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ABSTRACT

Aims. To investigate the diagnostic potential of narrow freqyewindowed autocorrelation as a tool for probing the praperof
solar-like oscillating stars when the signal to noise islsaral the determination of frequencies is not possible sulgject to large
uncertainties.

Methods. Theoretical analysis, phase-shifts, modelling. and daddyais.

Results. The power in the narrow windowed autocorrelation can retfeabariation with frequency of the large separatiafg) and
the Half Large separationy;, A1o . This technique is applied to the CoRoT p-mode oscillatdi349933, HD175726, HD181420,
and HD181906. Theoretical analysis and modelling are pteddo illustrate the technique.
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1. Introduction 2. The autocorrelation power and the large

For solar-like stars a reliable determination of p-modetien- separations and HD49933

cies from power spectra is not always possible since theiamigh,ngjger a wave packet produced near the surface of the star -
tudes of the stochastically excited modes are very smak, gj; hronagates to the far side of the star in tinie, &vhereT is
Ing low S|gna,ln0|se._ For F stars observed by COR.bﬂh? line " he acoustic radius of the star, where it is reflected backiagr
W|dths_ are large which hinders the_ reliable determlnatlfdme_e at (near) the point of emission aT 4Thus one expects a peak
quencies and for some stars, particularly HD175726, idd&i i, yho 5tocorrelation atB= 2/A whereA is some mean large
frequencies are exceedinglyfiitult to extract. | here consider ¢ paration. Since the actual ray path and the location afethe
an alternative approach which may be useful when faced Wﬁgcting layer depend on the star’s structure, and on frequen
poor quality data, namely the use of the autocorrelatiomef t, 4 jegree, the round trip travel time is not independentf
time series. As shown by Roxburgh and Vorontsov (2006) %d the Iarg,e separatioBs = vno—vn10 andD1 = vn1—Va 11
adding noise to a solar power spectrum, this has diagnostic Rary with both frequency and d’egree.’ ' '
tential when faced with noisy data.

The location of major peaks in the autocorrelation functio,
of an observational time series provides an estimate ofibe a
age value of the large frequency spacingslfetween modes of
consecutive radial order (cf Gabriel et al, 1998, R&V 200bis

gives a measure of the stellar acoustic diameter. But thye la . . X . X
separations are not independent of frequenay degred, the power spectrum of a given time series, window in the frequenc

variation is primarily due to the quasi-periodic signal e fre- domain and take the power spectrum of this windowed segment.
quencies caused by the Hell ionisation layers, Other fagter ~ As an example of the procedure | use the data on the F5V
fluencing the large separations are thetent contributions of Star HD49933 observed for 60 days in the initial run of CoRoT
the inner layers to frequencies offidirent degreé and the ad- (Se€ Appourchaux et al 2008). The time series was first fitiere
ditional quasi-periodic signal due to boundaries of cotivec the time domain by subtractindia running 6 hour average and
envelopes and cores, and any other regions of sharp chang@dRs (mostly passes through the South Atlantic anomaly) and
the acoustic structure of the star. other "dodgy data” were replaced by Gaussian noise with stan

| here explore to what extent one can determine the frdard deviation of the filtered time series. The power specti

quency dependence of the |arge Separations by using na’EOthiS_ filtel’eq time series (W|th peaksl at harm_oniCS of the”ﬁﬂte
quency windowed autocorrelations of the time series. orbital period removed) was then filtered with a cosine wimdo

between 1206 250Q:Hz. and the power spectrum of this power
spectrum gave the autocorrelation power shown in Fig 1a.
Send offprint requests to: 1.W.Roxburgh The first peak occurs at a tinte= 6.45 hours corresponding
1 The CoRoT space mission, launched on 2006 December 27, @@ Mean large separation of 86Hz. The rapid decrease in the
developed and is operated by CNES, with the participatiorthef height of successive peaks indicates a the short life tinthef

Science Programmes of ESA, ESA's RSSD, Austria, BelgiunazBr modes; this is to be expected since the line widths in the powe
Germany and Spain. spectrum are quite broad (Appourchaux et al 2008). One &An ju

In what follows | work in terms of the power spectrum of the
requency power spectrum rather than with the autocoroslat
itself. This is in fact the square the envelope of the actutd-a
correlation function but has the advantage that it remokies t
Fapid oscillation on the time scale of the oscillations.Ketdhe
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Fig.1. Frequency windowed autocorrelation power for HD49933re not expected to be equal and, with a narrow window, the

(scaled): a) wide windowed between120@50Q:Hz, b) narrow win-  resylting autocorrelation time depends on whethef ar0, 1 or

dows 1000- 150Q:Hz, c) narrow window 2006 250Q:Hz. ¢ = 1,0 pair is in the central part of the window. The signal is
also influenced by thé = 0,2 small separations but may still

detect the peaks at the mid points of the major peaks which glré)vide a useful diagnostic of the internal structure ofdtze.

caused by the small separation (R&V 2006).

