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2 M. Jerzykiewiz et al.more than 2000 high-resolution spetra were obtained. Afrequeny analysis of the photometri data was reportedby Handler et al. (2004, hereafter Paper I), while the spe-trographi time-series and their analysis were presented byAerts et al. (2004, hereafter Paper II). An extended fre-queny analysis and mode identi�ation was provided byDe Ridder et al. (2004, hereafter Paper III).Seismi modelling of the osillation spetrum of � Erihas been undertaken by Pamyatnykh, Handler & Dziem-bowski (2004) and Ausseloos et al. (2004).In Paper I, the light-variation of � Eri was shown toonsist of 23 sinusoidal terms. These inluded 8 independentones with frequenies, fi; i = 1::8, spanning the range from5.6 to 7.9 d�1, 14 high-frequeny ombination terms, and aterm with the low frequeny fA = 0:432 d�1.The four highest-amplitude terms, disovered long agoby Saito (1976), onsist of a singlet with frequeny f1 =5:763 d�1, and a triplet very nearly equidistant in frequeny(f3 = 5:620; f4 = 5:637 and f2 = 5:654 d�1). Before theampaign it was known that the singlet was a radial mode(Cugier, Dziembowski & Pamyatnykh 1994), and surmisedthat it was the fundamental (Dziembowski & Jerzykiewiz2003), but the true nature of the triplet was unlear. Frommultiolour photometry, Heynderikx, Waelkens & Smeyers(1994) derived ` = 1 for f4, and suggested that the tripletwas a rotationally split dipole mode. This was hallengedby Aerts, Waelkens & de Pauw (1994) who|from an analy-sis of line-pro�le variations|identi�ed the f2 term with anaxisymmetri mode. However, both results are questionablebeause in neither ase the triplet had been resolved. Thematter was settled in Paper III: the wavelength dependeneof the uvy amplitudes of the triplet terms implies ` = 1 forall of them. Pamyatnykh et al. (2004) showed then that thetriplet was a g1 mode.A frequeny triplet f� < f0 < f+ an be haraterizedby its mean separationS = 0:5(f+ � f�); (1)and asymmetryA = f� + f+ � 2f0: (2)In ase of a rotationally split triplet, S is determined by theangular rotation rate of the star, 
, while A is sensitive toe�ets of higher order in 
, as well as to e�ets of a magneti�eld. If these e�ets are negligible, A = 0.For the i = 3; 4; 2 triplet, both parameters were derivedbefore the ampaign from arhival data by Dziembowski &Jerzykiewiz (2003). The value of asymmetry they obtained,A = (�7:1 � 0:3) � 10�4 d�1, was unexpetedly large forthe small rotation rate implied by the triplet's S = 0:0168d�1. Dziembowski & Jerzykiewiz (2003) showed that thisproblem may be solved by postulating the existene of a 5 to10 kG magneti �eld in the outer envelope of the star. Fromthe ampaign data (see Paper III), one gets A = (�4:9 �1:1)�10�4 d�1, a value whih is not in serious onit withthe observed S. Unfortunately, the large standard deviationof this result makes it useless. A longer time base-line thanthat of the 2002-3 ampaign would be needed to obtain amore reliable value of A and thus deide whether invokingmagneti �eld were neessary. This was one motivation forundertaking the sequel ampaign.In Paper III, the spherial harmoni degree of the i = 5,

