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ABSTRACT

Context. Clear power excess in a frequency range typical for solae-tscillations in red giants has been detected in more tB80 1
stars, which have been observed during the first 138 day®afdience operation of the NASfepler satellite. This sample includes
stars in a wide mass and radius range with spectral types & aextending in luminosity from the bottom of the giant brang

to high-luminous red giants, including the red bump and @uihe high-precision asteroseismic observations Wébler provide a
perfect source for testing stellar structure and evolatipmodels, as well as investigating the stellar populaticour Galaxy.

Aims. We aim to extract accurate seismic parameters fronKgmber time series and use them to infer asteroseismic fundamental
parameters from scaling relations and a comparison witlgiraot models.

Methods. We fit a global model to the observed power density spectraghnwddlows us to accurately estimate the granulation back-
ground signal and the global oscillation parameters, sat¢hafrequency of maximum oscillation power. We find regpkterns of
radial and non-radial oscillation modes and use a new tgaerto automatically identify the mode degree and the cheriatic fre-
guency separations between consecutive modes of the saerécsppdegree. In most cases, we can also measure the spaiaton
between = 0, 1, and 2 modes. Subsequently, the seismic parameterseatdaiestimate stellar masses and radii and to place the
stars in an H-R diagram by using an extensive grid of stelladeis that covers a wide parameter range. Using Bayesihnitpes
throughout our entire analysis allows us to determine biancertainties for all parameters.

Results. We provide accurate seismic parameters and their uncéetgiior a large sample of red giants and determine their@aste
seismic fundamental parameters. We investigate the irfeuefithe stars’ metallicities on their positions in the HiRgitam. Finally,

we study the red-giant populations in the red clump and bunthbcampare them to a synthetic population. We find a mass and
metallicity gradient in the red clump and clear evidence séeondary-clump population.

Key words. stars: late-type - stars: oscillations - stars: fundamgrateameters

1. Introduction such as the frequency range where they are excited to olderva

. _— amplitudes and their characteristic spacings, are preausmtly
Studying solar-type oscillations has proved to be a povrerdy defined by the stellar mass and radius. By using accurate aste

to test the physical processes in stars (e.g. Christenatsgaard oseismic data, it should therefore be possible to constuain

2004) that are similar to our Sun and also to the more evolva mental parameters to levels of precision that would atiser

Iredt glart1_ts, Wh'(&r“ represe?_t the futlure of ?E{Jr: Sun.tThe tu:jbb’é impossible. This has important applications in, for epkem
ent motions in the conveclive envelopes ot these Starsuce exoplanet studies, which depend on firm knowledge of the fun-

an acoustic noise .tha.t can sto_chasticgally drive (and_ daemp) "damental parameters of the host star. Asteroseismic datauta
onant p-mode oscillations, typically with small amplitsd©n tight constraints on the absolute radii of transiting ptaner

the other hand, the global properties of solar-type ostuli, determine the age of an exoplanetary system (e.g. Chréstens
Send offprint requests to: kallinger@phas.ubc.ca Dalsgaard et al. 2010).
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An obvious requirement for such asteroseismic studies iS ; iox

the availability of accurate observational data. The firgti-i o o =

cations of solar-type oscillations in G and K-type giantgeave 1.005 i
based on ground-based observations in radial velocitytgAus: \

Merline 1999;¢Hya: Frandsen et al. 2002,0ph: De Ridder 1000\ AT i
et al. 2006) and photometry (M67: Stello et al. 2007), which \\

largely sdfered from low signal-to-noise data sets and alias- qq95|
ing. The periods of solar-type oscillations in red giantsga
from hours to days and hence call for long and preferably UN < (oe0b. i i e e e kLt et Larsasd
interrupted observations to resolve the oscillations,cwtdan £ 1.005
be done best from space. Space-based detection were made
with the star tracker of th®Mde Field Infrared Explorer satel-

lite (WIRE; e.g. Buzasi et al. 2000; Retter et al. 2003), the
Hubble Space Telescope (HST; e.g. Edmonds & Gilliland 1996; 1.000
Kallinger et al. 2005; Stello & Gilliland 2009Microvariability

and Oscillation of Stars (MOST,; Barban et al. 2007; Kallinger

et al. 2008a,b), and th&olar Mass Ejection Imager (SMEI; I
Tarrant et al. 2007). Significant improvement in quality and o.995
guantity of the observations came from the 150-day long ob- 4960 4980 5000 5020 5040 5060 5080
servations with th€onvection, Rotation and planetary Transits BID - 2 430 000

Sate”'t(ej.(ﬂ:OR‘?"T ), which gro".'ded clear detec“org’ Ogef’gg”rd Fig. 1. Relative flux for the Q0, Q1, and Q2 data of KIC 6838420, The
non-radial oscillation modes in numerous stars (De Riddat.e op panel shows the original time series (grey points) with2nd or-

2009; Hekker et al. 2009; Carrier et al. 2010; Kallinger et &ler polynomial fits overlaid (black lines). The bottom pasiebws the
2010; Mosser et al. 2010). Most recently, the NAB&pler residual time series.

Mission has demonstrated its great asteroseismic potential to ob-

serve solar-type oscillations in red giants (Bedding e2@lo;

Hekker et al. 2010b; Stello et al. 2010). We refer to our compa

ion papers presenting a more detailed study of the astero&ei stellar radii based on the observed large frequency seéparat
observables (Huber et al. 2010) and a comparison of gloét 0sand conventional observables. The basic principle of theN
lation parameters derived usingférent methods (Hekker et al.asteroFLAG methods is the same. They compare observed seis-
2010c). mic parametersif,ax andor Av) and other observable$ 4, V,

The oscillation spectrum of a solar-type oscillating star, logg, metallicity, etc.) to those of stellar models, where the
presents a pattern of modes with nearly regular frequermyg-spseismic parameters of the models are determined from gcalin
ings, where the signature of these spacings carries int@ma relations or adiabatic model frequencies. If the input paa
about the internal structure of the star. The large frequepac- ters are well defined, these methods enable very precise esti
ing (Av), for example, is the frequencyftBrences between con-mates for the stellar radius. Most of the red giants obsemrtd
secutive overtones having the same spherical dedyeand is CoRoT andKepler, however, are rather faint and, although the
related to the acoustic radius and therefore to the mean deeismic parameters can be determined with high precisibn, a
sity of the star (Brown et al. 1991; Kjeldsen & Bedding 1995{itional constraints are generally very uncertain, if e at
Another directly accessible seismic parameter, the freguef all. To account for this, Kallinger et al. (2010) (hereafaper
maximum oscillation powenfnay), is related to the acoustic cut-1) presented a modified approach for 31 red giants observed fo
off frequency and therefore, in the adiabatic case and under #imut 150 days with the CoRoT space telescope. They exclu-
assumption of an ideal gas, defined by the surface gravitgindsively used the measured seismic parametggsandAy to de-
fective temperature of the star (e.g. Kjeldsen & Bedding5)99 rive estimates for stellar fundamental parameters fronafoee-