Figs 1b and 1c show the autocorrelation power for two i . ; ;
dependent narrower windows of 5@8z. These again show therk' HD175726: A low signal to noise example
characteristic maxima nead® hours but they are not at exactlyHD175726 is a F850 star observed for 27 days in the first short
at the same values. This suggests one may be able to extrantof CoRoT. The power spectrum is shown in Fig 3a, individ-
more detailed information on the frequency variationAoby ual p-modes cannot be seen in the spectrum but, as shown by
using narrower windows. Michel et al (2008), this star has a slight excess of powelnén t

| then took two sets of narrower windows af200 and range p-mode range 106B00Q:Hz, and some broad peaks are
+40QuHz centred on a frequenoy and moved the windows discernible in a boxcar of the spectrum - as shown in Fig 3b for
through the frequency range 120@50Q:Hz in steps of gHz. a box width of 1xHz. It is therefore worth while to look for ev-
| located the peakt around the value of.85 hours, and henceidence of the variation of large separations with frequarsigig
a local value of the large separations/$) = 1/2tc. The re- the narrow windowed autocorrelation - indeed it was thechal
sults are shown in Figure 2a. Superimposed on these cuweslange presented by this star that initiated the researabriesp
the values of the large separations (and their formal éras's here (Roxburgh 2008). Details of the properties of HD175726
determined by Appourchaux et al ( 2008 ). | note here that thaee given in Mosser, Roxburgh et al (2009) along with some re-
extraction of frequencies, even for HD49933, is fraughbwlif-  sults similar to those reported here.
ficulties and dfferent approaches to frequency extraction give Again the long period variation of the time series was fil-
different results. tered out by subtractingfiba 6 hour running average and the

The dotted curve in Fig 2a for a window @20QuHz shows gaps and "dodgy data” filled with uncorrelated noise. Realidu
a small scale period oscillation. This is much enhanced withpeaks at harmonics of the orbital period were set to zerodn th
narrower window. Fig 2b shows the results of using a window pbwer spectrum. The autocorrelation power (power spectrum
+10QuHz moving through the frequency range. Note that the pef the power spectrum (filtered by a cosine window between
riodic modulation has a period 43uHz, that is half of the mean 1000— 300Q:Hz) is shown in Fig 3c. The first significant peak
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Fig.5. Autocorrelation power for HD175726 cosine windowed with
Fig. 3. a) Power spectra for HD175726: b) result of applying a boxc#ralf width 40Q«Hz, with exponential noise added to the power spec-
of 15u Hz full width. c) Autocorrelation power for HD175726 for wer trum:a)05< P >,b)10< P >
wide window of+100Q:Hz. The dominant peak is at a correlation time

