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Solar-like oscillations in the metal-poor subgiant v Indi
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ABSTRACT

Context. Convection in stars excites resonant acoustic waves whagertd on the sound speed inside the star, which in turn depand
properties of the stellar interior. Therefore, asteramelsgy is an unrivaled method to probe the internal strectira star.

Aims. We made a seismic study of the metal-poor subgiantdiadi with the goal of constraining its interior structure.

Methods. Our study is based on a time series of 1201 radial velocitysomeanents spread over 14 nights obtained from two sitemdsid
Spring Observatory in Australia and ESO La Silla ObseryaioChile.

Results. The power spectrum of the high precision velocity time sedlkearly presents several identifiable peaks between 206@0uHz
showing regularity with a large and small spacing\ef=25.14+ 0.09uHz andévg, = 2.96+ 0.22uHz at 33QuHz. Thirteen individual modes
have been identified with amplitudes in the range 53 to 173¢éni$he mode damping time is estimated to be about 16 days drge
between 9 and 50 days), substantially longer than in otles ke the Sun, the Cen system or the giagtHya.

Key words. Stars: individualy Indi — Stars: oscillations — Stars: variables: general +sStateriors

1. Introduction The recent achievements are reviewed by Bedding &
Kjeldsen (2006, 2007). All of the previous detections ofibsc
The analysis of the oscillation spectrum provides an ufet/a lations were made on stars with metallicities close to solar
method to probe the stellar internal structure. The freqigsn recently reported observations of the metal-poor subgitant
of these oscillations depend on the sound speed insideahe stindi made in both Chile with the spectrograph CORALIE and
which in turn depends on density, temperature, gas motidn an Australia with UCLES (Bedding et dl. 2006, hereafter Rape
other properties of the stellar interior. High-precisigestro- 1). These observations covered a 14 nights time span and had
graphs have led in recent years to a rapidly growing list &frso the benefit of two-site coverage.
like oscillation detections.
In Paper |, we described the radial velocity time series
and calculated the corresponding power spectrum weighted b
Send offprint requests to: F. Carrier the measurement uncertainties. We reached a noise floor of
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Fig. 1. Power spectrum of the radial velocity measurementslotli. The inset shows the spectral window.

14.9 cm st in the combined amplitude spectrum, which is quite
high compared to other studies with the same instrumengs (se ‘ 1 ]
e.g. Bouchy & Carrief 2002 and Bedding et [al. 2004). This 5o, [ 1 500
difference can be explained by the extremely low metallicity [ |
(about 3% of solar) and the faint magnitude\(m5.28) of & 3 T
v Indi. Oscillation modes are present around 0.32 mHz with‘i%uoo - 3 (
maximal amplitude per mode of 95cmisA large frequency ¢ | ° b+ * j g+ | :
separation was determined by autocorrelation and Bayes;@n i o+ e I o r foies
methods to be 24.250.25uHz. = 300 - " T.ovs
In this paper, we will extend the analysis by extracting4indi - j T
vidual oscillation frequencies, by measuring the largesanéll . 1 -

separations, and by estimating the mode lifetimes. oo T P =00
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2. Frequency analysis
Th ¢ f the ti . h in Elg. 1 Fig. 2. Echelle diagrams for two fierent values of the large

Ne power spectrum of the ime Series, shown n &g. L, eé(éparation. The modes with a SNR greater than 4 are indicated
hibits a series of peaks between 200 and/839. In solar-like

with a square, and the ones with a SNR greater than 5 are in-

stars, p-mode oscillations are expected to produce a dRaaGyi.areq in holdfacel eft: Echelle diagram where 24.251z is
istic comb-like structure in the power spectrum with modae fr used as a value for the large separation (see PapRight:

qulerl10|es¥w reaTcir;?;tg)ly well approximated by the asymptotig e diagram with a large separation of 28#. The lines
relation (Tassou ): are just meant as a "guide”.

Ve & Av(n+ g +¢€)—€(t+1)Dg . (1)
The next step is to measure the frequencies of the strongest

Here Dg (which equals%&vog if the asymptotic relation holds peaks in the power spectrum. The frequencies were extracted
exactly) and are sensitive to the sound speed near the core arging an iterative algorithm which identifies the highestlpe
in the surface layers, respectively. The quantum numbarsl between 150 and 6QMHz and subtracts it from the time se-
¢ correspond to the radial order and the angular degree of ties (see e.g. Carrier et al. 2003 and Kjeldsen et al. 20@5). |
modes, and\v andévg, are the large and small spacings. Tthe present analysis we are only marginalffeated by the
fit to this relation, the large separation was measured iePapwindow sidebands compared to mono-site observations anal-
by autocorrelation and Bayesian methods and was found toysés. The highest amplitude modes are therefore expected to
24.25+ 0.25uHz. be located at their correct position and they do not need to be