Estimating fundamental parameters from these seismic paentioned scaling relations and a grid of solar-calibraest
rameters has become an important application of astemigeisgiant models, without making use of any other input paramsete
observations. Recent investigations in this context weaglan They also indicated that their mass and radius determimégio
by Stello et al. (2008), who analysed 11 bright red giants otglatively insensitive to the metallicity ayat evolutionary stage
served with the WIRE satellite. They compared traditionatlim of the investigated red giants.
ods to determine stellar masses with a new method, thatluses t In this paper, we largely follow the approach of Paper | but
effective temperature, the Hipparcos parallaxes and their méar red giants that have been observed during the fifs38
surement fovnay, t0 estimate an asteroseismic mass. The A2iays of science operation of thepler satellite. We fit a global
pipeline (Mathur et al. 2010) uses twdldirent methods to esti- model to the power density spectra of the high-precision pho
mate the mass and radius of a star: one based on the scalg l@metric time series to measurgax. We use an improved ap-
and the other one that starts with the measuremett ahd uses proach to determine the large and small frequency spacings,
a pre-calculated grid of evolutionary models to obtain atidh which also provides an automated identification of the mode
guess of the fundamental parameters of the star. For trex lattegree. We apply the same methods to determipgand Av
method, a minimisation algorithm is performed to estimate tto SOHQVIRGO (Variability of solar IRradiance and Gravity
radius and the mass with a higher accuracy (Creevey et ar)20@scillations; Frohlich et al. 1997) data to measure the solar refer-
Basu et al. (2010) presented the Yale-Birmingham (YB) m&thoence values needed as an input for the scaling relationsowie ¢
which aims to deduce precise stellar radii from a combimatigpare the measured seismic parameters with those determined
of seismic and conventional variables. Within the contéxhe from a multi-metallicity red-giant model grid (by using theal-
asteroFLAG hare-and-hounds exercises forkbgler Mission, ing relations) to derive a reliable stellar mass and radis a
Stello et al. (2009b) summarised other methods, which geovireasonable féective temperature and luminosity for the red gi-

ative flux
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Fig. 2. Left panel: Power density spectra for a sample of red giants observadKepler. Black lines indicate the global model fit and dotted
lines show the global model plotted without the Gaussianpmmnt, which serve as a model for the background signahéhknes indicate
the background components. KIC numbers are given in theruji# cornersRight panel: Residual power density spectra shifted to the central
frequency (given in absolute numbers in the plots) of our ehddl determine the frequency separations and normaliséitettarge frequency
separation. Black lines correspond to the best fitting motet dashed line marks the midpoint between adjalcert modes.

ants in our sample. We investigate the error sources in @lf arThe combined time series consist of about 5900 or 5430 mea-
ysis and discuss the stellar populations on the giant branch surements and span a total duration of about 138 or 127 days,
depending on the availability of QO data.

2. Observations _ . . .
In Fig. 1 we show the relative flux for a typical red giant.

The NASA Kepler Mission (Borucki et al. 2008, 2010) was Whereas the Q0 and Q1 time series show only long term trends,
launched in March 2009 with the primary goal of searching fahe Q2 data reveal a more complex behaviour. The time series
transits of Earth-sized planets in and near the habitabieso appears to consist of five parts with sudden jumps at theitrans
of Sun-like stars. The satellite houses a 95-cm aperturéfi@dd tions, which are instrumental. Additionally there is a stgp-
Schmidt telescope that points at a single field in the coiasiah  dient at least at the beginning of the second and fourth ‘&ttibs
Cygnus for the entire mission lifetime-8.5years). The tele- (BJD - 2450000~ 5018 and 5062). These artefacts appear at
scope feeds a flerential photometer with a wide field of viewthe same time in most data sets and are due to some satllite fa
that continuously monitors the brightnesses of about T8D,0ures during the Q2 observations, wh&epler had to be cooled
stars. This makes it an ideal instrument for asteroseisgyolodown again after safe-mode operations. To account for tinese
and the Kepler Asteroseismic Science Consortium (KAS@p  strumental artefacts, we split the time series into 7 ssh&@®,
been set up to study many of the observed stars (see GillilaQd, and 5 subsets for Q2). We tried several approaches tolmode
et al. 2010 for an overview and first results). the gradients, but this turned out to be quitéidilt as the ac-

In this paper we concentrate on the long-cadence (29.4 minal shape dfered from star to star, even increasing gradients
utes sampling; Jenkins et al. 2010) data that have beerctadle have been found in some cases. Therefore, we simply removed
within the astrometric and asteroseismic programmes dtin@ the leading data points, including the steepest part of thdig
commissioning phase (Q8;11d) and the first (Q1+34d) and ent for the first, second, and fourth subsets of the Q2 data. In
second (Q2:>~89d) roll of the satellite. We analyse all stars fototal we rejected about 5.5 days of measurements, degrduing
which at least Q1 and Q2 time series have been made availadlerall duty cycle from about 91 to 87%, with only minor conse
via KASC, including those which have not been flagged as redences on the spectral window function. Finally, we s
giants in the Kepler Input Catalogue (KIC; Latham et al. 2005a second-order polynomial fit from each subset. The regpltin
time series is shown in the bottom panel of Fig. 1. This apgtoa
1 httpy/kepler.asteroseismology.com does, of course, suppress any intrinsic long period sidite.
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shortest subset is about 11 days long, which means that e filtorentzian-like functions, and a power excess hump approxi
out signal below about aHz. mated by a Gaussian:

The long-cadence data frokepler that are accessible to
KASC consist of two major samples. Firstly, the so-called as 5 5
trometric reference stars (Batalha et al. 2010; Monet @Cxl0) P() = Py + Z 2nay /by + Pyexp ~(Vmax = V) )
comprising about 1 000 stars that have been selected tothetis "L+ (/)0 203
(and therefore having a small parallax), but bright (andehe '

fore being mostly giants) and unsaturated starsieer mag- \herep, corresponds to the white noise contributions anis
nitude range of 11.0-12.5mag, which are uncrowded and Ufe rms amplitude of theh background components. The pa-
formly distributed over the focal plane. Secondly, aboufQ 3 yameterb; corresponds to the frequency at which the power of
stars that have been selected for asteroseismology by the yige component is equal to half its value at zero frequency and
ious working groups of KASC according toffrent criteria s called the characteristic frequen@, vmax, andoy are the
such as their presumed membership to a cluster or due to thifght, the central frequency, and the width of the power ex-
colour index. We computed the power density spectra betwegsss hump, respectively. Note tha§ is about 1.18 times the
1puHz and the Nyquist frequency-R80uHz) for all stars and HwHM. For our sample of red giants, the frequency coverage
searched them visually (i.e., by eye) for red-giant chami®t of theKepler observations allowed us to model up to three back-
tics. We found a total of 1041 stars (670 astrometric and 36?Lound components.
asteroseismic) that show both a clear power excess hump withhe only diference compared to the model in Paper | is the
regularly spaced peaks and a background that decreases$owgymerator in the background models. Originally, a singtapa
higher frequenqes. We identified them as red giants forube s eter, A, was used which corresponds to the power at frequency
sequent analysis. equal to zero of the given component. However, tests hawersho
that fittinga andb instead of fittingA andb, with A = 2ra?/b,
yields a more robust fit and allows a more accurate measutemen
3. Power spectra modelling of the characteristic frequencies. This notation also makere
sense physically becauagcorresponds to the variance that the

The power spectra of solar-type oscillations have chanatite gjona produces in the time domain and can easily be related t
features. Besides an instrumental white noise componey, ty o dhserved total energy of, e.g., granulation.

show a frequency-dependentbackground signal. This segmal = \ye \;seq a Bayesian Markov-Chain Monte-Carlo (MCMC)
tl)gsrsepre_she.nted by seVﬁraI Lor.en_tz:‘an-llke fgncﬁomey algorithm to fit the global model to the power density spectra
) with increasing characteristic frequencies andamsing  ge Paper | and Gruberbauer et al. (2009) for a detailedigescr
characteristic amplitudes. Each of the_se componentsisveel tion. Briefly, the algorithm automatically samples a wideaa-
to represent a separate class of physical process suchilas stg.o s3c6'and delivers probability density distributitarsall
activity and the diterent scales of granulation, and most of thefy, ., parameters and their marginal distributions, fronicivh
are strongly connected to the turbulent motions in the CeNVEy o comnted the most probable values and theiubcertain-
tve envelope. On top of the bgickground signal, one f'nds'adﬂbs. For the parameter limits, we followed a slightly mastifi
tional power due to pulsation in a broad_ hump. Th's power eébproach to that in Paper I. During the fitting process we kept
cess arises from a sequence of stochastically excited anpleth vmax Within £25% of the value inferred from the visual inspec-

oscillations, which correspond to high-overtone radial 8on- o ot the spectrum. The width of the power excess was atiowe
radial acoustic modes. The mode amplitudes are defined by b?/ary between 5% and 50% of the initial guess @, where

excitation and damping and are modulated by a broad enygs lower limit prevented the algorithm from fitting the Gaias
lope. The centre of the envelope is usually called the freque

of maximum oscillation powen/fyay) and its shape is approxi-
mately Gaussian.

