Mem. S.A.It. Vol. 79, 639 © SAIt 2008 Memorie della

Solar-like oscillations in the G5 subgiant μ Her:

preliminary results from SARG

A. Bonanno^1, S. Benatti^2, R. Claudi^2, S. Desidera^2, R. Gratton^2, S. Leccia^3, and L. Paternò^{4,1}

1 INAF, Osservatorio Astrofisico di Catania, Via S. Sofia 78, I-95123 Catania, Italy, e-mail: abo@oact.inaf.it 2 INAF, Osservatorio Astronomico di Padova, Vicolo Osservatorio 5, I-35122 Padova, Italy 3 INAF, Osservatorio Astronomico di Capodimonte, Salita Moiariello 16, I-80131 Napoli, Italy 4 Dipartimento di Fisica ed Astronomia, Università di Catania, Via S. Sofia 78, I-95123 Catania, Italy

Abstract. We present the results of seven nights of observation on μ Her with the SARG echelle spectrograph. A clear excess of power centered at 1.2 mHz, with peak amplitudes of about 0.9 m s^{−1} in the amplitude spectrum is present. Fitting the asymptotic relation to the power spectrum, the most likely value for the large separation turns out to be 56.5 μHz, consistent with theoretical expectations.

Key words. stars: individual (μ Her) — stars: oscillations— techniques: radial velocities

1. Introduction

Asteroseismology is one of the most important and rapidly growing fields of modern astrophysics. In particular, the search for solar-like oscillations in stars has experienced a tremendous growth in recent years (See Bedding & Kjeldsen 2006, for a summary). Most of the results came from high-precision Doppler measurements using spectrograph such as CORALIE, HARPS, UCLES, UVES. In particular, recent measurements obtained with the SARG spectrograph have led to the determination of frequencies, mode amplitudes, lifetime and granulation noise on Procyon A (Claudi et al. 2005; Leccia et al. 2007), a star for which the na-

Send offprint requests to: A. Bonanno ture of oscillation spectrum is still debated (Christensen-Dalsgaard & Kjeldsen 2004; Matthews et al. 2004).

We report the detection of excess of power, providing evidence for oscillations, in the G5 subgiant μ Her (HR 6623, V = 3.417 ± 0.014, G5 IV), a slightly evolved solar-type star with mass 1.1 M_⊙, effective temperature T_{eff} = 5596 ± 80 K, and log g = 3.93 ± 0.10 (Fuhrmann 1998).

2. Observations and data reduction

The observations were carried out over seven nights (2006 June 13–19) with the high resolution cross dispersed echelle spectrograph SARG (Gratton et al. 2001) mounted on the Italian 3.6m telescope TNG at La Palma ob-

Fig. 1. Velocity measurements of μ Her obtained with SARG (lower panel) and the corresponding uncertainties (upper panel).

Fig. 2. Cumulative histograms of |r/s| for SARG data, being r the residuals obtained after elimination of all the signal below 2 mHz, and s are the corresponding error. The diamonds show the observed data, and the solid curve shows the result expected for a Gaussian-distributed noise.

serving station. Our spectra were obtained at R = 144, 000 in the wavelength range between 462 and 792 nm, where the calibration iodine absorbing cell covers only the blue part of the spectrum (from 462 up to 620 nm). Exposure times were typically 60 s, with a dead-time of 55 s between exposures due to the readout time. The signal-to-noise ratio for most spectra was in the range from 200 to 400, depending on the seeing and extinction. In total, 1106 spectra were collected, with the following distribution over the seven nights: 27, 106, 183, 186, 180, 226, 198. The first two nights were affected by poor weather and technical problems.

The extraction of radial velocities from the echelle spectra was based on the iodine cell method where the observed spectrum was fitted with a reconstructed one, by using a convolution between the oversampled stellar template, the very high resolution iodine cell spectrum and the measured spectrograph instrumental profile. An key ingredient of this process are the template spectra of μ Her taken with the iodine cell removed from the beam, and of the iodine cell itself superimposed on a rapidly rotating B-type star, which was the same for all the measurements. The power of the lowest frequency region of the power spectrum depends mainly by the instability of the instrument with which the radial velocity measurement are done. In the case of SARG, the RV measurements we made for our search for planetary companion around components of visual binaries and a selected sample of standard stars show that there are no residual instability uncorrected by our analysis procedure at < 3 m s^{−1} on time scale of 7 years. On timescale of 6 days no detectable effects are expected.

