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ABSTRACT

Context. Solar-like oscillations have been discovered in a few red giants, includibgh, through spectroscopy. Acoustic modes around
60 pHz were clearly seen in this star, but daily aliasing of the groundbasedmada it impossible to unambiguously isolate firenode
frequencies in the eigenspectrum, and hence the correct value ofghetscing, to asteroseismically constrain the mass of this pulsating star.
Aims. We obtained about 28 days of contiguous high-precision photometnyDgh in May - June 2005 with the MOST (Microvariability &
Oscillations of STars) satellite. The thorough time sampling removes the aitybid the frequency identi cations based on the groundbased
discovery data.

Methods. We identify equidistant peaks in the Fourier spectrum of the MOST photgnietthe range where th@-modes were seen
spectroscopically. Those peaks are searched by autocorrelatioe pbtter spectrum to estimate the value of the large separation in the
p-mode eigenspectrum. Having isolated the oscillation modes, we determinenttde parameters (frequency, amplitude and line width) by
tting the distribution of peaks to Lorentzian pro les.

Results. The clear series of equidistant peaks in the power spectrum, with amglifrate about 30 to 130 ppm, are consistent with radial
modes spaced by a mean value oB(5 0.1) pHz. This large separation matches one of the two possibilities allowed by tadsased
observations thus constraining the stellar models to a much greater extepréviously possible. The line widths and Lorentzian ts indicate

arather short average mode Iifetime:7(2:2) days.

Key words. Stars: oscillations - Stars: individualDphiuchi

1. Introduction

Send o[pfint requests to: C. Barban

LBased on data from the MOST satellite, a Canadian Space
Agency mission, jointly operated by Dynacon Inc., the University dPscillations similar to thep-modes (acoustic resonances) ob-
Toronto Institute for Aerospace Studies, and the University of Britisserved in the Sun are expected in other stars with an external
Columbia, with the assistance of the University of Vienna. convective envelope, where pulsations are stochastieatly
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cited by convective turbulence. It is therefore not suipgshat
such “solar-like” oscillations have been detected in reahts
through radial velocity measurements (eggHya, Frandsen
et al. 2002, Ser, Barban et al. 2004; and the star of this pa-
per, COph, de Ridder et al. 2006). Red giant asteroseismology
olerns a unique opportunity to probe the interiors of evolved
stars, but the limited time coverage and duty cycles of gdeun
based spectroscopy have made ifduk to identify p-mode
frequencies unambiguously.

Solar-like oscillations have several typical charactiss
- relatively low amplitudes; 4000 | |
- mode lifetimes that can be shorter than the observatiimal t 0 10 20 <0
spans resulting in Fourier spectra with complicated peak pr time (days)
les whose widths vary as the inverse of the lifetime; and
- a comb of mode frequencies with approximately constaRig. 1. Time series of the relative intensity variations@ph obtained
spacing (known as the “large separation”) as expected frem by MOST.
asymptotic relation fop-modes of low degree and high radial

order. ) ) ) for weeks at a time without interruption by Earth eclipses. F
In the case of red giants, the theoretical calculations Bfight stars likeCOph, MOST can obtain photometric preci-

Dziembowski et al. (2001) suggest that the eigenspectr%n as small as a few parts per million (oom) in the expected
should be dominated by radial modes. Indeed, no clear %quency range for redpgiaptrr)nodes. (ppm) i o

