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Towards probing the internal angular momentum distribution
in r ed giants from solar-like oscillations
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As red giants show very low surface velocities, rotational splitting has not been detected so far in their comb-like structure
from solar-like oscillations. We propose to study the rotational splitting ofℓ=3 modes to discriminate between the com-
peting effects of rotational splitting and finite mode lifetime. Modes of different radial orders probe different depth. The
information of rotational splitting with respect to the radial order could lead to an estimate of the magnitude of differential
rotation inside their convective layers. This is a first attempt to measure the magnitude of the differential rotation in these
evolved stars.

An extensive spectroscopic multi-site campaign to study solar-like oscillations in two promising targets,γ Psc andθ1

Tau is being set up for the second half of 2010. The observational result will be confronted with state-of-the-art models.
Independent from the outcome on differential rotation, strong constraints on the models of red giants will be set.γ Psc
andθ1 Tau will provide an optimal case to test the underlying physics.
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1 Introduction

Towards the end of the core hydrogen burning phase, stars
like the sun experience an exhaustion of hydrogen in the
core. In a Hertzsprung-Russell diagram these stars start to
evolve away from the main sequence. The expansion of the
outer layers leads to a drop in the effective temperature but
to an increase in luminosity. These stars of spectral types G
and K are known as red giants.

In the last decade, the existence of high radial order p-
mode oscillations in several stars in this evolutionary phase
could be confirmed with ground based state-of-the-art spec-
trographs, capable of a meters-per-second precision, e.g.
ξ Hya with CORALIE (Frandsen et al. 2002) and satellite
telescopes such as COROT and KEPLER (De Ridder et al.
2009). These oscillations are stochastically excited by con-
vective motion in the outer layers. The speed of sound in the
stellar interior is depending on the density, temperature and
further parameters of a given mass layer. Since modes of
different radial order probe different depths inside the star,
constraints on these parameters for different layers can in
principle be derived by applying asteroseismic techniques
on these stars. A precise picture of the stellar structure can
be drawn, as it was already successfully shown for the sun
and some pulsating white dwarfs. Therefore, the presence of
non-radial oscillations in red giants opens a new approach
for a better understanding of these stars.
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1.1 Towards differential rotation

Although most stars in the red giant phase show low rota-
tional surface velocities, they must have been rotating sig-
nificantly faster in earlier stages of their evolution. Rotation
is one of the key processes with a large impact on the re-
sult of stellar evolution. Therefore, the rotational history of
a star influences significantly its properties beyond the main
sequence. In turn, analyzing the properties of a given red gi-
ant and its rotational profile yields valuable information on
the previous evolution process. Still, rotation inside stars is
a largely unexplained field of research on the observational
side. Asteroseismology recently opened the opportunity to
change this (e.g. Aerts et al. 2003, Pamyatnykh et al. 2004,
Briquet et al. 2007).

After the main sequence phase, the angular velocity in
the central layers grows rapidly due to the contraction of
the core. During the post-main sequence, the internal rota-
tion profile is mainly determined by conservation of angular
momentum, showing a declining trend to the outer convec-
tive mass layers (Eggenberger et al. 2010). In principle the
magnitude of this effect can be estimated by searching for
the signature of rotational splitting in timeseries of radial
velocity measurements: due to the acting Coriolis force ro-
tation in a star lifts the degeneracy of non-radial modes and
generates a(2·ℓ+1)-tuplet of frequency values with respect
to the azimuthal orderm for modes with the same spheri-
cal degreeℓ but of different orders ofm, separated approx-
imately by the mean internal rotation frequencyΩ. In the
case of a non-rigid rotation, one would expect to detect de-
viations to the mean splitting value with respect to the radial
order of the mode. Measuring the trend of the angular ve-
locity through the convective envelope will provide strong
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Table 1 Fundamental parameters and computed asteroseismic characteristics of the campaign targets.

Name Sp. RA DE V π v sin i Teff Lum Rad Mass νmax ∆ν Ωsurface

Typ (2000.0) (2000.0) mag mas km/s K L⊙ R⊙ M⊙ µHz µHz µHz

γ Psc G9III 23 17 +03 17 3.7 23.64±0.18 3.0 5000 63 10.4 ∼2 60 5.7 0.064
θ1 Tau K0III 04 29 +15 58 3.8 21.13±0.27 3.3 4940 69 11.4 ∼2.5 76 6.1 0.066
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Fig. 1 The positions and evolutionary tracks (taken from Bertelli
et al. 2008) according to their metallicity and stellar masses for
γ Psc andθ1 Tau in a theoretical HRD.

constraints on the assumed rotational law and significantly
improve stellar models.