The resulting velocity measurements of μ Her are shown in the lower panel of Fig. 1. They have been corrected to the solar system barycenter and and no other correction, such as decorrelation or high-pass filtering has been applied. The rms scatter of these measurements is 2.53 m s^{−1} and the uncertainties for the velocity measurements were estimated from residuals in the radial velocity extraction

Fig. 3. Power spectrum for the μ Her data

procedure and are shown in the upper panel of Fig. 1 where it can be noticed that most lie in the range 1–2 m s^{−1} , except for the second night where technical problems due to the guiding system occurred.

3. Time series analysis

The amplitude spectrum of the velocity time series was calculated as a weighted least-squares fit of sinusoids (Frandsen et al. 1995; Arentoft et al. 1998; Bedding et al. 2004; Kjeldsen et al. 2005), with a weight being assigned to each point according to its uncertainty estimate obtained from the radial velocity measurement. We have then optimized the weight following the approach discussed in Butler et al. 2004. This consists in (i) cleaning all power at low frequencies (below 250 μHz) from the time series, as well as all power from oscillations (800–1800 μHz); and (ii) searching these residuals for points that deviated from zero by more than it would be expected from their uncertainties. We found that 20 data points needed to be significantly down-weighted as it is shown in Fig. 2 Fig. 3 shows a pronounced excess of power in the power spectrum (PS) around 1.2 mHz. As for this star the excess of power in the PS caused by solar-type oscillation is expected to be ν = (M/M_⊙) 3000 (R/R_⊙)^2 √ T_{eff}/5777K

≃ 1250 μHz (1) we can deduce that our finding clearly demonstrates the presence of p-mode oscillations. This excess of power is apparent in the power spectra of individual nights, and its frequency and amplitude are in agreement with theoretical expectations, as we shall discuss. Moreover, it is clearly disentangled from the low frequency increase due to slow instrumental drifts (1/ f behavior in the amplitude spectrum) and the high frequency white noise. In particular, we find that the mean noise level in the amplitude spectrum in the range 3–5 mHz is σ = 0.1 m s^{−1} which correspond to a mean noise level in the PS of 0.013 m^2 s^{−2} . Since this is based on 1106 measurements, we can deduce that the velocity accuracy on the corresponding timescales is 1.82 m s^{−1} .

4. Large frequency spacing and oscillation frequencies

The mode frequencies for low-degree, high radial order p-mode oscillations in Sun-like stars are reasonably well approximated by the asymptotic relation (Tassoul 1980):

ν(n, l) = Δν(n +^1_2 l + ε) − l(l + 1)δν_{02}/6 (2)

where n and l are integers which define the radial order and angular degree of the mode, respectively; Δν (the so-called large frequency separation) reflects the average stellar density, δν_{02} is sensitive to the sound speed gradient near the core, and ε is a quantity of the order

Table 1. Oscillation frequencies in μ Her

(μHz) S/N Mode ID

985.5 5.3 l = 0, n = 16 1100.4 3.8 l = 0, n = 18 1211.2 9.1 l = 0, n = 20 1268.7 3.1 l = 0, n = 21 1323.2 2.9 l = 0, n = 22 1437.6 3.5 l = 0, n = 24 1125.1 4.1 l = 1, n = 18 1180.0 4.2 l = 1, n = 19 1238.9 3.8 l = 1, n = 20 1296.4 3.0 l = 1, n = 21 1351.9 4.4 l = 1, n = 22 1034.0 3.2 l = 2, n = 16 947.6 4.0 l = 3, n = 14 1061.0 4.0 l = 3, n = 16 1173.0 3.2 l = 3, n = 18

unity sensitive to the surface layers. Note that δν_{02} is the so-called small frequency separation between adjacent modes with l = 0 and l = 2.

In order to find the peaks in our power spectrum matching the asymptotic relation, we are severely hampered by the single-site window function. As is well known, daily gaps in a time series produce aliases in the power spectrum at spacings ±11.57 μHz and multiples, which are difficult to disentangle from the genuine peaks. Various methods for the search of regular series of peaks have been discussed in the literature, such as autocorrelation, comb response and histograms of frequencies. We used the comb response function method where a comb response function CR(Δν) is calculated for all sensible values of Δν (See Kjeldsen et al. 1995 for details).

To reduce the uncertainties due to the noise, only frequencies with amplitude greater than 4 σ in the amplitude spectrum, in the frequency range 800 − 1800 μHz, have been used to compute the CR . We then determined the local maxima of the response function CR(Δν) in the range 40 ≤ Δν ≤ 80 μHz and the resulting cumulative comb response function, obtained by summing the contributions of all the response functions, had the most prominent peak at about 57μHz as shown in Fig. 4.