Note that a subgiant such asindi is expected to show shifted by the daily aliases (Kjeldsen et[al. 2003, Carriexie
substantial deviations from the regular comb-like streetde- [2005a/ 2005b). In total, 27 frequencies were extractednigavi
scribed above. This is because some mode frequenciestexaepamplitude 3 times greater than the noise. These ammitude
for ¢ = 0, could be shifted from their usual regular spacing kare measured from the best-fitting sinusoid, whereas treenoi
avoided crossings with gravity modes in the stellar coreo(alis computed as the mean in the amplitude spectrum, which is
called ‘mode bumping’) (see e.g. Christensen-Dalsgaaadl etthe square root of the power spectrum, at high frequencies.
1995 and Fernandes & Monte([ro 2003). We must keep in mifbte that the noise level at high frequencies (600—1060)
the possibility of these mixed modes when attempting to4denas a value of 14.9 cms(Paper |) and is assumed constant on
tify oscillation modes in the power spectrum. the whole range 150-6QMz.
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All frequencies with a signal-to-noise ratio (SNR) above Bable 1. Amplitude and frequency for individual oscillation
were then placed in an echelle diagram, without shifting@ny modes and their identification. The mean noise in the ampli-
them, constructed with the value for the large separatiando tude spectrum is 11.9 cm'’s

in Paper | (see Fidl2 left). This diagram does not seem to show
a classical asymptotic structure, since only one vertickjer
can be seen (dotted line at 2Rz). A possible way to explain
such a graphic is to associate the ridge aud2 to¢ = 2
modes and the quasi-line near/#z to ¢ = 0 modes. This
identification is not very convincing and would imply a small
separation of mHz, which is too large for this kind of star.

Another way to understand this diagram is to increase
slightly the large spacing and allow curvature along the fre
quency axis (see Fi@] 2 right). Indeed, large separatioerdet
mination methods based on the asymptotic relation (as the au
tocorrelation presented in Paper I), do not take into actaom
curvature. With curvature, there is no correct value foldinge
spacing, it is a function of frequency. With a large separati
of 25.4uHz, as in the right panel, we can identify ridges corre-
sponding tof = 0 and¢ = 2. These are marked with dashed
lines.

With the ridges fo = 0 and 2 marked as shown, we then
used the asymptotic relation to calculate the expectediposi
for ¢ = 1 and 3. These are shown by dotted lines in the right

panel of Fig[2. We can see that two strong peaks lie exactly [

on the line for¢ = 3, giving us some confidence that we have

found the correct solution. We also see an absence of peaks |

onthe¢ = 1 line and a few strong peaks that do not lie on
any of the lines. This is consistent with the presence of thixe

¢ = 1 modes that are shifted by avoided crossings, as descrit:zeﬂ’0 i

above.

Based on Figl12, several modes were identified imdi.
The frequency, amplitude, SNR of these modes are givenén
Table[1 with also the identified degree. Since the amplitdde o 300
the modes in an iterative fitting algorithm depends sligbtty
the selection order, a least squares fit was applied at theoend
determine all amplitudes simultaneously. We retainedeslks

equen

with a SNR greater than 4. We also added two weaker peaksqo I

that were in good agreement with the= 2 ridge (see Tablg 1).

It is expected in evolved stars that= 1 modes are the first
to be mixed modes and do not follow the asymptotic relation.
Thus, all large peaks which can not be determinefta8, 2 or

Frequency Amplitude SNR Mode ID
[uHZ] cms? t
313.1 172 11.6 0
372.6 108 7.2 3?
361.3 105 7.1 2
318.2 103 6.9 1?
389.9 100 6.7 0
326.5 97 6.5 1
264.3 91 6.1 0
338.8 89 6.0 0
282.7 73 4.9 1?
288.9 69 4.6 0
269.9 69 4.6 3?
236.5 54 3.6 2
412.8 54 3.6 2
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3are listed ag = 1 modest = 3 modes are also less reliableFi9- 3. Echelle diagram for the frequencies given in Telle 1
Finally, all the selected modes are shown in the echelleaing @nd2. The lines are just meant as a "guide”. Squares, crosses

on Fig[3 and listed in Tablg 2.