The rotational period of a red giant star is expected to
be very long, which leads to a very small splitting. A long
temporal baseline is therefore vital to resolve this separation
and its deviations in frequency space. To be able to cover
such long time base, which is of the order of 5 months with
accurate radial velocities measurements and to minimize the
effects of daily aliasing, we follow the approach of a multi-
site campaign.

2 Observations

2.1 Target selection

We limited our search for potential targets to giants which
are not fainter than 4th magnitude in the visual and had
a known projected surface velocity larger than 3 km/s. To
serve as a target for a multi site campaign, this object had to
be close to the celestial equator.

For the remaining potential candidates a photometric
calibration, following the grid of Flower (1996) has been
carried out, obtaining the bolometric correction and effec-
tive temperature and a radius for each star. As distance in-
dicator, the new HIPPARCO-parallaxes from Van Leeuwen
(2007) have been used. To check if the frequency spectra
are suitable for this project the asteroseismic parameters
of solar-like oscillations have been computed by following
Kjeldsen & Bedding (1995).

After testing several target combinations, we find the
starsγ Psc andθ1 Tau as very promising targets for this
campaign. Furthermore, HIPPARCOSphotometry shows no
significant variability for both stars. The most project rel-
evant parameters of both stars are listed in table 1. As it

can be seen in the theoretical HRD (figure 1) both stars are
probably located in the red clumb, the stage of the He-core
burning during the red giant phase. This phase corresponds
to Model E in Dupret et al. (2009). Seismic interpretation
of these frequency spectra would be easier than for other
stages during the red giant phase.

A special advantage for the analysis is taken from the
membership ofθ1 Tau in the Hyades, as many free param-
eters are well determined (Lebreton et al. 2001). It is one
of the 4 giants of this well known cluster on the north-
ern celestial hemesphere. Although suspected to be a SB1-
system since 1919, Griffin & Gunn (1977) and Torres et
al. (1997) were the first to publish detailed radial velocity
curves and orbital elements, respectively. After a detailed
literature search and new measurements, we could extend
the baseline of the radial velocity curve to more than 40
years. A phase diagram and the orbital elements for this rv-
curve is given in figure 2 and table 2.

2.2 Spectroscopic multi-site campaign

It has been shown in many campaigns that the coordinated
observation of an object with telescopes at several, well dis-
tinguished geographic longitudes, is highly improving the
structure of the spectral window which is caused by the
day light gaps (e.g., Arentoft et al. 2008). So far, 30 nights
on CORALIE and 45 nights on HERMES, the spectrographs
of the 1.2m twin telescopes of the EULER telescope at La
Silla/Chile and MERCATOR telescope on La Palma/Spain,
respectively have been granted.

The radial velocity amplitudes of these stars are of the
order of a few meters-per-second or even below for modes
like l=3, as it was shown forξ Hya. Therefore, this cam-
paign, has to utilize spectrographs which are known to be
of this level of precision. To achieve the best results, we are
collaborating with local astronomers who provide us with
their unique instrument specific expertise.

The campaign will be structured into a core campaign of
about 2 weeks in the second half of October 2010, in which
we have the most complete coverage. As shown by the cam-
paign on Procyon (Arentoft et al. 2008) this will reduce the
alias-structure in the spectral window and therefore ease the
frequency detection and mode identification. To achieve the
required frequency resolution, this core campaign will be
complemented with single side observations before and af-
ter, spreading over 5 months.
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Fig. 2 Phase diagram of the the radial velocity measurements of
θ1 Tau. Errors bars are used when given in the literature.

2.3 Interferometric observations

To be able to put further constraints on the models, an in-
dependent determination of the radius and effective temper-
ature is desirable. Recently Boyajian et al. (2009) studied
the angular diameter of the giants in the Hyades with the
CHARA-array. Forθ1 Tau they report an angular diameter
of 2.247±0.042mas and 2.305±0.043mas, assuming a uni-
form and a limbdarkened disk respectively. Finally they de-
rived a radius of 11.7±0.2 R⊙. To obtain a similar result for
our second target, we will carry out interferometric obser-
vations onγ Psc with the AMBER-instrument at the VLTI-
facility in October 2010.