idence of nonradial modes was present in the radial veloc-
ity signals of the rst red gianp-mode pulsators discovered.
However, we note that Hekker et al. (2006) have argued tifatObservations and data analysis
the line pro le variations in these stars suggest the presef
nonradial modes, and Kallinger et al. (2007) has reported tﬁ'l' Photometry
detection of nonradial modes in MOST photometry of the rddDph was monitored by MOST for about 28 contiguous days
giant HD 20884. during 16 May - 13 June 2005. The star was observed in
[Oph (G9.51Il,m, = 3.24, HD 146791) was observed withMOST's Fabry Imaging mode (see Reegen et al. 2006), in
the two echelle spectrographs CORALIE and ELODIE over #ghich an extended image of the telescope pupil - illuminated
days in summer 2003 (de Ridder et al. 2006). A clear power dx starlight - is projected onto the Science CCD. The expo-
cess is seen in the power spectrum of the radial velocity siene sure time was 7.5 sec, sampled every 10 sec. Because of the
ries at frequencies near §Biz. Despite two-site observations position of COphiuchi in the sky and the season of the ob-
the temporal duty cycle of the observations was still quitelm servations, stray light due to scattered Earthshine became
est, making it impossible to distinguish clearly the trueills- vere during the phase of the MOST satellite orbit over the
tion modes from the cyclday aliases in the Fourier spectruniNorthern Hemisphere. We rejected those data so as not to de-
of the data. Thus, it was also impossible to reliably esttmagrade the overall quality of the photometry, resulting inugyd
mode parameters such as frequency, amplitude and lifetiragcle of 46% but with no gaps longer than 87 mn in the entire
as well as the large separation of the eigenspectrum. For tiine series. The 46% duty cycle represents about half ofyever
last parameter, the range was narrowed to two possiblesialuEd1.4-min orbit of the satellite, so the aliases due to thEsga
around 5uHz or 7 uHz. Both values are consistent with shelin the time series occur at spacings of about 14.2 ciddss
hydrogen-burning stellar models, but lead taeflent possible ( 165pHz) instead of 1 & ( 11.6 pHz).
masses for the star2 M or 2.8M . The masses of red gi- The photometry reduction includes ltering of the stray
ants are not well constrained by the classical stellar patars, light background modulated with satellite orbital paraenet
so there is great potential in the asteroseismic modelitigese  Itering of long-term trends, and removal of obvious outbe
stars through high/8l measurements of oscillations with longrhe standard deviation of the nal light curvedgs 855 ppm,
nearly continuous time coverage. HighNSand long time cov- which includes intrinsic variations in the star itself. Thght
erage are necessary to obtain good pro les offifreode peaks curve is shown in Fig. 1.
(and hence their frequencies and widths, and also modd-ident
cations), while the high duty cycle is needed to overcome t
ambiguities of aliasing. Observations from a spacebasgoiin
ment in the right orbit can satisfy all of these needs. We searched for oscillation frequencies in the MOST photome
For these reasons, we decided to obtain photometry tof via a Discrete Fourier Transform (DFT) normalised #iN2
[Oph with the MOST (Microvariability & Oscillations of whereN is the number of points in the time series. In this way,
STars) satellite (Walker et al. 2003; Matthews et al. 2004).sinusoid with an amplitude ofwill show a peak with power
MOST houses a 15-cm telescope feeding a CCD photometéin units of ppm?. Frequencies in the DFT were sampled with
through a custom broadband optical Iter. From its polar Sura spacing of MT, whereT is the total time span of the observa-
synchronous orbit, it is capable of observing certain brigrs  tions. The DFT was searched to high frequencies but no signi

2000

relative amplitude (ppm)

h2.2. Power spectrum analysis
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cant peaks are present beyond 1i8x except those associated
with the MOST satellite orbital frequency and its harmonics 14
and the 165+Hz aliases of the low-frequency power.

1.0 ]

5 0.6 ]

~200 —100 0 100 200
pHz ]

The power spectrum of the time series shown in Fig. 1 and
the spectral window are presented in Fig. 2. We can see the
satellite orbital aliases in the spectral window. Note ttnat
aliases due to the gaps per satellite orbit in the MOST time se
ries do not produce aliases in the frequency range where the
p-modes are expected and found in these data; there are no
aliases around 11 microHz as for ground-based data). A clear Aﬂ \h b
series of apparently equidistant peaks is observed in theipo MhMmMLMMM AL TT——
spectrum, between about pblz and 80uHz. This frequency 0 50 100 150 200 250 300
range agrees with where the excess of power was seen by de frequency (uHz)

Ridder et al. (2006) in their ground-based spectroscopg. Th
large peaks at frequencies below about®& are consistent
with turbulence in the envelope of a red giant, and are nat see
in the DFTs of the MOST guide stars in ttfieéDph eld. One

of these is the relatively bright A star HD 146490 &/7.2,
AOIV), with 2-min binned point-to-point scatter of aboutQ®
ppm (compared to 700 ppm farOph). The DFT of the light
curve of HD 136490 is at out to high frequencies and in partic
ular shows no signi cant power in the frequency range where
we identify oscillation peaks imiOph. The top panel of Fig.