0f 5.69 hirs corresponding to a large separation ofz. tion. The results are shown in Fig. 4; all 3 curves show a simil
quasi-periodic behaviour but the smaller the window thgdar
the amplitude of the variation. This is to be expected sihee t
away from zero is at = 5.69 hrs giving a mean large separatiottarger windows span a larger range around the peaks andisoug
A = 1/2t = 97.7uHz. Also shown in Fig 3c as the dotted lineand therefore reduce the amplitude of the quasi-periodie va
is the autocorrelation power obtained using the boxcar powation. Such a quasi-periodic behaviour is caused by the vari
spectrum shown in Fig 3b. It should be stressed that we age hation in the surface phase shif{v) due to the Hell ionisa-
fighting to extract a signal from the noise and the resultsdifl  tion zone, (Vorontsov & Zharkov,1988,9, Brodskii & Voroats
fer somewhat depending on how one "'massages” the datagfillib989, R&V 1994), and also by the internal phase shif(s)
gaps and "dodgy data” and suppressing harmonics of theabrb{fRoxburgh 2009). With a certain amount of optimism | estienat
period. Nevertheless the general behaviour is found witlerdi a quasi-period of ordex 100Q:Hz which corresponds to an
ent procedures (see Mosser, Roxburgh et al 2009). acoustic depth of 500secs.. Not unreasonable for such a star.
With this information | then took a set of narrow windows To test the significance of the result | added exponentially
centred on frequenciesin the range 1500 250Q:Hz with half distributed noise to the power spectrum with a mean.5fahd
width §v = 300,400 500, uHz and identified the peak near75 1.0times the average powerP > in the frequency range 1560
hours and hence a local value &fv). With a mean large sep- 250Q:Hz, and repeated the calculations fae40QuHz window;
aration of~» 98uHz the windows were wide enough to ensuréhe results are shown in Fig 5a,b, the thick line being theltes
that (if they exist) there are several= 0,1 modes within the with no added noise. These results suggest that the sighalis
window (6 - 10) which should suppress the variation betweerbut this does not of course prove that it accurately repcedu
pairs of modes and give a local average of the large sepaitze variationA(v). Estimates of the error on the autocorrelation
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Fig. 6. Autocorrelation power for HD175726 cosine windowed withf inédth 350uHz window. The dotted curves are obtained from thgH5
boxcar spectrum .

due to time resolution, window width and interference betmve of the power spectrum consisting of these two modes is
signal and noise are considered in Mosser et al (2009). Tleey a

tested the reliability of the shape displayed in Fig 4 with-ih F(t) = f An[a08(w — wo) + a16(w — w1)] €
test and concluded that the hypothesis that the signal issea 0
only rejected at the 1 — 10% level. = A, &0t [ao +ay ei(wrwo)t] (3)

As mentioned above one is here fighting against the noise - ) ) o )
just how much is illustrated in Figure 6 which gives the antec Where A, is an amplitude and the; visibility coefficients. In
relation power for a window of half width 35®1z centred on fact with just two modesu /& is just he amplitude ratio of the
frequencies in the range 1500 and 238@. The peak around modes. )
98uHz can just be seen - although how significant it is needs to The autocorrelation power (the power spectrum of the power
be the subject of further investigation. Also shown in Fig e SPectrum ) igF|> which is then
autocorrelation power using the boxcar spectrum showngn Fi A2 = Aﬁ(a(z) + ai + 2a9a1 COS[w1 — a)o)t]) (4)

3b (dotted line).
This has its first peak (beyond zero) whesn - wo)t = 2. If
. ) a, 6o = 61 are all constant then from eqn(@) — wo = A/2 and
4. Analysis and Modelling hence the first peak occurstat 4T. If the visibility coefficients
In this section | use the angular frequeneyrather than the @€ the same for a sets of pairs of modes then they all add up to

cyclic frequency (w = 2v). | take the simplest possible mode@ive the same position of the first maximum (see R&V 2006).
where the peaks in the frequency power spectrum are given by However if, as is the real case, 6o, d1 vary with frequency

delta functions so ands; # 6o, the above pair analysis remains valid byt- wg #
A/2. | therefore define thiealf large separations
Pw) = Z Ad(w — ) (1) A10(N) = wn1 = wno, Ao1(N) = wno — wn-11 (5)
wherew; are the eigenfrequencies. For simplicity of presentatiorieir sum gives the ordinary large separations
| confine my attention to the case where the only modes are thos Ao(N) = wno — wn-10 = Agr(N) + Aro(n — 1) (6a)

with £ = 0,1 so thaf{wi} = wno, Wn1, Wne1,0, WOne 1, - - - _
The eigenfrequencies satisfy the eigenfrequency equat®ifd diference the small separations (Roxburgh 1993, 2009)

(R&V 2000) do1(n) = wno— (wn1+wn-11)/2 = (Ag1(n) — A1o(n—1))/2 (6b)
s A28 é(a(a)) o). Ae L @ The power from the pair of modé€sn o, wn1} is
- T A? = A (a§ + af + 2a0 g cosasa(n)t]) (7)

whereq is thef independent surface phase shift @athe ¢ de- . - . .
pendent internal phase shifi,is a constant approximately theWhICh _has its first maximum at= 2r/A1o(n), whereas that from
the pair{wn 1, wn+10} IS

acoustic radius of the star. (Note any changé ican be ab-
sorbed intar) A? = A2 (a2 + a2 + 2apa; cosAor(n + L)t 8