3 Rotational splitting and
finite mode life time

Rotation lifts the degeneracy of non-radial modes and gen-
erates a(2 · ℓ + 1)-tuplet of frequency values with respect
to the azimuthal orderm. Each mode with am 6=0 will
be shifted away from the frequencyω of the zonal mode
(m=0), by following the relation

ωn,ℓ,m ≃ ωn,ℓ + m · Ω · (1 − Cln) (1)

whereΩ is the rotation frequency of the star andCnl is con-
nected with the Ledoux constant (Aerts et al. 2010) . The
amplitudes of this multiplet are highly dependent on the
inclination of the stars rotation axis towards the observer,
which in principle allows to derive the inclination of the
star.

It has to be mentioned, that the frequency spectrum
of solar-like oscillations in red giants is very complicated
(Dupret et al. 2009). Moreover, the finite mode lifetime of
excited modes causes several frequency peaks in the Fourier
spectrum. Their intensities are following a Lorentian distri-
bution, whereby their half-width-at-half-maximum of this
distribution is a measure of the lifetime of these stochasti-
cally excited modes. The confusion caused by the damped
oscillation modes is even increased when considering the
alias problem. Therefore, reducing the alias structure in the
spectral window is essential for the success of this project.
This type of large-scale co-ordinated observing will signifi-
cantly reduce the complexity of the spectral window, caused
by aliasing effects of single-site data.

Table 2 Kepler orbital elements forθ1 Tau

Kepler period ∼5930 days
Orbit Eccentricity 0.6
RV semiamplitude 6.5 km/s
Systemvelocity 39.5 km/s

ℓ = 3 modes are most suited for this analysis and will
overcome both problems. Such modes will split into seven
peaks (m=-3 to +3), covering a larger range in the frequency
domain than lower degree modes. Although the rotation pe-
riod of about 180 days will only lead to a splitting of about
0.065µHz, these septuplets spread over a region in the fre-
quency spectrum, 6 times the rotation separationΩ. This is
about 0.4µHz. Such a relatively large frequency range can
be well resolved with the temporal resolution given by a ob-
serving run of about 150 days per star, as it was shown for
HR 7349 (Carrier et al. 2010).

Long, nearly uninterrupted photometric time series ob-
tained from satellites such as Kepler (Bedding et al. 2010)
have shown that the mode has extremely weak brightness
variations. The mode is quite easily detected with radial ve-
locity measurements, however (Aerts et al. 2010). In other
words, despite the tremendous power of Kepler and other
similar space missions, ground-based spectroscopic obser-
vations are still vital for asteroseismic studies. Furthermore,
radial velocity measurements are also considerably less af-
fected by low frequency surface granulation noise than pho-
tometry. The power excessνmax of evolved stars, which is
located in this frequency regime, is therefore less likely to
be polluted by, or even hidden in the low frequencies noise
than in photometry.

4 Discussion

It is still a matter of debate, if rotational splitting can be
detected in the frequency spectra of the stochastic oscilla-
tions of red giants. So, even the pure detection of a mean
rotational splitting would be precious for seismic models.

Because splitting is hard to separate from the effects of
finite mode life time, neglecting rotation for stars exhibit-
ing solar-like oscillations could lead to an overestimate of
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Fig. 3 A simulated frequency spectrum for a rotating red giant
star, covering the frequency range of one large separation.
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the damping rate. As discussed above, it should be possi-
ble to detect rotational splitting unambiguously by studying
the ℓ=3 modes using high accurate data on radial velocity
variations. We check, if the splitted multiples ofℓ=1 and
3 modes would overlap by simulating radial velocity time-
series for 150 days, assuming a mode life time of 20 days
and a rotation frequency of 0.065µHz. The small frequency
separationδ13 betweenℓ=1 and 3 was estimated by taking
5/3 of the ’classical’ small separationδ02. As it is shown in
figure 3, the splitting will not lead to an overlap of theℓ=3
with the neighbouring modes.

Recent theoretical studies of rotations in red giants by
Eggenberger et al. (2010) suggest, that the magnitude of
differential rotation in red giants could be non-neglectible
and therefore could be visible in real data. However, the
magnitude of this effect is hard to quantify, as it is very de-
pendent on the evolutionary phase and the rotational law
assumed. Hereby it might be interesting to mention that in
addition to these variation, differential rotation will also in-
crease the mean value of the rotational splitting, which can
then become significantly larger than the splitting estimated
from the surface rotation frequency of the star and assuming
solid-body rotation.

So far, no observational studies on the rotational proper-
ties in red giants have been conducted. Therefore the results
of the study ofγ Psc andθ1 Tau are important for the im-
provement of theoretical models.
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