2 shows the most prominent alias peaks due to the gaps in
the photometry spaced by the MOST satellite orbital period o
about 101.4 min (frequency of about 1@Bz). The power at
very low frequencies is consistent with turbulent variation

ared giant and may also contain some slow instrumentanrif,gig. 2. Power spectrum of theDph photometry for two digfent fre-

The aliases to those peaks are centred aroundi&>where  gency ranges. The inset in the upper panel shows the spectral win-
expected. There is distinctive excess power between atioutgd,y.

and 75uHz whose frequency range and other characteristics
can be explained by solar-like p-mode oscillations of tla. st
The expected aliases to this envelope of peaks are foune in th
ranges 90 - 14QHz and 190 - 24QHz, also where expected
from the spectral window of the data.

power (1000 x ppm?)

power (1000 x ppm?)

20 40 60 80 100
frequency (uHz)

We have computed a smoothed version of the power spec-
trum (Fig. 3) that clearly shows a series of approximately
equally wide peaks, with an average separation of about
5 uHz. To better quantify this spacing, we searched for fre-
quency equidistances (a characteristic of solar-like llasci
tions) by computing the autocorrelation of the power speutr
All points in the power spectrum with a power greater than
3400 ppm (corresponding to /8l 3, in amplitude) between LRI N
25 and 851Hz have been used to reduce tHe&et of the noise o s a0 s0 0 90 =0 90
in the autocorrelation. The noise was estimated by caioglat frequency (uHz)
the mean power between 78 and 90 microHz. The autocorrela-
tion is shown in Fig. 4 and reveals two clear features around-fy. 3. Smoothed power spectrum of théDph data (thick black solid
UHz and 2 5= 10pHz. This is the unambiguous signature ofurve). The light grey curve corresponds to the power spectrumrsho
a frequency spacing nearbiz. in Fig. 2.

The width of the primary peak in the autocorrelation around
5 puHz as well as the shape of the smoothed power spectrum
are both consistent with the-mode power de ned by broad
Lorentzian envelopes. In Fig. 5, the time series has been di-
vided into thirds and the power spectra of the three consecu-
tive 9.3-day-long subsets are superposed. The changessia th
three time intervals are substantial, yet not total, andre@n- idea that the oscillations seen here are likely stochastib,a
sistent with the low noise level of each subset. This sugpgbet mode lifetime shorter than about 10 days.

power (1000 x ppm?)
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Fig. 5. The power spectra of three 9.3-day-long subsets of the MOBph light curve.

The modelled power spectrum for a seriedvbbscillation
modes P(vy), is:

L
P(vk) =
n=1

2<Av, >

(THHL ]
l_\
+

L %
n—@(vkr—vn)@ B, 1)
whereM is the number of oscillation model.,, is the height
] of the Lorentzian pro le v, is the oscillation mode frequency
E andl, is the mode line width (FWHM) with, = 1/(1Ty), T,
] being the mode lifetimeB is the background noise in the power
spectrum and has been assumed to be white in the frequency
5 S . . . . 1’2 range used for the t.

frequency (uHz) The quantity that has been minimized is:

o

Fig. 4. Autocorrelation of the power spectrum. All points in the sped- = In P(vy) + POL(V") , (2)
trum between 25 and 83Hz with a power greater than 3400 ppm k=1 P(vk)
(corresponding to a/§l  3) have been used.

autocorrelation

whereK is the number of bins; i.e., the number of Fourier fre-
guencies.