Based on Figl]3 and on the frequencies given in Table fgSpectively.

the large and small separation are deduced taking into atcou
only the¢=0 and 2 modes, a&é=1 modes do not follow the
asymptotic relation anfl= 3 ones do not have a secure identifi
cation. The large separation has a value of 2%.0414uHz at
0.33 mHz which corresponds to the weighted average of inf
vidual values given for each degree (see Thble 2). The i@miat

of the large separation versus frequency is presented i#Fig 3. Mode lifetimes

For the small separation, there are no pairs of adjacent

rhombuses and triangles represent£k®, 1, 2 and 3 modes

could also identify the =3 as¢=1 modes. This fact should
be remembered when comparing the observed and theoretical
equencies.

¢ =0, 2 modes, and so missifig- 0 modes were linearly inter- We have used two methods to estimate the mode lifetimes from
polated. We find a value @, = 3.0+ 0.3uHz at 0.33mHz. It our data. The first uses the distribution of mode amplitudes a

is not possible to calculate a reliable value doi; sincef =1

the second uses the scatter of the frequencies about thesridg

modes do not at all follow the asymptotic relation, and sinée the echelle diagram. In both cases, we calibrated thdtsesu
the identification o =3 modes could be in error. In fact, onaising simulations.
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Table 2. Frequency (inuHz) and mode identification for in- ‘ 1
dividual oscillation modes. The errors on the frequencies a °[ 54 j
given in brackets (10 uHz) according simulations described
in Sectior 3.B. The identification of frequencies in braskst i
less secure.
n =0 ‘=1 (=2 (=3
7 236.5(5) =
8 (269.9(4)) o
9  264.3(4) -
(282.7(4)) g
10 288.9(4) g0 104 ]
(318.2(4))
11 313.1(3)  326.5(4)
12 338.8(4) 361.3(3) (372.6(4)) 2 ]
13
14  389.9(4) 412.8(4)
Av 25.14 25.14
+0.22 +0.18
Av 25.14+ 0.14uHz at 0.33 mHz
Frequency [uHz]
Fig. 5. Examples of two simulations of thandi time series us-
o6 L 1 ing mode lifetimes of 2 days (top) and 10 day (bottom). Higher
: 1 peaks are in general found for the longer lifetime.
mi o5 | 1 with the second highest observed peak, and so on. The fnactio
ST 1 of peaks in the simulation that were above the observed ones,
- in this pairwise comparison, gave the measure of agreement,
il 1 with 50% indicating the best agreement.
: l The results are shown in F[d. 6, which shows the fraction of
e simulated peaks that were above the observations. We cdn rea

off the most likely value of the mode lifetime, corresponding to
a fraction of 0.5, to be 17 days. However, this measurement is
Fig.4. Large spacing\v versus frequency for p-modes of dengt very precise. The dashed curve is the cumulative distrib
gree/=0 (o) and¢ =2 (o). Open symbols correspond to larggjon of a normal distribution, and we see that the onenge
spacing averages taken between non-successive modes.  for the mode lifetime is 2 to 141days, or in the logarithmic
units:

Frequency (uHz)

3.1. Mode lifetimes by amplitude comparison log;o(7/d) = 1.23+ 0.92 (2)

The idea is to compare the amplitudes of peaks in the power
spectrum with simulations that have the same amplitude-en
lope as the observations and a range of mode lifetimes.
simulator for generating solar-like oscillation time ssriis The other way to extract information on mode lifetimes is to
similar to that described by De Ridder et al. (2006). For thexamine the scatter of measured frequencies about thesridge
input amplitudes, we used the smoothed amplitude spectrirmhe echelle diagram. For these observations, this ispogy
show in Fig. 7 of Paper I. We ran ten simulations for each gible for the five¢ = 0 modes. If the modes were coherent
six mode lifetimes (1, 2, 5, 10, 20 and 50 days). Two examplégse. pure sinusoids with infinite lifetimes), we would bdetn
with mode lifetimes of 2d and 10d, are shown in Fify. 5. Wmeasure them with a typical accuracy of PHz. The observed
see a significant éierence between them, which can be usestatter is much greater than this, which we interpret, at liea
to estimate the mode lifetime. ¢ =0 modes, as reflecting the finite lifetimes of the oscillation
In order to do this, we extracted the 7 highest peaks fromodes.
each simulated power spectrum (using iterative fitting) and As is well established for the Sun, the power spectrum of
compared their amplitudes with those extracted from the od-stochastically excited oscillation that is observed forgl
served series. As a simple measure of the degree of agreememugh will display a series of closely spaced peaks under a
we adopted the following method. For a given simulation, weorentzian profile, the width of which indicates the mode-if
compared the highest peak with the highest peak in the obdane (e.g. Toutain & Frohlich 1992). If the observatione abt
vation. We then compared the second highest simulated pé&akg enough to resolve the Lorentzian profile, then tieat