100

®

[}
T T

3.1. Global power spectrum model and vmay

The background signal in the power spectra of solar-typ#-osc
lations can be modelled by the sum of Lorentzian-like fuorcdi,
P(v) = 3 Ai/(1 + (2nvry)®), with v being the frequency, i, £
andc; being the characteristic amplitudes, timescales, and the, 10
slopes of the background model. This model was first intreduc
by Harvey (1985) to characterise the solar background kigna
In Paper I, it was shown that the solar background model also
works for the power spectra of red giants. Due to the largdii ra )
of red giants compared to the Sun, the amplitudes and tirfesssca

of the background components are quitéetent but the model, N T
particularly the slopes of the components are the same, nere 0.01 0.1 1 10
follow the approach of Paper | and model the observed power HBR/o,

density spectra with a superposition of white noise, the efim

N
T

N
(zHr) ™o

Vm:
LI R |

Lo o® v b v b by 1y

Fig. 3. The uncertainty irvmax in actual value (right axis) and in units of
2 Note that this function is frequently referred to as power, lahich the frequency resolution as a function of the ratio betwéenheight-

it is clearly not. Since there is no distinct name for thisdiion, we to-background ratio (HBR) and the width of the power excegsThe

refer to it as Lorentzian-like because Harvey originallggested a line indicates a power-law model for the lower envelope.

Lorentzian
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5.23uHz found in Sect. 3.3 for SOHWIRGO data. Given this
relatively simple error law we are confident that our underta
ties forvmax are reliable and do mainly reflect the constraints of
the observations and not of our method. It is also interggtin
see that the uncertainty of,a« is very much defined by the star
itself, since HBRo is largely intrinsic to the star, for a given
instrument and observing time. Nevertheless, we mentiah th
the error law is purely phenomenological and might not balval
outside the range we use it.

N S SRS S A histogram of the relative uncertaintiesipax is given in
the top panel of Fig. 4, showing a clear peak at about 2%. This
is not surprising as a large fraction of the analysed redtgian
are red-clump stars having a very similgfa.x, and therefore a
similar width and height-to-background ratio of the power e
cess. We see that, for almost all stars, we could determine

to within 4% and, for about half of our sample, to within 2%.

A potential problem for the subsequent analysis is that we
assumed the power excess hump to be symmetric, so that an in-
trinsic asymmetry might result in a systematic error. Inédp
0 LT EE L A s iy = it was claimed that the asymmetry of the power excess hump
40 60 80 100 is within the observational uncertainties wfa,, and therefore
relative uncertainty (%) negligible. However, that conclusion was based on the arsly

of only 31 stars. Our sample is more than 30 times larger and
Fig.4. Histograms of the relative uncertainties faxax, the large fre- should give a statistically more significant conclusion. ¢ten-
quency separatioftv, and the small separatiodg,; andévoy. puted the weighted mean frequengym, in the frequency range
of pulsation ¢maxt30g), where we used the residual power af-
ter correcting for the background signal as weight. We found

to a single frequency bin in the spectrum. The frequencyrpara”wm consistently shifted towards higher frequencies compared

etersh; were allowed to vary from 0 to 1.5 timesay, With the to_vmax by 3.1+1.3% and therefo_re_outside the average uncer-

conditionb; > b, > bs, where the indices indicate consecutivé®NtY fOr vmax Of about 2.3%. This is, however, not a problem

background components. The amplitude parametevsre kept |n001_Jr subsequent analysis since we find the same shift oftabou

between 0 and 10 times the square root of the highest peakpog(/é’ in the solar data (see Sect. 3'3)' and as long as we compare

in the spectraP, was allowed to vary from zero to 10 times the/max Values that are determined in the same way, we do not have

average power in the spectrum around the initial guess-fgs to take into account asymmetries in the power excess humps.

andP,, was kept between 0.5 and 2 times the average power at

the high frequency end of the spectrum. The left panel ofFig3 2, Frequency spacings

shows examples of power density spectra with the correspgnd

fits. In the next step we used the white noise and background com-
An important aspect of our analysis is to understand the upenents of the global model (dotted lines in Fig. 2) to cartiee

certainties of the determined parameters. One might expatt power density spectra for the background signal, leavirlg on

the white noise, and therefore the brightness of a Stars'm)ﬂ} the oscillation Slgnal and white noise. The second pararﬂ’me

sible for a significant part of the uncertainty ipax but we do can directly be determined from the observed power spectrum

not find any correlation with the magnitude. On the other hanig the large frequency separatian;. To determineAy, we use

there is a clear correlation betweenmax and the ratio of the @ similar approach as in Paper | and fit the following general

height-to-background ratio (HBR) to the width of the power e Mmodel to the residual power density spectrum over a frequenc

cess ), where we define the HBR as the ratio between ti@nge spanning three radial orders around the frequencyrf m

height of the power exces®{) and the background signal atmum oscillation power:

Ymax- IN other words, we can more accurately determine the cen-

tre of a narrow power excess hump with a large HBR than the L At

centre of a broad hump with a small HBR. This is illustrated in  P(¥) = Pn+ Z 1+ 4[v — (vo + 1AV)]2(n7)2

Fig. 3 where we plot the absolute valuemgf,ax (right axis) as a i=-1

Cm e e e e e e

percentage of stars
o
n
N ]
[}
[ee]

-- Bveg

o
n
o

function of HBRoy. Tests with subsets of th&epler time series L AJZT

(and data sets from CoRoT) have shown thiatax is also di- + Z T+ 4l — (ot JAr — oo 2(rr )2 (3)
rectly proportional to the frequency resolution of the tisegies, =1

which is defined as the inverse data set length. To account for AiT

this we ploto,max in units of the frequency resolutiom{s) on x CYREYL

the left axis in Fig. 3. From that, we can define a simple retati W1 1+ 4l = (vo + 347 + 6vor)]*(n7)

for the lower limit of the uncertainty ifax as ) ) ]
The model represents a sequence of eight Lorentzian profiles