6 and 7 terms was found to be ` = 1, but an attempt to de-rive ` for the low-frequeny i = A term (referred to as the�10 term in that paper) was unsuessful beause of its smalluvy amplitudes and the poor resolution of diagnosti dia-grams at low frequenies. Pamyatnykh et al. (2004) showedthat the i = 5 term is a p2 mode, while the i = 6 one is ap1 mode. Moreover, they suggested that the low-frequenyterm is an ` = 1, m = �1, g16 mode.Aording to Pamyatnykh et al. (2004), only the i = 1,2, 3 and 4 modes (i.e., the radial fundamental mode and the` = 1; g1 triplet) are unstable in standard models. Modeswith f > 6 d�1 (i.e., the i = 5, 6 and 7 ones) and thelow-frequeny mode are stable. Pamyatnykh et al. (2004)demonstrate, however, that a fourfold overabundane of Fein the driving zone would aount for exitation of the high-frequeny modes, and would make the low-frequeny modemarginally unstable.It has been noted in Paper I that if the low-frequenyterm were indeed a high-order g mode, � Eri would be botha � Cephei variable and a slowly pulsating (SPB) star. Un-fortunately, fA di�ers from the sixth order ombination fre-queny 3f1�3f3 by less than 0.003 d�1. This number is muhlarger than the formal error of fA, but is smaller than halfthe frequeny resolution of the ampaign data. Thus, thepossibility that fA is the ombination frequeny|althoughrather unlikely|annot be rejeted. Again, a longer timebase-line would help to settle the issue.In addition to extending the time base-line, the sequelampaign was expeted to double the number of data pointsand thus lower the detetion threshold so that modes hav-ing amplitudes too low to be seen in the 2002-3 frequenyspetra ould be disovered from the ombined data.Both omparison stars used in the 2002-3 photometriobservations turned out to be variable. For the �rst, � Eri(HD30211, B5 IV, V = 4:00), the analysis arried out in Pa-per I revealed a dominant frequeny f 01 = 0:6164 d�1. (Fromnow on we shall use a prime to denote frequenies of � Eri.)Prewhitening with this frequeny resulted in an amplitudespetrum with a very strong 1=f omponent, indiating aomplex variation. Sine the star is a spetrosopi binarywith an orbital period Porb = 7:35890 d (Hill 1969), testshave been made to detet a non-sinusoidal signal with thisperiod. Unfortunately, they were inonlusive.Taking into aount the star's position in the HR dia-gram, the frequeny f 01 of the dominant variation, and thefat that the u amplitude was about a fator of two greaterthan the v and y amplitudes, it was onluded in Paper Ithat � Eri is probably an SPB star. However, it was alsonoted that instead of pulsation, a rotational modulationould be the ause of the dominant variation.In Paper I, the frequeny analysis of de-trended di�er-ential magnitudes of � Eri revealed a small-amplitude vari-ation with a frequeny fx = 10:873 d�1. It was suggestedthat the seond omparison star, � Eri (HD27861, A2V,V = 5:17), may be responsible.The present paper reports the sequel photometri am-paign, arried out from 11 Sept. 2003 to 16 Feb. 2004, andan analysis of the data of both ampaigns. The 2003-4 ob-servations and redutions are desribed in Set. 2. Set. 3ontains an aount of the frequeny analysis of the newdata and a omparison of the results with those of Paper I.Low frequenies in the variation of � and � Eri from the uvy 2004 RAS, MNRAS 000, 1{13



Asteroseismology of � Eridani { IV 3data of the �rst ampaign are re-examined in Set. 4. Set.5 is devoted to frequeny analysis of the ombined, 2002-4data. Finally, Set. 6 provides a summary with an emphasison lues for asteroseismology of the three stars, �, � and �Eri.2 OBSERVATIONS AND REDUCTIONSThe observations were arried out with �ve telesopes onfour ontinents. An observing log is presented in Table 1.Comparison of this table with Table 1 of Paper I showsthat the new data are almost as extensive as the old ones.However, the 2003-4 y data are less numerous than the vand u ones (see below). The time base-lines of the 2002-3and 2003-4 sets are very nearly the same; they amount to157.9 and 158.5 d for the old and new data, respetively.The �ve telesopes and