Fig. 4. Comb response function for the PS

The large separation Δν scales approximately with the square root of the mean density of the star (Cox 1981) and by extrapolating from the solar case (Δν = 134.8 μHz; see Bedding et al. 2007) one obtains where the error derives from the uncertainties on the radius quoted in Fuhrmann (1998). Since we searched over the entire range 40–80 μHz, the agreement between observation and theory is encouraging.

We tried to extract the oscillation frequencies directly from the PS by using the modified extraction method described in Kjeldsen et al. (1995) and recently used in Leccia et al. (2007): for each frequency ν_{max} extracted in the step before, a frequency region of 2 μHz width centered on ν_{max} ±n 57 μHz, with n = 1, ... was selected. When this region contained a peak with an amplitude greater or equal than 3 σ in the amplitude spectrum we identified this peak as the second component to be cleaned, and recomputed the PS for each n. The advantage of using this approach is that the extracted frequencies are determined except for the same day-night alias shift for each group of frequencies extracted during the procedure. In order to identify the individual frequencies of the modes we then constructed echelle diagrams corresponding to values of the large separation around 57 μHz, so that we could easily identify the ridges of the ℓ = 0 and then those of ℓ = 1, 2, 3, for Δν = 56.5 μHz

The identified frequencies are thus displayed in Table 1.

5. Conclusions

Our observations of μ Her show an evident excess of power in the PS, clearly disentangled from the low frequency increase, and with a position and amplitude that are in agreement with expectations. Although hampered by the single-site window, the comb analysis and the echelle diagram show clear evidence for regularity in the peaks at the spacing expected from asymptotic theory. We hope that in the near future a multi-site observing campaign will allow us to explore further the oscillation spectrum of μ Her.

Acknowledgements. We would like to thank Tim Bedding and Antonio Frasca for important suggestions and encouragements. This work was supported financially by the INAF grant “PRIN - 2006”.

References

Aizenman, M., Smeyers, P., & Weigert, A.

1977, A&A, 58, 41 Arentoft, T., Kjeldsen, H., Nuspl, J., Bedding, T. R., Fronto, A., Viskum, M., Frandsen, S., & Belmonte, J. A. 1998, A&A, 338, 909 Bedding, T. R. Kjeldsen, H. Arentoft, et al.

astro-ph/0703747 Bedding, T. R., Kjeldsen, H., Reetz, J., & Barbuy, B. 1996, MNRAS 280, 1155 Bedding, T. R., & Kjeldsen, H. 2006, In Fletcher, K., editor, Beyond the Spherical

Sun: a new era in helio-and asteroseismology, Proc. SOHO 18/GONG 2006/HelAS I, SP-624, 25 and astro-ph/0609770 Bedding, T. R., Butler, R. P., Kjeldsen, H., Baldry, I. K., O’Toole, S. J., Tinney, C. G., Marcy, G. W., Kienzle, F., & Carrier, F. 2001, ApJ, 105, L594 Butler, R. P., Bedding, T. R., Kjeldsen, H., McCarthy, C., O’Toole, S. J., Tinney, C. G., Marcy, G. W., & Wright, J. T. 2004, ApJ, 600, L75 Claudi, R. U., Bonanno, A., Leccia, S., et al.

2005, A&A 429, L17 Christensen-Dalsgaard, J., & Kjeldsen, H.

2004, Nature, 430, 29 Cox, J.P., Theory of Stellar Pulsations, Princeton UP, 1981, New Jersey Frandsen, S., Jones, A., Kjeldsen, H., Viskum, M., Hjorth, J., Andersen, N. H., & Thomsen, B., 1995, A&A, 301, 123 Fuhrmann, K., 1998, A&A 338, 161 Gratton, R., Bonanno, G., Bruno, P., et al.

2001, Exp. Astron., 12, 107 Leccia, S., Kjeldsen, H., Bonanno, A. et al.

2007, A&A 464, 1059 Bedding, T. R., Kjeldsen, H., Butler, R. P., McCarthy, C., Marcy, G. W., O’Toole, S. J., Tinney, C. G., & Wright, J. T. 2004, ApJ, 614, 380 Kjeldsen, H., Bedding, T. R., Viskum, M., & Frandsen, S. 1995, AJ, 109, 1313 Kjeldsen, H., & Bedding, T. R. 1995, A&A, 293, 87 Kjeldsen, H., et al. 2005, ApJ, 635, 1281 Tassoul, M. 1980, ApJS, 43, 469 Matthews, J. M., Kusching, R., Guenther, D. B., Walker, G. A. H., Moffat, A. F. J., Rucinski, S. M., Sasselov, D., & Weiss, W. W. 2004, Nature, 430, 51