). Vaim & Av-(n+ l +€) — 6vo2- I(+1) -

A third exoplanet with low-mass (1¥lg) and short-period 2
(9.55 days) was not completely unexpected and was condidere The two quantum numbersand| correspond to the radial
as a possible lucky by-product of this asteroseismology-caorder and the angular degree of the modes, respectively. For
paign. In fact statistics of the exoplanet sample show that tstars of which the disk is not resolved, only the lowest-degr
probability to find a new exoplanet is higher around a planetiodes [ < 3) can be detected. In case of stellar rotation, p-
hosting star (more than 10% of known exoplanets are in a motedes need to be characterized by a third quantum number
tiple system), even if the host star is overmetallic. We shavalled the azimuthal order{ < m < ). QuantitiesAv, vy
here that the only way to find such an companion with a semaindQ correspond to the large spacing, the small spacing and
amplitude of only 4.1 m3 was to perform such an intensivethe rotational splitting, respectively.
campaign of radial velocity measurements in order to averag The power spectrum, shown in F@. 7, presents a clear and
properly and completely the stellar oscillations. unambiguous periodicity of 90Hz both on its autocorrelation
or in the comb response. In order to identify the angular de-
greel of each mode individually, we cut the power spectrum
into slices of 9QuHz and summed up them. The result, which
In order to compute the power spectrum of the velocity timerresponds to the sum of the echelle diagram, is presented o
series of Fig[|1 (corrected from the orbital motion), we usd?:lg.ﬁand allows to identify unambiguously modesO0, 1, 2, 3
the Lomb-Scargle modified algorithm (Lo76, Scargknd their side-lobes due to the daily aliasesBt.57uHz.
) for unevenly spaced data. The resulting LS periodogra We selected the strongest peaks with a signal-to-noise rati
shown in Fig[|7, exhibits a series of peaks between 1.3 and grgater than 3 in the amplitude spectrum and identified them

Q-m Q)

4. Acoustic spectrum analysis
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Table 2. P-mode frequencies for HD160691Hz). The fre-
guency resolution of the time series is 1/36z. Frequencies %% 7
with label? correspond to peaks with a signal-to-noise ratio il’i .04 | ‘ ‘ b -
the range 2.5-3 and have to be considered with caution. & r | | 1
0 L bttt Ab“‘dllﬂ‘xhﬂud}lﬂkk Jm.l.lmuﬂ.lL.mLMLL LD
1=0 =1 1=2 1=3 135 14 145 15 155 16 165 17 1.8
n=13 13818 0.16 -
n=14 .. 1424.5 o1 =
n=15 14784 1513.7 155%11557.0 1592.¢ v 01f .
n=16 1562.3  1600.2 16825 008 - T E
n=17 ... 1731.817349 17722 Foo b o w0 | I
n=18 17409 1780.8  1824/21826.6  1862.3 0.02 ML I L
n=19 1831.6 19145 1954.7 ° 175 1.8 1.8 19  1.95 2 205 21 215
n=20 1922.0 1960.4 2005/2007.8 2042.5 0.08 \ T \ \
n=21 2010.1 2051.0  2094/2096.7  2132.8 oos | | 1
n=22 2101.0 2140.8 2182/2184.9 % {
n=23 2189.F 2231.0 2274%/2276.6 2315.7 AL Co 1 (A R B PR ]
n=24 22803 23227 F ooz u n
n=25 o ﬂ AMMMMLMAH.MM lJmmm o ! i
n=26 2504.5 2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5
Frequency [mHz]
Fig. 9. Power spectrum of HD160691 with the identified fre-
. guencies in TabIE 2 marked by dotted lines.
Table 3. P-mode amplitudes for HD160691 (crtk
.6 i i i i i i T T
=0 I=1 1=2 1=3 I .
n=13 11
n=14 ... 14 24 i
n=15 18 16 1011 12 F a0 s u
n=16 18 17 12 ool > . . B
n=17 .. .. 1§15 13 N
n=18 38 21 16 21 19 = r +AA O
n=19 22 .. 26 22 T Ll A A B
n=20 14 39 1916 19 o A O A N
n=21 32 29 2425 19 g A
n=22 16 16 1516 .. S 18l a4 O . m ]
n=23 12 15 1211 11 O as []
n=24 16 18 °
n=25 L8 - "D s = 1
n=26 12 L ]
O
14k . . -
| | | | | | | |

10 20 30 40 50 60 70

Frequency modulo 90 puHz [uHz]

as p-modes witlm value based on the asymptotic relation (see 20 80 90

Eqg. (1)) assuming that the parametes near the solar value
(eo ~ 1.5)._ The Frequency and amplitu_de of these 33 p-_modp@. 10. Identified p-mode$=0 (), I=1 (m), 1=2 (a), and|=3

are listed in Tablef 2 arldi 3. The amplitude was determined B in echelle diagram format. The size of the symbols are pro-
assuming none of the p-modes are resolved and correspongsi@ional to the amplitude of the modes. Crosses corresfmond

the height of the peak in the power spectrum after quadraﬁigaks not identified in the power spectrum.
subtraction of the mean noise level. Considering that tee fr

quency resolution of our time series is 1/846z, we adopted an

uncertainty on no-resolved oscillation modes of uA2. Such All the identified modes are displayed on the power spec-
an uncertainty can be considered as conservative in cagse otium in Fig. |§) and in the echelle diagram in F@ 10. A few
finite time-life modes with high signal-to-noise ratin3.5). peaks with signal-to-noise greater than 3 but not identidied