.g. Mode lifetime by frequency scatter
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mode could be calculated, which have a mean of QE6+
0.15uHz, for an average observed amplitude of 95ctn s

In order to calibrate the relation between frequency scat-
ter and mode lifetime, we ran 700 simulations using the same
sampling and statistical weighting as the real time sefiigs.
results are shown in Fi§l] 7 and the best fit corresponds to a
mode lifetime of 16.2 days (between 8.7 and 60.8 days3at 1
Expressed in logarithmic units, we get:

0.6 —

0.4 ;
logy,(r/d) = 1.21:957 ©)

2T Combining this measurement of mode lifetime with the previ-
] ous one, and assuming that they are independent estimates, w
o finally get:

o s R L
0.1 1 10 100
Mode lifetime [d]

Fraction of simulated peaks above observations
T

logyo(7/d) = 1.21°552 ©)

Fig. 6. Calibration of the simulations to determine mode life-

time from the peak amplitudes. It shows the fraction of mod&s 16 d (1o~ range between 9 and 50 days). Note that the dis-
in the simulations that have amplitudes above the obsenfgution aboutthe mean is very asymmetric which impliest th
mode amplitudes. The dashed curve is a normally distributé® Upper limitis quite tentative. Moreover, the quoteettiine

function that presents the best fit. Vertical dashed lin@svshiS Very close to the bin width (resolution) in the power spec-
the resulting mode lifetime and the values:atr-. trum and the mean can thus be influenced by the observation

time length. However, the lower limit of 9 days is quite secur
1 e ——— — - and valuable.
i ] An interesting work to test the accuracy of the lifetime
would be to compare the lifetime deduced from the scatter of
the¢ =0 and¢ =2 modes. Unlike =0 modes{ =2 modes can
be dfected by the rotational splitting (vsini of 2.6 kmtsde-
termined from the CORALIE spectra) and their scatter should
be larger. However, the number and the non-consecutive po-
sition at all of such modes (see Fig. 3) do not allow us to do
it.

Scatter per mode [uHz]

3.3. Frequency accuracy

i i i Now that we have determined the mode lifetime, we can esti-

0.1 TS el ——————=" mate the uncertainties in the mode frequencies. To do tfgs, w
Mode lifetime [d] made 850 additional simulations using sever&kdent ampli-

tH]des and assuming noise and sampling similar te theli se-

ries in order to determine the scatter of the detected mdthes.

result of the simulations allowed an estimate of the acguiiac

l}he individual detected frequencies, including tlfieet of the

mode lifetime, and these are given in Tafle 2.

Fig. 7. Relation between scatter per mode and mode lifetime
days. The curve is a fit to points that came out of 700 individu
simulated time series data. The mode lifetime correspatdin
the best fitted frequency scatter is shown together withegl
for 1o

4. Conclusions

of the finite lifetime is to randomly shift each oscillatioeak Our observations of Indi from two sites have allowed us
from its true position by a small amount. This is responsitite to identify 13 oscillation modes. The mode identificatiorswa
the scatter of the frequencies. complicated by the apparenffects of avoided crossings. We
The scatters are determined by assuming that peaks arefaond a large and small separation &f = 25.14+ 0.09uHz
affected by the rotation of the star and that the large spaciagddve, = 2.96+ 0.22uHz at 33QuHz.
varies only slightly between three consecutive detectedas.o Based on the scatter of the observed frequencies, we in-
For each measuret=0 frequency, except those at the ends dérred a mode lifetime of about 16 days ¢lrange between 9
the ridges, we calculated thefldirence between the measurednd 50 days). The lower limit of 9 days is secure whereas the
frequency and that expected from linear interpolating the pmean and upper limits values can be influenced by the observa-
sitions of the two nearest neighbors. This quantity was th&an time length and have to be taken with caution. Note that t
transformed to the rms scatter of that peak about its expecliéetime of v Indi, even its lower limit of 9 days, is far greater
position, in order to easily compare it with simulationsgsehan previous detections on other stars as the Sun (Chaplin e
Kjeldsen et all_2005). In this way, three values of scatter pal.[1997), the dwarf staks Cen A and B (Kjeldsen et &l. 2005)
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and the gianf Hya (Stello et al. 2006). This new measurement
of damping time, which is until now a poorly known parame-
ter, is very diferent from the previous ones and thus present a
challenge to theoretical models. The theoretical studylodi,

with asteroseismic and non-asteroseismic constrainpnst
poned to a third paper.
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