photometers were the same asthose in the 2002-3 ampaign. Thus, single-hannel photo-eletri photometers were used at all sites but Sierra NevadaObservatory (OSN), where a simultaneous uvby photome-ter was used. At OSN, the observations were obtained withall four Str�omgren �lters, at Fairborn, Lowell and SidingSpring, with u, v and y. At SAAO, the y �lter used in the2002-3 ampaign has deteriorated to suh a degree that ithad to be disarded. Sine no replaement was available, thedata were taken with two �lters, Str�omgren u and v, exeptthat on his �rst two nights AP used Johnson �lters B andV. The omparison stars and observing proedures werethe same as in the �rst ampaign.The redutions, arried out separately for eah of thethree wavelength bands, u, v, and y or V , onsisted in(1) omputing helioentri JD numbers for the mean epohsof observations, (2) omputing the air mass for eah obser-vation, (3) orreting instrumental magnitudes of �, � and� Eri for atmospheri extintion with �rst-order extintionoeÆients derived from the instrumental magnitudes of �Eri by means of Bouguer plots, (4) forming di�erential mag-nitudes `� Eri � � Eri' and `� Eri � � Eri,' and (5) settingthe mean light-levels of the di�erential magnitudes from dif-ferent telesope-�lter ombinations to the same values. Instep 3, seond-order extintion orretions were not appliedbeause no olour-dependent extintion e�ets ould be de-teted in the unorreted di�erential magnitudes (but seethe last paragraph of Set. 3.1). In step 4, the magnitudesof � Eri were interpolated on the epoh of observation of � or� Eri. In step 5, the mean-light levels for eah telesope-�lterombination were derived using residuals from least-squaressolutions with the four highest-amplitude terms (see the In-trodution).3 FREQUENCY ANALYSIS OF THE NEWDATAThe analysis was arried out in essentially the same way asin Paper I. That is, frequenies were identi�ed from peri-odograms, one at a time. Before eah run, the data wereprewhitened with all frequenies found in previous runs. Af-ter several runs, the frequenies were re�ned by means of anonlinear least-squares �t using the values of independent

frequenies read o� the periodograms as starting values.The frequenies of the ombination terms were omputedfrom the independent frequenies. Thus, the unknowns inthe normal equations were the orretions to the indepen-dent frequenies, to the mean magnitude, h�mi, and to theamplitudes, Ai, and phases, �i, appearing in the followingexpression:�m = h�mi+ NXi=1 Ai sin[2�fi(t� t0) + �i℄; (3)where �m is the di�erential magnitude in u, v, or yV , Nis the number of all frequenies, fi, the ombination termsinluded, and t0 is an arbitrary initial epoh.The di�erene with respet to the 2002-3 analysis on-sisted in using di�erent programs: the PERIOD 98 pakage(see Paper I) was replaed with programs that have been inuse by MJ sine 1975 (see, e.g., Jerzykiewiz 1978). Thus,by \periodogram" we now mean a power spetrum, and notan amplitude spetrum as in Paper I; by \power" we mean1� �2(f)=�2, where �2(f) is the variane of a least-squares�t of a sine-urve of frequeny f to the data, and �2 is thevariane of the same data. However, for the purpose of esti-mating signal-to-noise ratios (see below) we also omputedamplitude spetra.3.1 The programme starThe data used for analysis were the di�erential magnitudes`� Eri � � Eri.' Power spetra were omputed independentlyfrom the u and v data. No power spetra were omputedfrom the less numerous yV data, but nonlinear least-squaressolutions were arried out for all three bands, with the start-ing values of the independent frequenies for y (heneforthwe shall use \y" instead