The relation between the height of the Lorentzian pro le,
Hp, in the power spectrum computed from a Fourier Transform
3. Estimating p-mode parameters normalised by 2N, and the mode amplitude in ppay,, is:

3.1. Mode fitting model a2=mH,l = anrn; 3)

To estimate the parameters of stochastically excited moees hereH , is the height of the Lorentzian pro le in the power
have used a power spectrum tting technique that has begectral density (see for example Baudin et al. 2005, foremor
used succesfully in the solar case (Toutain &fiich 1992; details).
Appourchaux et al. 1998). The mode-parameteralerror bars are derived from the
Since solar-like oscillations are stochastically excitgd Hessian matrix. In the case of the amplitigeas it is the prod-
convection, they can be modelled as randomly forced, dampadt of two parameters which §aid cross-talk, their correlation
simple harmonic oscillators. The power spectrum of such dsas been taken into account to compute error bars.
cillations is distributed around mean Lorentzian pro lasda No oversampling has been used in the computation of the
it has ax? probability distribution with two degrees of free-power spectrum for the tting procedure in order to minimize
dom. Following Toutain & Appourchaux (1994), we have usetthe interdependency of the points. This is why the power-spec
a maximum likelihood technique to nd the best t between thérum shown in Fig. 6 looks a little bit diedent from that in
model (Lorentzian) pro les and the observed power spectrurhig. 2, where an oversampling factor of 4 was used.
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3.2. Mode fitting results

Several strategies are possible when tting modelled s o

an observed spectrum. First, since the modes are quitetdose

each other, we have decided to t all the modes simultangousl|

Next, as each mode depends on several parameters, the number

of tted parameters is part of the tting strategy, so we have

started by tting all the parameters of each mode. From Fig. 3

we can derive initial estimates for the central frequenaes

plitudes and lifetimes. The quality of our data is notsigntly . ]

high to justify taking all mode parameters as free tting aar <5l E

eters. When we attempted that, the tting algorithm convdrge ‘ ‘ ‘ ‘
. . . . 30 40 50 60 70

very easily to false minima, and we could not obtain reliable v, (uH2)

results for a large number of modes. Since the apparentfypro

erly tted modes had very similar width, we made the secongy 7. perived frequency digfiences in terms of pmode large sep-

step approximation that, = T be constant. In this case, theyration,Av,, as a function of the mode frequengy The solid line is

tting algorithm converges to a unique minimum, indepentlehe mean value afv, and the dashed lines indicate the corresponding

of the initial estimates of the parameters. Nine modes ial totlo error.

are properly tted. The results of this t between 30 and|88z

3&: Z?rce):vsvg ,:Eail?ﬁf];—srlewr\x) o?neozzrsarrg ?/tsr\?e?;ek!;;: géntzg?I?nISectioq 2) yvhich we attribute to the large separation ef th

their mode parameters should be used with caution. We do -rtnodes in this star. . . )

use these two modes in the following analysis. € have fouﬂﬁ amode line width (FWHM) of:

M =(14,;) uHz
corresponding to a mode lifetime of:

Av, = v, — v, (uHz)

Vo (1HZ) [ & (ppm) | SN T, = (27 0q) days.
o5 The mode amplitudea, (see Eg. 3) range between about 30
328 0.5 127 5 | 17.5 and 130 ppm (with large uncertainties; see Table 1 for thar err
or bars).
383 05 | 71, | 55
429 04 86*;2 8.0 4. Conclusions
72 The red giant staf, Dph, has been observed for about 28 con-
47.5 04 89 5 8.6 tiguous days by the Canadian satellite MOST. A series of peak
78 is seen in the power spectrum of the light curve between 25
534 04 104, | 11.6 and 8QuHz. This frequency range corresponds to the frequency
167 range where an excess power has been detected using spectro-
588 04 72 49 5.7 scopic measurements from the ground (de Ridder et al. 2006).
629 04 104% | 117 The precision of the photometry and the high duty cycle and
' ' 64 ' sampling of the MOST photometry allows one to obtain for the
+52 rst time an estimate of thgg-mode parameters for a red giant.
(69.5 08)| (517) | 28 A clear signature of equidistant peaks is found, leading to
142 a mean value of the large separation & 5 0.1 yHz. This

(757 05)| (325) | 11 is in agreement with one of the two candidate separatiois (4.