A second inspection of the power spectrum with selection pfmodes or side-lobes are displayed in Hid. 10 as crosses. It
peaks with signal-to-noise ratio in the range 2.5-3 (with- amould indicate that some modes are split due to their damping
plitude in the range 11-13.5 cm'$ allowed us to propose 10time.

additional p-modes. We are aware that some of these weakerThe large spacingdyv = vn.1) — vn) Were computed for
modes could be miss-identifications and should be congideeach pair of consecutive modes with same angular degree. For
with caution and lower confidence. the =2 modes, which are split into 2 components due to the
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stellar rotation, we used the averaged value of the 2 freque |
cies. The resultis displayed in Flg] 11. Neglecting the firste e T4 s s 2 22 24 26
points, the residual of the large separations after a thidero Frequency [mHz]

pglyntorg|al fit I,[S .1'?4“?@28RM\/S§' '[hllslvaﬁjefln(dtlﬁa}es that trTeFig. 12. (Top panel) Small spacings,» (¢) anddvy s (o) ver-
adopted uncertainty ot be x = Liunziorihelarge sep- o g frequencies. (Bottom panel) Splitting of mote®, m=+2
aration is appropriate. The small spacidgs, = vn+1.0 — Vn2 A)
andévis = vne11 — vas are displayed in Fid:j.Z. The averagé '
small spacingévo, anddvyz are 57 + 0.4 uHz and 75 + 0.4
uHz respectively. de France. N.C.S. would like to thank the support from thesSwi

The splitting of I=2 modes are displayed in Fiﬂ 12 National Science Foundation and the Portuguese Fundpafo a
Considering that such a splitting does not appear in mode§ncia e Tecnologia in the form of a scholarship.
I=1 and the fact that the visibilities of modes = +2 are
higher than modesi+ 1, we strongly suspect that the observefleferences
I=2 modes correspond to azimuthal orager= +2. The av-
erage splitting of 2 + 0.2 uHz leads to a rotational splitting

= +
e e edon . & Kk 1. 20 P 20,0

* _ Bouchy, F., Pepe, F., Queloz, D., 2001, A&A, 374, 733
fou_nd in Sect[|3. Modek=3 do not appear to be split. It COU|dBouchy, F.. & Carrier, F., 2002, A&A, 390, 205
indicate that we only observe modds=(3,m=0). An alter- pgqchy, F., & Carrier, F., 2003, Ap&SS, 284, 21
native is that we observe modds=(3, m= -3). In this case Bouchy, F., Maeder, A., Mayor, M., et al., 2004, Nature, ZBA(), 2
modes [ = 3, m= +3) are expected to be atl1.1uHz from Bouchy, F., 2005, in Dome C Astronor#strophysics Meeting, EDP
thel = 1 modes, hence completely merged with thé side- Sciences, EAS Publications Series, Vol.14, in press
lobes. Butler, R.P., Tinney, C.G., Marcy, G.W., et al., 2001, Ap355410
Gonzalez, G., 1998, A&A, 334, 221

. Gozdziewski, K., Konacki, M., & Maciejewski, A.J., 2003, 394,
5. Conclusions 1019

Our spectroscopic observations of HD160691 first yield & tfienry, T.J., Soderblom, D.R., Donahue, R.A., et al., 1995, W1,
discovery of a very light planetary companion with
y y 1ant p y (1) Israelian, G., Santos, N.C., Mayor, M., et al., 2001, Natdfd, 163

short period (9.55 days) (Santos e{al. 2004b). Our anadysis ;- "\ ™0 oo & Marcy, G.W., et al., 2002, MNRA37,
forces the validity of this planetary companion excluditlg a

sources of ambiguities. Our observations of HD160691 a'Eme, N. R., 1976, Ap&SS, 39, 447

yield a clear detection of p-mode oscillations. Up to 43 Raayor, M., Pepe, F., Queloz, D., et al., 2003, Messenger, 204
modes have been identified in the power spectrum between fugray, N., & Chaboyer, B., 2002, ApJ, 566, 442

and 2.5 mHz with an average large spacing ofiPi2, an aver- Noyes, R.W., Hartmann, L.W., Baliunas, S.L., et al., 1984)A279,
age small spacing of 5Hz, a rotational splitting of 0.58Hz 763

and an envelope amplitude of about 30 ¢t Fhe identified Pepe, F., Mayor, M., Rupprecht, G., 2002, Messenger, 110, 9
p-mode frequencies will be compared with stellar models inQy€loz, D., Henry, G.W., Sivan, J.P., etal., 2001, A&A, 3789

companion paper (Bazot et @boa_ Santos, N.C., Israelian, G., & Mayor, M., 2001, A&A, 373, 801
Santos, N.C., Mayor, M., Naef, D., et al., 2002, A&A, 392, 215
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