4 whose frequencies are parameterised by a central frequency
Oymax = ers(l + W) (2)  and three spacinggdyy, dvo1, anddvg,, Where the first, second,
¢ and third sum corresponds to three radial, tHree2, and two
For the solar case we would expect an uncertaintyigk of | = 1 modes, respectively;, A;, andA are the individual rms

about 5.3/Hz, which is in good agreement with the value omplitudes. As in Paper I, we assume the same mode lifetime
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7 for all modes, which might not be true in reality, but this as
sumption has no impact on the determination of the spacin
and significantly stabilises the fit. We again used the Bayesi
MCMC algorithm to fit the model to the residual power den:
sity spectrum. All mode amplitudes were allowed to vary inde
pendently between zero and 10 times the highest peak in t
amplitude spectrum. This allowed the algorithm to accoont f
missing modes or modes hidden in the noise. The mode lif
time was sampled between 1 and 100 days. Most important h¢”
were the parameter ranges for the spacings. With the conditi
thatévor < Av andévoy < Av/2, the model basically represents
the asymptotic relation (Tassoul 1980) for low-degree ag-h
radial order p modes. Consequentlyp, anddvp; correspond
to the small separations between adjadeatO and 2 modes
and betweeh= 1 modes and the midpoint of consecutive radia
modes, respectively. A critical parameter is the centeajdiency
because the central mode must be a radial mode. Otherwése,
interpretation of the spacings contradicts the asymptelation.
It turned out when allowing, andAv to vary over a relatively
wide range {max =204 for v, and 0.5uHz to 2o for Av) the al-
gorithm was able to automatically find the central mode that ¢
responds to a radial model i 2 modes were present. In case of Frequency (iHz)
no detecta_blé— 2 modes, th_e mode |dgntlflcatlon |s_amb|gu0u1§_,ig' 5. Power density spectrum of a 1-year VIRGO time series (light-
but the delivered 'afge spacing was still a good estimate. grey) and the corresponding global model fit (black line)e @ark-grey

We have determinedy for all 1041 stars and found at leasfjine shows a smoothed (&4z boxcar filter) version from the average of
two | = 2 modes in the oscillation spectrum of about half of oWwine consecutive 1-year VIRGO time series. The inset givegptoba-
sample, which allowed us to determine small spacings basedutlity density function forvy,ax with the vertical solid and dashed lines
an automated mode identification. In principle, we have&lgp indicating the median value and the fimits, respectively.
values for these stars but only accepted them for about @k th
of the total sample. This is because of the multiple dipoleleso
over a relatively broad frequency range per order, whicluocc
due to their mixed gravigiacoustic mode character (Dupret et apbservations than Fourier-based methods and is able tatdete
2009), and makes it flicult for our algorithm to obtain robust regular spacings down to a few times the frequency resaiutio
results. We do not further investigate the small spacingsbet (Mosser et al. 2010). To account for this, we usedAhealues
refer to Huber et al. (2010), where those results are predent from the autocorrelation method for all stars withu< 15 uHz

The oscillation spectra and the corresponding best fits for?% of the total sample) for the subsequent analysis.
the stars in Fig. 2 are illustrated in the right panel of thgure. Finally, we cross-checked our results fgkax and Av with
As for our global fit parameters, we determined the most prog&ose of other methods (Hekker et al. 2010a, Huber et al.,2009
ble parameters from the marginal distributions of the phililg ~ Mathur et al. 2010, and Mosser & Appourchaux 2009) which
density delivered by the MCMC algorithm. Unlike fegay, we have been used to determine the same seismic parameters for
were not able to find a clear correlation between the unceytai our sample (or subsample) of red giants. A direct compag$on
in Av and any other parameter combination. We expect, hofte diferent methods shows that there are a number of outliers
ever, thatr,, depends on the frequency resolution, the signal-tBut for most stars in our sample, at least one other methoel gav
noise ratio of the individual modes and their lifetime. Weilcb - a value that is compatible with our results (i.e., within timeer-
not reliably determine the mode lifetimes for many starsinee tainties). Additionally, we have carefully checked by hahd
their mode profiles are undersampled, which means that tile pegliability of the seismic parameters for all stars for whive
width due to the spectral window function of the observatisn found a significant disagreement in the direct comparisee (s
broader than the actual profile width. In such a case our amgtiekker et al. 2010c for the detailed comparison) and ideutifi
tudes and lifetimes are meaningless. The mode frequenuies anly a few stars (less than 1%) which we had to eliminate from
therefore the spacings are, however, nffeeted by this phe- our sample because their seismic parameters are ambiguous.
nomenon. Histograms for the uncertainties of the spacing pa
rameters are given in Fig. 4, showing that we can determine
to within 1% f%r about 3%% of our s%mple. Whereas the accg'—a Solar reference parameters
racy ofévop is mostly better than 10%, the relative errorsdfegi  The large frequency separation is related to the inversadsou
are relatively large. But one has to keep in mind thai is well  travel time through the star and therefore to the mean densit
below 1uHz for ared giant and the absolute uncertaintie®ef  of the star. It scales asv,(M/R®)Y?2 from the solar case, with
are still quite low. R andM being the total mass and the radius of the star, respec-

Originally, we would have had to exclude a number of statively, in solar units. An important point when using scgliela-
from our sample because they pulsate with low frequenciggns to estimate fundamental parameters is the definitbtie
making it dificult to reliably determine spacings from a frescaled seismic parameters. An often used solar referetoe, va
quency spectrum. There is, however, the so-called autelesrr Av= 134.95uHz is based on the frequencyfidirence between
tion method described by Mosser & Appourchaux (2009), whidhe radial modes with ordera 20 and 21 where the maximum
measureay from the first peak in the autocorrelation of the timescillation power is seen (Toutain & Froehlich 1992). The-fr
series. This method is lesffected by the limited duration of the quency diference of two single modes isfiiicult to determine
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Fig. 6. Same as Fig. 5 but as delivered from our algorithm to detezritie frequency spacing&op panels: Probability density functions for the
three spacing parameters and the central frequency of odelfib Median values andollimits are indicated by vertical solid and dashed line,
respectivelyBottom panel: Residual power density spectrum (light-grey) of a 1-yelRGO time series and the corresponding model fit (black
line).

for other stars and an average value of all (or some) obslervathe probability density function of the solagax parameter, from
modes is often used (e.g134.8uHz for the Sun; Kjeldsen et al. which we determineeay, = 3120t5uHz.

2008). However, the frequency separation is a function ef th In the next step we use the background part of the global
frequency itself (see e.g. Broomhall et al. 2009 for the Suth amodel fit to correct the power density spectrum and fit the
Mosser et al. 2010 for CoRoT red giants), and an average asymptotic relation model to the residual spectrum. Tharsol
will depend on the actual number and frequency range of themode profiles are naturally much better resolved than the p
observed modes and isfii¢ult to compare for dferent obser- modes in our sample of red giants and initial tests have shown
vations. that the rotationally split components of the non-radialde®

The frequency of maximum oscillation power, on the otheétignificantly disturb the fit. To account for this we have ured
hand, is related to the acoustic cuf-frequency in the stel- rotationally split components for tHe= 1 and 2 modes, which

lar atmosphere (e.g., Brown et al. 1991; Kjeldsen & Beddirfg{e pgramet$ris§d téyf_a sin%Ie rr]ot_atri]onal_ frte)quency a;]nd ﬁn in
1995), which in turn Scales asax, (M R2 Tar¥/2) from the - Clination angle that defines the height ratio between théraen

solar case, where often used valuesigrg,, = 3050uHz (e.g., profile and the split components (e.g., Gizon & Solanki 2003;