HUHZz) found by de Ridder et al. (2006) but which could not be

Table 1. Mode parameters fof Dph. The results for the last twogentj ed due to the daily aliasing of their groundbasedadat
modes are written inside brackets to stress their |6W $o errors are This value of about FiHz favours the low massM ~ 2M )

indicated. For the Bl estimates, the signal is taken to be the height of . .
the tted Lorentzian pro le and the noise to be a free parameter oftShe” hydrogen-burning models presented by de Ridder et al.

tting process:B in Eq. (1). 300_6), assuming that the (_)bserved ques are radiz_il. A more
detailed description of possible models, including codaine
burning models, will be presented in a forthcoming paper.
The detected equidistant peaks are consistent with 9 radial
modes, and with the prediction of larger amplitudes forahdi
The frequency diefiences from our model t are shown inmodes (Dziembowski et al. 2001) in red giants. While, in prin-
Fig. 7. The mean value of those frequenciefiences is derived ciple, it is conceivable that some or all of these modes cbald
by tting a linear function to the measured frequencies assu nonradial, there is no signi cant evidence in the preseta tia
ing equidistant separation. A mean value of the frequenkey deither con rm or eliminate that possibility. However, thevper
ferences of (8 0.1)uHz is found (consistent with our analysisspectrum strongly resembles the comb-like structure drpgec
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power (1000 x ppm?’)

frequency (uHz)

Fig. 6. Model t (thick solid line) to the observed power spectrum (light gray limeyuming the same lifetime for all the oscillation modes.

for radial modes, rather than a much denser spectrum of nortrans of most data sets and the ambiguities of aliasing due to
dial mixed modes that we expect for such evolved stars. We aaps in those observations. This paper demonstrated it e
rule out the possibility of successiver 0 and[F 1 modes by tiveness of long continuous time coverage, currently fbssi
the constraints on the luminosity and radius of this starcvhifrom space. More (and more accurate) measurements of life-
exclude a larggp-mode spacing of 1QHz. times and amplitudes will help to improve the treatment of

The frequencies, amplitudes and line widths of the 9 idefRONvection in the stellar models, which is still uncertesed
ti ed radial modes are estimated using a classical powee-sp&toudek 2006, for arecent review). .
trum tting procedure. We nd a mode line width (FWHM)  MOST has discovered other pulsating red giants (e.g., HD
of (1.4*8;‘3‘) uHz corresponding to a mode lifetime of Only20884; Kallinger etal. 2007) and is scheduled to monitoecth

+0.6 . L to further investigate the issues of radial vs. nonradiatieso
(2.7 ) days. This value is similar to the one found for anothef,q mode lifetimes and amplitudes, in red giants. The MOST

red giant,& Hya, by Stello et al. (2004, 2006). They found aag ts presented here also demonstrate the promise oéxbe n

average mode lifetime of 2 days, much shorter than the thes, o ation of space photometry missions, such as COROT
oretical value of 15-20 days predicted by Houdek & Gou

- ) aglin et al. 2003), whose extended time coverage and im-
(2002). Recently Kallinger et al. (2007) have claimed that °proved frequency resolution of red giant targets will repre
cillations discovered in MOST photometry of another red gk oiher major advance in the eld.
ant, HD 20884, are consistent with Houdek & Gough's mode
lifetime pl’edICtIOH. of about 10 days for a star of its global p Acknowledgements. Part of this work was supported by the Research
rameters. For main sequence stars other than the Sun, the |l_aes

b d . f de lifeti has b btained f und of K. U. Leuven under grant G@200304 for CB and AM. JDR
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Using appropriate values for the global characteristics gf
[Oph /L = 59 andTe; = 4900 K; see de Ridder et al. &eferences
2006) and the mass appropriate to gamode identi cations Appourchaux, T., Gizon, L., Rabello-Soares, M.-C. 1998,
(M = 2M ), the predicted maximum mode amplitude i$0 A&AS, 132,107
ppm according to the theory of Samadi et al. (2005). The moBaglin, A. 2003, Adv. Space Res., 31(2), 345
amplitudes we obtain from the MOST data @Dph (while Barban, C., de Ridder, J., Mazumdar, A., Carrier, F,
systematically higher than this prediction) agree witk tfdlue Eggenberger, P., de Ruyter, S. 2004 ,Journal: Proceedings
within 1o. Few observational estimates of mode lifetimes and of the SOHO 14 GONG 2004 Workshop (ESA SP-559).
amplitudes exist to date because of the low frequency resolu”Helio- and Asteroseismology: Towards a Golden Future”.
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