of \yV ") taken from v. The OSN band SAAO B data were not used.In the u and v power spetra, 14 independent and 15ombination frequenies ould be learly seen. They areidenti�ed in the �rst olumn of Table 2. The numbers inthe table are from nonlinear least-squares solutions. Thevalues of the independent frequenies and their standarddeviations, omputed as straight means from the separatesolutions for u, v and y, are given in olumn 2 above thehorizontal line. The ombination frequenies, listed belowthe line, were omputed from the independent frequeniesaording to ID in the �rst olumn; their standard devia-tions were omputed from the standard deviations of the in-dependent frequenies assuming rms propagation of errors.The amplitudes, Au, Av and Ay, with the standard devi-ations, given in olumns 3, 4 and 5, respetively, are fromthe independent solutions for u, v and y. The last olumnlists the v-amplitude signal-to-noise ratio, S=N , de�ned asin Paper I, exept that in Paper I the mean noise level wasestimated in 5 d�1 intervals, while now we adopted 0.1 d�1intervals for frequenies lower than 3 d�1, and 1 d�1 forhigher frequenies. In all ases, the amplitude spetra of thedata prewhitened with the 29 frequenies of Table 2 wereused for estimating the mean noise level.In Paper I, a peak in the amplitude spetrum was on-sidered to be signi�ant if its signal-to-noise ratio exeeded4 for an independent term or 3.5 for a ombination term.As an be seen from Table 2, this ondition is met by all 2004 RAS, MNRAS 000, 1{13



4 M. Jerzykiewiz et al.Table 1. Log of the photometri measurements of � Eri in 2003-4. Observatories are listed in the order of theirgeographi longitude.Observatory Longitude Latitude Telesope Amount of data Observer(s)Nights hSierra Nevada Observatory �3o23' +37o04' 0.9-m 4 10.64 ERFairborn Observatory �110o42' +31o23' 0.75-m APT 51 211.09 ��Lowell Observatory �111o40' +35o12' 0.5-m 25 87.10 MJSiding Spring Observatory +149o04' �31o16' 0.6-m 26 79.77 RRSSouth Afrian Astronomial Observatory +20o49' �32o22' 0.5-m 17 92.13 APSouth Afrian Astronomial Observatory +20o49' �32o22' 0.5-m 19 48.52 RM, TM, PTTotal 142 529.25Table 2. Frequenies and amplitudes in the di�erential magnitudes `� Eri � � Eri' from the2003-4 data. Independent frequenies are listed in the upper part of the table. The ombinationfrequenies are listed below the horizontal line. In both ases the frequenies are ordered aordingto dereasing v amplitude, Av. The last olumn ontains the v-amplitude signal-to-noise ratio.Frequenies fx and fy are due to � Eri.ID Frequeny [d�1℄ Au [mmag℄ Av [mmag℄ Ay [mmag℄ S=Nf1 5.763256 � 0.000012 72.3 � 0.19 40.6 � 0.14 36.7 � 0.15 165.0f2 5.653897 � 0.000020 38.6 � 0.19 27.2 � 0.14 25.4 � 0.15 110.6f3 5.619979 � 0.000021 35.5 � 0.19 25.0 � 0.14 24.0 � 0.15 101.6f4 5.637215 � 0.000025 31.0 � 0.18 21.8 � 0.13 20.4 � 0.16 88.6f5 7.89859 � 0.00022 3.7 � 0.19 2.7 � 0.14 2.5 � 0.16 11.0f7 6.26225 � 0.00025 3.1 � 0.19 2.2 � 0.14 2.2 � 0.16 8.8fA 0.43257 � 0.00028 3.2 � 0.19 2.0 � 0.14 1.7 � 0.16 5.0f6 6.24468 � 0.00034 2.3 � 0.18 1.6 � 0.13 1.6 � 0.15 6.4fB 0.61411 � 0.00033 3.4 � 0.18 1.5 � 0.13 1.6 � 0.15 4.3fx 10.8743 � 0.0006 1.2 � 0.18 1.4 � 0.13 0.9 � 0.15 5.7f10 7.9296 � 0.0005 1.6 � 0.19 1.2 � 0.14 1.2 � 0.16 5.3f9 7.9132 � 0.0005 1.8 � 0.18 1.1 � 0.13 1.3 � 0.16 4.9f8 7.2006 � 0.0005 1.4 � 0.18 1.0 � 0.13 1.1 � 0.15 4.4fy 17.2534 � 0.0006 1.0 � 0.19 0.9 � 0.13 0.9 � 0.15 4.6f1 + f2 11.417153 � 0.000023 12.3 � 0.19 8.8 � 0.14 8.4 � 0.15 34.0f1 + f3 11.383235 � 0.000024 10.8 � 0.19 7.6 � 0.14 7.1 � 0.15 29.3f1 + f4 11.400471 � 0.000028 9.9 � 0.19 7.0 � 0.14 6.6 � 0.16 27.02f1 11.526512 � 0.000017 4.5 � 0.18 3.1 � 0.13 3.1 � 0.15 12.0f1 + f2 + f3 17.037132 � 0.000031 3.3 � 0.18 2.2 � 0.13 2.0 � 0.15 11.3f1 � f2 0.109359 � 0.000023 2.7 � 0.19 1.6 � 0.14 1.6 � 0.16 4.42f1 + f4 17.163727 � 0.000030 1.9 � 0.18 1.4 � 0.13 1.3 � 0.15 7.22f1 + f2 17.180409 � 0.000026 1.9 � 0.18 1.4 � 0.13 1.3 � 0.15 7.2f2 + f3 11.273876 � 0.000029 2.4 � 0.19 1.3 � 0.14 1.1 � 0.15 5.02f1 + f3 17.146491 � 0.000027 1.4 � 0.18 1.2 � 0.13 0.8 � 0.15 6.22f2 11.307794 � 0.000028 1.1 � 0.19 1.1 � 0.14 0.6 � 0.16 4.2f1 � f4 0.126041 � 0.000028 1.9 � 0.18 1.1 � 0.13 1.2 � 0.15 3.0f1 + f3 + f4 17.020450 � 0.000035 1.3 � 0.18 1.1 � 0.13 0.9 � 0.15 5.62f1 + f2 + f3 22.800388 � 0.000034 1.3 � 0.18 1.1 � 0.13 0.8 � 0.15 6.1f1 + f2 � f3 5.797174 � 0.000031 1.5 � 0.19 0.9 � 0.14 1.3 � 0.15 3.7terms identi�ed from the 2003-4 data exept the di�erentialombination term f1 � f4 for whih S=N = 3:0. This termmay be spurious.The standard deviations in Table 2 (and in the tablesthat follow), referred to as \formal" in the remainder thissubsetion and in the �rst three paragraphs of the next sub-setion, will be underestimated if the errors of di�erentialmagnitudes are orrelated in time. For the ase at hand,i.e., of �tting a sinusoid to time series data, the problem has
been disussed by Shwarzenberg-Czerny (1991) and Mont-gomery & O'Donoghue (1999). These authors onsider thefator, D, by whih the formal standard deviations of a fre-queny, amplitude and phase should be multiplied in orderto get orret values. (D is the same for frequenies, ampli-tudes and phases beause the ratio of the formal standarddeviations of any two of these quantities is determined byerror-free numbers suh as the epohs of observations andthe starting values of the frequenies.) The fator depends on 2004 RAS, MNRAS 000, 1{13



Asteroseismology of � Eridani { IV 5an estimate of the number of onseutive data points whihare orrelated. Unfortunately, this estimate is not easy toobtain, espeially for time series suh as ours, onsisting ofdata from many nights and several observatories. We shallreturn to this point in the next subsetion.Figure 1 shows the power spetra of the u and v di�er-ential magnitudes `� Eri � � Eri' prewhitened with the 29frequenies of Table 2. In both panels of the �gure, the high-est peaks are seen at frequenies lower than about 5 d�1. Inthe u spetrum (lower panel), the highest peak ours at0.314 d�1, while in the v spetrum, the highest peak is theone at 1.498 d�1. The u amplitude at 0.314 d�1 is equal to2:2 mmag, while the v amplitude at 1.498 d�1, to 1:1 mmag.The u- and v-amplitude S=N amount to 2.7 in both ases.We onlude that these frequenies are probably spurious.For frequenies higher than 5 d�1, the highest peak inthe u spetrum (lower panel) ours at 5.015 d�1. For thispeak the u-amplitude S=N is equal to 5.0, so that the signi�-ane ondition mentioned earlier in this setion is satis�ed.However, there is no power at 5.015 d�1 in the v spetrum(upper panel); the peak losest to 5.015 d�1, at 5.128 d�1,is probably noise beause it has S=N equal to 3.2. This, andthe fat that 5.015 d�1 is very nearly equal to 5 yles persidereal day (sd�1), suggest that the peak is due to olourextintion in the u band whih we negleted (see Set. 2).Indeed, the di�erential olour-extintion orretion ontainsa term equal to k00X�C, where k00 is the sond-order extin-tion oeÆient, X is the air-mass, and �C is the di�eren-tial olour-index. Beause of the seond fator, X, the termauses a parabola-shaped variation symmetrial around thetime of meridian passage. For a single observatory, this willprodue a signal with frequeny equal to n sd�1, where nis a small whole number equal to the