Kjeldsen & Bedding 1995) or 31Q@Hz (e.g., Basu et al. 2010). Ballot et al. 2006). We have also tested asymmetric mode pro-
Bjoth seismic parameters scale with the stellar mass andsradj'es (Nigamet "?‘L 1998) but fpund no significant mfluenqgfunt
and can therefore be used to estimR@ndM of a star from its Parameters _Of interest. In Fig. 6, we show thg probability-de
seismic parameters. But to use these seismic scalingaredin Sty distributions for the three frequency spacings andctre

a consistent way we need values for the solar parameters, iRl frque_ncy of our model, toget_her with their m?‘d'a” ealu
sured in the same way as for our sample of red giants. Note tR3f ¥ limits. The bottom panels illustrate the residual power
the seismic scaling relations are not laws of physics andipo<!€Nsity spectrum and the best model fit. We have determined

bly include some additional uncertainties. There are, vewe Av, = 134.88:0.04uHz, 6vop, = 9.00:0.06uHz, andéy(’ﬁ@ - "
strong indications that at least the-scaling is quite accurate 6-14t0.10uHz. The uncertainties might appear unrealistically

for cool stars like our sample of red giants (Basu et al. 2019Mall but they reflect a well defined case specifically chosen f
Stello et al. 2009a). our approach and should not be mistaken as “global” frequenc

) ) spacings of the Sun.
We used a 1-year time series from the green channel of the

SOHQVIRGO data (Frohlich et al. 1997) obtained during a

solar activity minimum and fitted our global model (Eq. 1) tal. Asteroseismic fundamental parameters
the corresponding power density spectrum. The result isngiv

in Fig. 5, showing the original power density spectrum and 4l- Method

smoothed version of the average power density spectrummef npyr approach to determining an asteroseismic mass andsradiu

consecutive 1-year time.series along with the be§t fitting_eho depends on the aforementioned scaling relationgfgrandAy:
Although the model is fitted to “only” a 1-year time series, it

almost perfectly reproduces the average spectrum of the-ful Vinax = 3120+ 5uHz x MR™2T /2 4
year time series. The reason why we do not use the 9-year time 1200-3/2
series is because of limited computer resources. Also sh®wn Av = (13488+ 0.04uHz) x MR ®)
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with M andRin solar units and” = Te;/5777K. Obviously the parameters;maxmodel @NdAvmede, Matches the observed ones as
vmax Scaling relation depends on thextive temperature of the

star. Although there are temperatures available in the KIC f L, = 1 exp(_(Vmaxobs— VmaxmodeDZ) ©
most of the analysed stars, we decided not to directly usa the e \2ro, 202

in our analysis (i.e., in the above scaling relations). THE K 1 h —(Avots— Avinode)?
parametersTes, logg, and [F¢H]) are mostly determined from Ly = ex ( obe mode ] (7)
multi-colour photometry and they are calibrated to be airire 2roy, 20 iy

a statistical sense, i.e., the average values of a largelsarfip
stars are correct. However, a star-by-star comparison, ferg
stars associated in a cluster) has shown that the individlizés
can have a large scatter (up to some 100 Kdf). Consequently,

To simplify matters, we also assume a Gaussian error for l8e K
effective temperatures and define the likelihood that the model
matches the observed temperature as

adopting the KIC temperatures would add uncertainties dbup ~(Teirxic — Tef mode)?
5% and 10% to our radius and mass determinations, resplgctive Lrg = exp - 502 - ) 8)
Therefore, we also compared the seismic parameters of the ob V2o, O Tor

served stars and their KIC temperatures to those inferad fr i, a typical value of 200 K foorrer. In the Bayesian approach
stellar models, and then adopted the fundamental parasnetet can assign an overall probability of the modi&l with the
from the model that best reproduced all input parameterstelh posterior probability matching the observed parametBraiith

are several ways to do this. In Paper |, an initial guess ®stll- espect 1o the entire set of models according to Bayes theore
lar mass and radius was determined using an average tempgga-

ture for stars on the red giant branch. The initial mass adidisa p(Mill)p(DIM;, I)

values were then compared to those of a grid of solar-cadiira p(MiID, 1) = W )
red-giant models to get a better estimate for the tempexatine

new temperature was adopted and the procedure repeated, wiiere 1

verging to a certain location in the H-R diagram after a few it p(Mill) = — (20)
erations and delivering a full set of fundamental paransefiar Nm

each star. However, these iteratively determined paramatso is the uniform prior probability for a specific model with,
depend on the chemical composition and the evolutionatystabeing the total number of models, and

of the model (i.e., whether the model is a red-giant branamor

asymptotic-giant branch model). This ambiguity allows\&egi P(DIMi. 1) = Lmax AV. Ter) = Ly Lav-Lrer (11)
set of seismic parameters to converge tiiedént locations in s the likelihood function. The denominator of Eq. 9 is a nakm

the H-R diagram if dierent model grids with, e.g., aftérent isation factor for the specific model probability in the foa
chemical composition are used. This uncertainty has, hewev

only small éfects on the mass and radius determination. For the N
effective temperature and luminosity it adds abe50K and p(DI1) = Z p(M;ll) - p(DIM;, 1). 12)
+20% uncertainties, respectively. =1

Since the uniform priors are the same for all models theyelanc
in Eq. 9, which simplifies to

A more general approach was presented by Basu et al. ‘ _ __ p(DIM;, 1)

e o= ; p(MiID, 1) = —/—————. (13)
(2010). They used a combination of seismic and conventional ZN_'“l p(DIM;, 1)
stellar parameters and compared them to those of a multi- =
metallicity model grid, where the aforementioned scaliag+ The resulting model probability distribution automatigafans-
tions are used to determine the seismic parameters for tde miates into most probable fundamental parameters and their u
els. Basu et al. (2010) defined a model likelihood from the di€ertainties by constructing the marginal distributiontfoe cor-
ference between the model and input parameters and infer tagponding parameter. The normalised probability of thstmo
stellar radius from the resulting likelihood function. Rrdgheir
tests with a number of artificial stars they concluded thad it
very unlikely to get a reasonable estimate for a red giamts’ r T T T 0
dius if no accurate temperature and parallax are availdthlis. 0.004 = o 7
conclusion was, however, based on only a single red-giaht te
star that is located high up the red giant branch and thexefor 0003
quite far away from where most of the observed red giants are.
expected (i.e. in the red clump). Additionally, they haveLesed
uncertainties for the seismic input parameters that aretgabao
times larger than what we have determined for our sampledofre .00
giants.

o
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Here, we follow the approach of Basu et al. (2010) but fogig 7. The projected probability (left) and cumulative probaiili
mulate our search for a best set of fundamental parameters igight) distribution functions for the radius of the artifittest star 6

Bayesian sense. Given a set of seismic input paramatgrs,s (Basu et al. 2010). The full horizontal line correspond te thedian
and Avgps, and the Gaussian distribution of their uncertaintiesnd the dashed lines give tedo confidence interval.
oymax @anda,,, we define the likelihood that the seismic model
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Fig.8. The stellar radius as a function of mass for the sample of red 1.0L
giants as directly determined from Eq. 4 and 5 using the Ki€ctive

temperatures (top) and from the comparison with the steitadel grid 2.5

(bottom). F @ :
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probable parameters is therefore a measure of how likejyetie iy -y ;Gy" ]
with respect to the other models of the specific grid. We stres g2 2 W g
that it does not tell us how probable the parameters are in an [ oMo AR
absolute sense, although formally it must be implicitiyuesed 1.0k
than one of the tested models is actually true. The protgabili /" -

must be interpreted as being restricted to the space of te mo ~~ 2°F ~ " T " Te T %,
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els being considered, and their associated physics. Thimsne
that as soon as additional models are added to the model,space
the probabilities will change.