Consider first the simple model consisting solely of a pair of o A (aol ! 1 cosplou )]) (®)
adjacent modesy = wn andw; = wy1, The Fourier transform and has its first maximum aw2Ao1(n + 1)
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As can be seen from Eqn (2) L A L I S L L L LA

Ideal Model Power spectrum [ ‘
Ago(n) = A (3_1 L wn1)—awno) 51(wn,1)—50(wn,0)) ) o L al 1
2 T T
P L ]
1 olw —a(w
Aga(n+1)=A > + ( n+1’0)7r (@na) © 2000 2100
_ do(wn+10) = 51(wn,1)) (10) 'r 7
7T - -
SO even were, dp, 51 constant, bufy # 6o, these diter by ““ l
2A 0 l 111 lisas
Aoy(n+1) = Ago(n) = — (31~ do) (11) 1000 2000 3000
. . Frequency (uHz)
For the Sun the dierence\o; — Ao varies with frequency from
about 1gHz aty = 100QuHz to JuHz atv = 400QuHz. H Autoc Larg tion ']
For a large set of eigenfrequencies within a window (incIud-105 i Mu oc targe _Sepom ons +150uHz ]
O odel values: eox . __. +300uHz]

ing ¢ = 2,3) the situation is more complicated since one cannot
just add up the power in each pair but have to take the fullieour A [ o — — — +500uHz
transform. However one can see that if there is only one pair
{wno, wn1} in a window, the position of the first maximum will

be diferent from that with just the overlapping p&ir, 1, wn+1,0}-

If there are a number of such sets within a window then one may
expect the first peak in the autocorrelation power spectoupet 95
determined by the full large separatiaks A;. Note that, at least

for the Sun, the dference betweeng andA; is much smaller f ) | ) ]

that that between; andA;g since the inner phase shifis, 61 1500 2000 2500
differ by much more than the changednso, ands, between Frequency (uHz)

adjacent frequencies. Of course the actual windowed atr®co [T - - - - T - - - - ]
lation for a small set of frequencies depends on the amglitud [ !deal model Half separations e Agy o Ay

of all significant modes{(= 0, 1, 2, 3) within the window. For a s
theoretical model this could be calculated but for a rezh dat r
one can do no more than predict that for very narrow windowss |
the first peak of the autocorrelation function will vary dede |
ing on whether it is a = 0,1 pair or anf = 1,0 pair at the
centre of the window, but for a wider window the peak is deter-2 1
mined by a locally averaged large separation. This is thgrori - .
of the oscillatory behaviour of the10QuHz windowed results (7 windows £60, £80, £100uHz ~ (=0.1.23
for HD49933 displayed in Fig 4. Itfters the possibility of de- 1500 2000 2500
termining the inner phase shiftftkrences; — 6o as a function of
frequency, which is an important diagnostic of the steltégiior , , , , : , , , ,
and convective boundaries (Roxburgh 2009). C Ideal model Half separations e Ay, © A
To demonstrate that this technique can, in principle, worky [
I constructed a theoretician’s ideal artificial noise fremvpr
spectrum by prescribing a surface phase shfff) and inner r
phase shit$,(v), with the eigen frequencies determined by the 3
Eigenfrequency equation (R&V 2000) r

Frequency(uHz)

2nvneT = (N+ €/2)m + a(v) — 6¢(v) (12) 24
where in the classical |Im|5[(v) = (50(1/) + 5(5 + 1)D(V) s windows £60, +80, +100uHz {=0,1 only
and assumed a Lorentzian profile in the power spectrum of [ . . . . ! . . . . L]
width 4uHz. The model power spectrum is shown in Fig 7a. 1500 2000 2500
| then applied the narrow windowed analysis with windows of Frequency(uHz)

+15Q 30Q 50QuHz which yielded the results displayed in Figrig 7. a) 1deal model power spectrum:; the inset shows an example of

7b. As expected the wider windows depart further from the agre line profiles. b) Large separatiavfv) determined from windowed

tual large separations since the wider the window the greai@tocorrelations. The model values/&f are shown fort = 0,1, 2. c)

the smoothing of the actual separations. The narrowestomindHalf Large separation:(v), A1o(v) determined from very narrow win-

shows the beginnings of a periodic modulation due to tifedi dowed autocorrelations of the full power spectrum with neodeth

ence between thaalf large separations Ap; andAso. ¢ = 0,1,2,3 The points are the values from the frequencies of the
| then took very narrow windows a£60, 80, 10QuHz to test Model. d)Half Large separatiofioy(v), Aio(v) determined from very

whether this can give thealf large separations Aoy, A1o defined narrow wllndowed autocorre]atlons of the power spectrunh witly .