number of sinewavesthat best �t the variations on suessive nights. In our asethis number is apparently equal to 5. For multi-site data,phase smearing may our, tending to wash out the signal.However, our time-series is dominated by the data from Fair-born and Lowell, two observatories lying on nearly the samemeridian and therefore introduing negligible phase shift.In addition, the greatest ommon divisor of the longitudedi�erenes between Fairborn and Lowell on one hand, andSAAO and Siding Spring on the other is lose to 60o, makingthe 5 sd�1 signals from these observatories to approximatelyagree in phase. We onlude that the 5.015 d�1 peak in theu spetrum in Fig. 1 is not due to an intrinsi variation of� Eri.3.2 Comparison of the 2003-4 and 2002-3 resultsfor the programme starOf the 14 independent terms in Table 2, nine appear in Table2 of Paper I. The di�erenes between the 2003-4 and 2002-3 values of their frequenies and amplitudes are listed inTable 3. The standard deviations given in the table wereomputed from the standard deviations of the 2003-4 and2002-3 least-squares solutions assuming rms propagation oferrors. Thus, they are formal in the sense de�ned in theprevious subsetion.We shall now return to the fator D by whih the for-mal standard deviations are underestimated. Let us on-sider the nine independent frequenies ommon to 2002-3and 2003-4. As an be seen from Table 3, the moduli of

Figure 1. Power spetra of the u (lower panel) and v (upper)di�erential magnitudes `� Eri � � Eri' prewhitened with the 29frequenies of Table 2.the frequeny di�erenes, j�f j, are of the same order ofmagnitude as the formal standard deviations of �f , ��f . Infour ases j�f j < ��f , in three ases ��f < j�f j < 2��f ,and in two ases the di�erenes exeed 2��f . Taken at faevalue, these inequalities would indiate that four or �ve ofthe nine frequenies hanged from 2002-3 to 2003-4 by 1��for more, while f3, f5 and f8 hanged by 2��f or more. How-ever, frequeny hanges in � Cephei stars have time salesmuh longer than 1 year. For the four �rst frequenies of �Eri, this is shown to be the ase by Handler et al. (2005).Although the existene of long-term variations does not ex-lude the possibility of year-to-year ones, let us assume thatthese four frequenies were stritly onstant from 2002 to2004. If the assumption were false, the value of D we derivein the next paragraph will be too large.For f = onst, where f is any of the four frequenies,the modulus of �f an be thought of as the range of f in atwo-element sample of f , the �rst element hosen from theparent population of f in 2002-3, and the seond elementhosen from the same population in 2003-4. For a normaldistribution, an estimate of the standard deviation an beobtained by multiplying the range by a oeÆient k whihis a funtion of the number of elements in the sample, n.For n = 2, Table 12 of Crow, Davis & Max�eld (1960) readsk = 0:886. Multiplying j�f j by this value we get an estimateof the standard deviation of f . The latter number dividedby the formal standard deviation of f from Table 2 yieldsthe fator we are seeking. The mean value of the fator forthe four frequenies turns out to be D = 2:0. If we appliedthe proedure to all nine frequenies, the result would beD = 1:8. If we used the formal standard deviations of the2002-3 solution, the results would be very nearly the same.Heneforth we shall adopt D = 2. A standard deviationequal to the formal standard deviation times this fator weshall refer to as \orreted," and from now on we shall dropthe adjetive \formal," so that by \standard deviation" weshall mean \formal standard deviation."Multiplying the standard deviations of the 2003-4 am-plitudes by two, we �nd that the ratios of the amplitudesto the orreted standard deviations beome approximatelyequal to the signal-to-noise ratios de�ned in the previoussubsetion. This is a pleasant surprise, lending support to 2004 RAS, MNRAS 000, 1{13