We also mention for completeness that since we use an uni-
form prior that rates each model with the same prior probabil
ity our Bayesian approach is actually not versfelient from the
likelihood method of Basu et al. (2010). But as soon as we @oul
add additional informations such as, e.g., an initial mase{
tion, the advantages of the Bayesian technique would become
obvious. But this is beyond the scope of the present paper and
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we leave it to future investigations.

Fig.9. H-R diagram showing the location of our red-giant sample as
directly determined from Eq. 4 and 5 using the Kliffeetive temper-
atures (paned) and from the comparison with the stellar model grid

. . (panelbto €). The colour code (in the online version only) indicates the
The red-giant models used for our analysis were extracted fr stellar massg andb), radius €), age @), and metallicity €, where the

the canonical scaled-solar Ba8Tdochrones (Pietrinferni et al. jiis scale has been truncated below 6 and above, 1&Ry lines
2004) in version 5.0.0 with a mass-loss paramgter0.2. The show solar-metallicity BaSTI evolutionary tracks. The ésxgiven in
grid includes models which were evolved from the zero-agge lower right corners illustrate typical uncertainties.
main-sequence up to the tip of the red-giant branch (RGByndo

to the He-core burning main sequence (red clump) and back up

to the asymptotic giant branch (ABG) to an age of about 15 Gyr.

We restricted the grid to models that have already left thexma

sequence with initial chemical compositions of (Z,%)0.008, 0.303). The model mass ranges from 0.7 to #WMth steps of

0.256), (0.01, 0.259), (0.0198, 0.2734), (0.03, 0.288),@04, typically 0.02 M,. We rejected models both with a mass above
4 M, and with metallicities below Z 0.008 because they de-

velop a distinctive horizontal giant branch that would #ign

4.2. Models

3 Available from http//albione.oa-teramo.inaf/it
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Fig. 10. H-R diagrams showing our sample of red giants (black dot#f) véspect to dferent metallicity model grids (red dots - in the online
version only).

cantly complicate our analysis. We think this is justifiedéase 4.4. Results for Kepler stars

very high mass and very metal-poor stars are both quite ratea . . . .
it is unlikely to find more than a few in a random sample of relf! & first step, we have excluded 65 red giants which are associ

giants. Initial tests showed that the poor resolution inncical &t€d with clusters from our sample because they might bs th
composition leads to an artificial clustering of stars in Hhe SuPseguentanalysis. Fig. 8 shows the radius as a functite of
R diagram, i. e., the red-clump stars are concentrated irpshg12Ss for the remaining sample of red giants. Whereas in fhe to
features corresponding to the red-clump models of tHerint panel,RandM are directly determined from the seismic scaling
metallicity grids. We therefore increased the resolutioctiemi- "elations adopting the KIC temperatures, the bottom pdrets

cal composition to steps of 0.002 in Z via interpolating tiee R andM as they follow from the Bayesian comparison with the
tive temperature for models of approximately constant raass stellar model grid. Both distributions include many starsated

radius but with diferent chemical composition. The correspond? & narrow range around ten solar radii. Most of the starsis t
ing luminosities were determined from the Stefan-Boltzmarf@ng€ areé expected to correspond to the red clump (e.g.iVig|
law, L o« R2T4. The final grid used consists of about 1.4 mil€t &l- 2009) and their large number is due to thedent evo-

; . lutionary rates of giant-branch stars. Whereas stellalution
lion models based on about 340 000 original BaSTI models.
g takes place quite rapidly during the RGB phase and after the H

flash at the tip of the RGB, it significantly slows down during

the quiescent He-core burning phase in the red clump. Hence
4.3. Testing the method one can expect to find more red-clump stars and therefore star

with a similar radius than RGB stars in a random sample of red

To test our algorithm we use test star 6 from Basu et al. (201@?m5' . . .
from their Table 1. The inputmax and Av are 210.2 and Although the two methods to determiR@andM give a simi-
2.2+0.05Hz, respectively, where we adopt typical uncertaintidd Picture there are some importanffdrences. Firstly, the very-
from our sample of red giants. The resulting model probtasi 10W-mass stars in the top panel are most likely artefactaues,
and cumulative probability distributions for the modelitegiare @Part from binary stars which have lost a significant fracté
illustrated in Fig. 7, from which we infer the most probabge r €ir mass, the universe is not old enough for 0.5-0.7 so&asm
dius and its uncertainty to be R22.1+0.9 R,, which is in good Stars to have become 10-15 solar radii giants. Secondlgishe

agreement with the input radius of 21.44 fBasu et al. 2010). t_rib_ution of stars below the rgd clump seems to be more realis
tic in the bottom panel than in the top panel. The higher mass

A more realistic test case is the red gia@ph, for which an Stars evolve faster than the lower mass stars and therefoes f

interferometric radius is available. With,ay = 53.5:2.0,Ay = higher mass stars should be present in a random sample of gi-
5.2+0.1uHz (Kallinger et al. 2008a), and a spectroscopig= ants. Additionally, the error bars are in general smallénébot-
4877:100K (De Ridder et al. 2006) we determined a radius ™ panel and the red-clump feature is more pronounced. &e ar
10.7:0.4R,, which is in good agreement with the interferomettherefore confident that the a-ddlt.I(_)nﬂCB’tS in determining the

ric radius of 10.580.15R, (Mazumdar et al. 2009). The otherfundamental parameters are justified because they enalriesa m
parameters are also in fairly good agreement with indepﬁndgeta"ed picture of the stellar population on the giant bran
measurements. Our mass estimate of £(B08 M, compares

well to stellar masses determined from a detailed modellin ; ; ;

1.85:0.05 M, (Mazumdar et al. 2009) and 2.02MKallinger - Kepler red giants in the H-R diagram

et al. 2008a). Even our luminosity estimate of#59 , is com- As our algorithm also deliverdiective temperatures and lumi-
patible with the luminosity of 584L. based on the Hipparcosnosities we can put the analysed stars in a H-R diagram. Banel
parallax (van Leeuwen 2007). of Fig. 9 shows the model-independent positions in the H-R di



Kallinger et al.: Asteroseismic fundamental parametei$epfer red giants

agram, with the temperatures from the KIC and the luminesiti
following from the Stefan-Boltzmann law, witR directly deter-
mined from the seismic scaling relations (by using the KiG-te
peratures). The other panels show the positions in the HaR di
gram as they follow from the Bayesian comparison with the ste
lar model grid with the colour code indicating the mass, uadi
age, and metallicity of the best fit models. The distributadn
stars in the H-R diagram reveals some interesting feattires.
most distinctive one (denoted as “A’ in paradf Fig. 9) consists
of a large number of stars-85% of the total sample) lining up
at almost constant luminosity and corresponds to the redmlu
A similar feature (B) is located at slightly lower lumindet and
with an almost constant temperature. It most likely coroess

to the so-called red bump, which is another characteristics
stellar evolution on the giant branch due to the outward-ingv
hydrogen-burning shell that burns through the mean mcéecul
weight discontinuity left by the first dredge-up from the eon
vective envelope causing a slight contraction of the stéorke
the star starts to ascend the giant branch again. Signiffdass
populated than the red clump and bump is the feature (C) that
corresponds to the so-called secondary clump (Girardi 1i®99

percentage of stars

15

10

total sample
[ astrometric sample

[ asteroseismic sample
synthetic ]