above. Fig 7c shows the results for the full model power spe@%ﬂgsmvggke‘f = 0,1. The points are the values from the frequencies

trum. The signal clearly shows these values but is polluted '

the¢ = 0,2 separations. Fig 7d was computed using the same

model power spectrum but with only modés- 0, 1. Here we

successfully fit thénalf large separations.
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Fig.8. a). Autocorrelation power for HD181420 with 1208z win-  Fig. 9. a). Autocorrelation power for HD181906 with 12@8z win-
dow. b). Autocorrelation Large separations for HD181420thwi dow. b). Autocorrelation Large separations for HD181906thwi
+90, 150 30QuHz windows. c). Autocorrelation Half Large separations.100 150 30QuHz windows. c). Autocorrelation Half Large separa-
for HD181420 with+67, 15Q:Hz windows. The points are the valuestions for HD1814906 witht79, 15QuHz windows. The points are the
obtained from the frequencies values obtained from the frequencies.

5. HD181420, HD181906 estimate using the narrowestqQuHz) window. The frequen-
cies obtained with interchangéd= 0, 1 mode identification (cf
The other solar-type stars observed by CoRoT in the seigiyolBcenario 1, Barban et al , 2009) do not fit so well.
field are HD181420. and HD181906. We here give the results of |then took an even narrower window #67uHz to compare
applying narrow windowed autocorrelations to these timiese with the half separation&g;, A1o; the results of are shown in Fig
HD181420 (see Michel et al 2008, Barban et al 2009) is &t compared with the half separations computed from the fre-
F2 star which shows p-mode power in the range X@BDQ:Hz. quencies. Again this is very promising, we do not expectqurf
| filtered the time series for low frequency variations, fille agreement due to the contribution of the 2 modes to the win-
gaps and removed harmonics of the orbital period in the powdwed autocorrelation (see fig 7c). However the fit is beftent
spectrum. Fig 8a shows the autocorrelation power in a wisth the alternative = 0, 1 mode identification.
(120QuHz) window with a clean peak at = 7.37 hrs corre- HD181906 is an F8 star observed by CoRoT that displays
sponding to a mean large separation of4z4biz. | then used very low p-mode power in the frequency range 18650Q:Hz
narrow windows 0f+90, 150, 30QuHz and determined the lo- (Michel et al 2008, Garcia e al 2009) and it is considerably
cal large separationi(v), the results are in Fig 8b. The veryfainter than HD49933 and HD 181420. With som#idulty es-
narrow window shows large variations and the largest windaimates of frequencies have been determined within ourgrou
a low amplitude smooth variation. Individual frequenciesd for this star although with some considerable uncertarsee
been determined from the power spectrum within our group (salso Garcia et al 2009). | repeated the above analysis ®star
also Barban et al 2009) and the points in this figure are tlyelarand the results are given in Figures 9a, 9b and 9c. The autocor
separations (withd error estimates) determined from these freelation has a clear peak at 6.45 hrs corresponding to a mean
qguencies; they agree remarkably well with the autocolimeiat large separation of 86uHz. As can be seen from Figs 9b and 9c¢
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the large and half-large separations derived from the estich
frequencies have very large estimated uncertainties &uth-
sonable near to the curves derived from narrow frequency wid
owed autocorrelations. Further work needs to be done on both
frequency extraction and the autocorrelations to imprivesé
results.

6. Conclusions

The principal goal of this paper was to show that narrow fre-
quency windowed autocorrelation can, in principle, revefir-
mation on the variation of the large separation with freagyen
and therefore constitutes a tool that might be useful iniolrtg
some information about a star even when individual fregigsnc
cannot be extracted. Much remains to be done to refine the tech
nique: the theoretical analysis needs to be further deeelapd
the nature of the interaction of noise with the autocorietat
power better understood. However the analysis presented he
suggests that narrowed windows autocorrelations can ncipri
ple yield the variation with frequency of the large sepanasgi
A(v) and that very narrow windows can yield the half large sep-
arationsAg; andA;p and therefore give information on the in-
ternal phaseshift éierences; — 6o which is a diagnostic of the
internal structure of the star. These issues will be explamea
subsequent communication.
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