15

11

cluding high-mass stars-2 M) that settle as He-core burning

stars at lower luminosities than the lower-mass red-clutass
The secondary-clump population is of particular interesiguse
its mass puts tight constraints on, e.g., the convective-aeer-

shooting or the recent history of star formation in the Gglax
(Girardi 1999). We refer to Huber et al. (2010) who report on

the signature of secondary-clump stars in the distribgtafrihe
seismic observables of red giants in Hewler field of view (see Fig. 12. Histograms for the radius and mass distribution in our sampl
also Mosser et al. 2010 for CoRoT red giants). J
Combining the mass distribution in the H-R diagram (pangpPulation.
b in Fig 9) with the radius distribution (panein Fig 9) we infer
that the red clump consists of about 0.8 to 18 BMars (with
the low-mass stars accumulated at the bottom of the red glump
with a radius between about 10 to 12.R he red bump, on the other hand, is dominated by 1J\tars but with a lower average

Oreff (K)
100 150 200 250
P T B

------- age

percentage of stars

relative error (%)

Fig. 11. Histograms of the relative (and absolute ) uncertainties
for the asteroseismic fundamental parameter.

o
(5.}

of red-giant stars compared to the distribution of a symthetd-giant

radius than the red-clump stars. The secondary-clump saver
similar radius range but includes stars with masses abawetab
2Mg. Outside the red clumps and bump, the stars follow the
usual mass distribution with increasing masses towardsehig
temperatures and luminosities. The detailed structurtedn:R
diagram is almost not visible in the model-independentaagn
(panela). The uncertain KIC temperatures obviously blur the
distribution of the stars in the red clumps and bumps. Howeve
we note that the model-independent approach tentativelysh
the mass gradient in the red clump as well.

Although we cannot constrain the metallicity to better than
about +50% for individual stars, the metallicity distribution
shows some interesting trends (see parielFig. 9). In the red
clump, there is a metallicity gradient ranging from metabp
stars at the bottom to metal-rich stars at higher luminesithnd
the red bump tentatively consists of metal-enhanced stars.

To analyse the red clump and bump in more detail we com-
pare in Fig. 10 the observed features witlffelient metallicity
grids. As indicated in panel of Fig. 9, the red clump is domi-
nated by He-core burning stars of the solar-metallicity gmid-
dle panel of Fig. 10). The metallicity gradient in the redroju
is due to the position of the He-core burning main-sequence i
the diterent metallicity grids. Whereas the metal-poor models
are shifted towards higher temperatures and thereforerttswva
the bottom of the observed red clump, the metal-rich models a
cumulate at the opposite side of the red clump. Similar can be
seen for the red bump. But there, metal-enhanced models are
more consistent with the observed sample than solar-riogall
models.
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In Fig. 11 we show histograms for the relative uncertainti€2010) and computed with the stellar synthesis code TRILEGA
in mass and radius (bottom panel) showing that for about héirardi et al. 2005) in the same way as by Miglio et al. (2009)
of our sample we can constrain the mass and radius to witliar one of the CoRoT fields. The synthetic radius and mass dis-
7% and 3%, respectively. These uncertainties are domitmtedtributions are indicated as dashed lines in Fig. 12. Althotig
the observational uncertainties of the seismic input patars comparison can not be done in an absolute sense as the abserve
and are only slightly fiected by the model related parametersample is biased, the observed and synthetic distributanis
On the other hand, thefective temperature and luminosity of aquite similar but show also some interestingfetiences. The
model with a given mass and radius can significanttjedifor, red-clump feature in the synthetic radius distributionlighgly
e.g., a diferent initial chemical composition or mixing lengthbroader and has its maximum at a lower radius compared to the
parameter. Compared to Paper |, where only a single metalla@bserved distribution. Additionally, the RGB componenieiss
ity grid was used, we cover a wide range in chemical compogironounced, which is due to significantly less red-bumpsstar
tion and therefore expect to get a more realistic uncestdort in the synthetic population. Since the stellar synthesesdmt
the H-R diagram position. Histograms for the relative utaiar include stellar clusters, the mainfiirence in the mass distri-
ties in efective temperature, age, and luminosity are given in thoeitions is due to fewer 1.3 to 1.5Jvtars in the synthetic dis-
top panel of Fig. 11 showing that we can determine tiiective tribution. More interesting is, however, theffdirence for high-
temperature, age and luminosity to withii10 K, +30%, and mass starsx2 M) indicating diferently populated secondary
+11%, respectively, for most of the analysed red giants. clumps. Although these filerences potentially carry detailed in-

We have tested our results with the RADIUS (Stello et alormations about the star formation history in tepler field of
2009b) and A2Z (Mathur et al. 2010) methods, which showedkew and the associated physics, it would require detailed-m
gualitative agreement. However, a direct comparison igynga elling to further investigate them, which is beyond the scop
less since RADIUS and A2Z use only hydrogen burning moddlsis paper.
and therefore do not include the red clump.

4.4.3. Testing the KIC parameters

4.4.2. Radius and mass distributions Finally, we compared in Fig.13 (upper panel) the seismjcall

The radius and mass distribution in our sample of red giantsdetermined ffective temperature with the KIC temperature.
given in Fig. 12. The radius distribution clearly shows twapp We find the seismic temperature systematically shifted tdaa
ulations of stars that are located in the same region of tie Hlower temperatures by about 50K (see linear fit and binned val
diagram. The H-shell burning stars ascending the giantdbrarues). The rms scatter (about 120 K) of the temperatdferdnce
and the He-core burning stars in the red clump. The very di§, however, within the assumed uncertainties for the Ki@-te
ferent rate at which they change their fundamental parasetperatures of 200 K (private communication T. Brown). The KIC
(e.g., the radius) results in two superposed componentgeaf t uncertainties seem therefore to be overestimated but aneoha
radius distribution. The main component is a broad Gaussideeep in mind that our algorithm uses the KIC temperaturesas a
like distribution with a maximum number of stars between 9.iBput parameter and the two temperature estimates ardahere
and 10 R. This component is dominated by RGB stars ascendet independent. A more meaningful indicator for the religb

ing the giant branch and the maximum falls onto the averag&our fundamental parameter estimation is the surfaceityrav
radius of the red bump (see pamedf Fig. 9) but also includes which is also given in the KIC but not used in our analysis. The
the secondary-clump stars. The RGB stars are superpoded wéismic mass and radius directly translate to a surfacatgrav
the sharp distribution of red-clump stars with their rading- and a comparison between the seismic and KIC surface gravity
ing from 10.5 to 11.5R. Also interesting is the excess of starss shown in the bottom panel of Fig. 13. Here we found a system-
with a radius around 204 If real, this clustering of stars would atic difference indicated by a linear fit and binned values. For the
be very interesting because it might indicate stars on th& AGed-clump stars (around lag= 2.5) the diference is negligible
whose He-burning shells burn through the discontinuitybgf but drifts apart for stars above (towards lower surface igrav
the second dredge up, which happens indeed at about 20 satat below (towards higher surface gravity) the red clumpe Th
radii in solar metallicity models. But a significantly largeam- difference is, however, less than 0.5 dex for the entire range, an
ple would be needed to verify if the excess is real. therefore within the uncertainties for the KIC parameters.

The mass distributions in the bottom panel of Fig. 12 shows We also compared our seismic lgyalues for a few stars
that there are only very few low-mass stars in our sampleirThan common with the spectroscopic study of Bruntt et al. (2010
number slowly increases between 0.8 to 1 5Wth a small ex- A&A, in preparation). There is very good agreement with a
cess between 1 to 1.2/Mand rapidly drops for higher massesmean dfterence (spectroscopy minus seismicgpgf Alogg =
To test for bias of our composite sample we computed the sadit0.03 + 0.15. We quote the RMS scatter for the seven stars in
and mass distributions in the subsamples (red and blue tbarsdmmon.

Fig. 12) and found no significantftiérence for the radius distri-
bution. The mass distributions, on the other hand, afferdint.
Obviously, there are more 1.3 to 1.5Mtars in the asteroseis-
mic sample than in the astrometric sample showing its maximu\e have analysed high-precision photometric time seria® fr
between 1to 1.2 M We expect the excess of “high-mass” starthe first four months oKepler observations and found more

in the asteroseismic sample to be due to the original seleofi than 1000 stars that show a clear power excess in a frequency
the stars. range typical for solar-type oscillations in red giants. kiéve

The detailed structure in the radius and mass distributien eapplied robust and automated methods to accurately determi
abled us to identify dferent stellar populations in our samplehe global seismic parametesg.x andAv, and provide an auto-
which we can compare with synthetic populations forklepler mated identification of the mode degree as well as small sgaci
field of view. To do so, we used the synthetic red-giant popisr about one half of our sample. We have analysed the uncer-
lation for theKepler field of view as presented by Huber et altainties in our parameter determination and find a cleatiosla

5. Summary and conclusions
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——, The large sample allowed us to investigate the detailed-stru
| ture of the radius and mass distribution of red giants irkisgser

field of view clearly showing the tlierent populations. A com-
parison with synthetic distributions indicated quantiabgree-
ment but needs further investigations. With the preselysaimd
what was presented by Huber et al. (2010) and Mosser et al.
- IR ] (2010) there are now detailed red-giant populations avtailfor
LT B 1 L | A three diferent regions in the sky, which should be used for fu-

4000 4200 4400 4600 4800 5000 ture detailed population synthesis studies as first doneilgjidvi
Teffsismic et al. (2009).

Finally, we mention that although the parameters uncertain
ties in our analysis are already quite realistic they séfbre-
sent only a lower limit. There are severdlexts we do not yet
take into account. For example, the frequency dependertbe of

i : | IR AL e il large frequency spacing (cf Mosser et al. 2010) might play a
AL A Lk LR I ] role, as might the weak asymmetry of the power excess humps.
L o o e o] To investigate this in more detail we have to wait uiigpler

1.5 2.0 2.5 3.0 can provide significantly longer time series. On the otherdha

109Qseismic we expect a largerfiect from the limitations of the used model
grid. Although our grid covers a wide range in chemical com-
Fig. 13. Comparison between the seismically determin@elative tem-  position, which is one of the parameters that can signifigant
perature and surface gravity and the corresponding KICnpetiers. jnfluence theM-L-R-Te; relation, there are other model param-
Dashed lines indicate a linear fit and red square symbol$ig¢tline  aters such as overshooting or a better description of ctiovec
version only) show binned values. that could change this relation as well and therefore coaldh
consequences to our analysis. Thefeats are dficult to esti-
mate and are still largely unexplored territory.
For the individual seismic parameters we refer to Hekker
et al. (2010c) providing an online table for all red giants ob
for the uncertainty ovmax depending on the frequency resoluserved withKepler. However, our fundamental parameter esti-
tion but also on the height-to-background ratio and thelwidft mates are not included in this table because they will cantin
the power excess, which are largely determined by the stardusly be improved with the ongoing observations. But we en-
self as long as the power excess is well above the white nbisecourage everybody who is interested in our results to reques
the observations. We have applied our methods to solar datattem personally from the lead author.
determine solar reference values fggy andAv. The measured _ S ‘
seismic parameters were then compared to those of an ex@‘?@ﬁ‘é‘lﬁi’;ﬂsDizC’:g:’;?efOTfKthig SKueP'i;té\:'j'sbs'Ot’;éscl;rr;’;’gedcga’\‘giﬁs
sive multi-metallicity grid of stellar mOde.ls’ where the$BIC Austrian Research Promotion Agp(fncy, an¥i the AustriggnSe Ig:undyi
parameters of the models were determined from scaling reﬁga.[y YPE and WJC acknowledge support by the UK Science andndtay
tions. A Bayesian approach for the search of a best fit betweemilities Council. DH acknowledges support by the Astrofmal Society of
observed and model parameters allowed us to derive realiﬁg‘ilstlfza"a- The Ffeeseamhh |?:ading_|t0 fgesethfeséﬂts has Eéteﬁvgﬁgg ffogl]
inti H H I n I nci naer I n m n
uncertainties for all fundamental parameters. In prirgiple FereL:N?)‘rJISaProgerZ?r:e (FQEHD(‘;?_‘%OEERE g‘#a?]i’eggree?nem“oa%‘zz .
CQU|d ha_ve estlm_ated th_e fundamental parameters from the Sﬁ—’ROSPERITY), as well as from the Research Council of K.uves grant
mic scaling relations using the KIC temperatures. Howewer, agreement GOR00804. The National Center for Atmospheric Research is
found strong indications that our analysis produced moce-ac a federally funded research and development center spahdmy the U.S.

rate fundamental parameters and gives us a more detailed vitational Science Foundation. We acknowledge support froen Australian
. . Research Council. The authors gratefully acknowledge #y@édf Science Team
of the stellar populations in our sample of stars. and all those who have contributed to making the Kepler Misgiossible.

We have placed the analysed stars in a H-R diagram and
found clear features in the distribution of the stars, whigh
identified as the red clump, the secondary clump, and the fdgferences
bump. We found a mass gradient in the red clump with the 10zt ;. Garcia, R. A., & Lambert, P. 2006, MNRAS, 369812
mass stars accumulated at the bottom of the red clump and t&&ban, C., Matthews, J. M., De Ridder, J., et al. 2007, A&S841033
the red bump is dominated by 1Jwtars. Although we cannot Basu, S., Chaplin, W. J., & Elsworth, Y. 2010, ApJ, 710, 1596
determine the chemical composition reliably of individetdrs ga‘dﬂha' ’\# '\Fg-' EOL”Ck'bW;SJt-'”KOCDh' Dt- c?.é%tleg.iogg, %{)guGs, L109
we can conclude in a statistical sense that most of the rati| Bgruclrllig?,w:, K-(’)chl{ |§.r,'Bei'sri, eGO et é{l.ezgds, in |Au%yr}1po$i7qul. 249, IAU
stars in our sample are similar to the Sun in terms of the theirsymposium, ed. Y.-S. Sun, S. Ferraz-Mello, & J.-L. Zhou, 24—
initial chemical composition with some indications for atale Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science,, 3277
licity gradient that follows the mass gradient of the redhgiu  Broomhall, A., Chaplin, W. J., Davies, G. R., et al. 2009, MAR 396, L100
On the other hand we found that the bump stars are more con8[§¥": T-M., Gillland, R. L., Noyes, R. W., & Ramsey, L. W. 98, ApJ, 368,
tent with metal-enhanced stars, which is surprising fomage g,asi, p., Catanzarite, 3., Laher, R., et al. 2000, ApJe, 5333
of stars that is selected according to criteria that do nostain carrier, F., De Ridder, J., Baudin, F., et al. 2010, A&A, 5093+
the chemical composition. A possible explanation couldhag t Christensen-Dalsgaard, J. 2004, Solar Physics, 220, 137
the mixing length parameter used to construct the modetmis Christensen-Dalsgaard, J., Kjeldsen, H., Brown, T. M. |e2@10, ApJL, 713,
high. A_slightly less éicient convection would shift the sqlarCreevey’ 0. L., Monteiro, M. J. P. F. G., Metcalfe, T. S., e28l07, ApJ, 659,
metallicity red-bump models towards lower temperaturehén g1
direction of the observed red bump. De Ridder, J., Barban, C., Baudin, F., et al. 2009, Nature, 388
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