6 M. Jerzykiewiz et al.Table 3. A omparison of the frequenies and amplitudes of the nine independentterms ommon to Table 2 of Paper I and Table 2 of the present paper. Thedi�erenes, �, are in the sense `2003-4 minus 2002-3.'ID �f [d�1℄ �Au [mmag℄ �Av [mmag℄ �Ay [mmag℄f1 �0.000014 � 0.000017 �1.2 � 0.27 �0.4 � 0.20 �0.2 � 0.20f2 �0.000033 � 0.000028 0.7 � 0.27 0.8 � 0.20 0.3 � 0.20f3 �0.000081 � 0.000030 0.9 � 0.27 1.0 � 0.20 1.3 � 0.20f4 0.000055 � 0.000035 �1.2 � 0.27 �0.6 � 0.20 �0.6 � 0.20f5 0.00079 � 0.00032 �0.6 � 0.27 �0.4 � 0.20 �0.5 � 0.20f6 0.00060 � 0.00048 �1.6 � 0.27 �0.9 � 0.20 �1.0 � 0.20f7 0.00020 � 0.00035 0.2 � 0.27 0.3 � 0.20 0.4 � 0.20f8 0.00066 � 0.00071 0.1 � 0.27 0.1 � 0.20 0.0 � 0.20fA 0.00039 � 0.00040 �2.3 � 0.27 �1.2 � 0.20 �1.5 � 0.20our value of D. (Using the numbers from Table 2, the readeran verify the approximate equality of S=N and Av=(2�v),where �v is the standard deviation of Av. Note that whilefor low frequenies Av=(2�v) is about 30% larger than S=N ,the approximate equality improves for high frequenies. Thisseems to be reasonable in view of the 1=f derease of thenoise level in the periodograms.) Additional support forD = 2 omes from the fat that a di�erent line of reasoningapplied to multisite data similar to ours has led Handler etal. (2000) to the same value.Let us now return to Table 3. As an be seen from thetable, j�Aj are the largest for fA, f6, and f3 (in this order).Multiplying the standard deviations of �A by D = 2 we�nd that (1) the amplitude of the low frequeny term hasdereased by 4.3� in u, 3.0� in v, and 3.8� in y, where by� we denote the orreted standard deviation of �A, (2) theamplitude of the i = 6 term has dereased by 3.0, 2.2, and2.5� in u, v, and y, respetively, and (3) the amplitude ofthe i = 3 term has inreased by 1.7, 2.5, and 3.2� in u,v, and y, respetively. For the remaining six terms, j�Aj 62:2�. We onlude that the derease of the amplitude ofthe i = A term is real, that of the i = 6 term may be real,while the amplitude inrease of the i = 3 term is probablyspurious. In the remaining ases, there is little or no evidenefor amplitude variation.The �ve independent frequenies whih appear in thepresent Table 2 but not in Table 2 of Paper I are (in theorder of dereasing v amplitude) fB, fx, f10, f9, fy. The lowfrequeny fB is very nearly equal to the frequeny f21, oneof three low frequenies derived in Paper II from the radialveloities of � Eri. However, in our 2003-4 power spetrawe did not see the other two low frequenies of Paper II.Frequeny f9 was listed in Table 3 of Paper I as that of oneof several \possible further signals." Frequenies f10 and fyare new.Frequeny fx was found in Paper I and tentatively as-ribed to � Eri (see the Introdution). We shall demon-strate in Set. 3.3 that this frequeny and fy, the smallest-amplitude independent frequeny in Table 2, are both dueto � Eri.In addition to nine independent terms, Table 2 of PaperI lists 14 ombination terms. In the 2003-4 power spetrawe did not see three of them, viz., f1 + f5, f1 + f2 + f4and f1 + 2f2. On the other hand, we deteted di�erential

Figure 2. Low-frequeny part of the power spetrum of the vdi�erential magnitudes `� Eri � � Eri' prewhitened with 0.615d�1, 2f 0orb and 6f 0orb. Arrows indiate peaks at frequenies equalto f 0orb, 3f 0orb, 4f 0orb, 5f 0orb and 8f 0orb.ombination-terms f1 � f2, f1 + f2 � f3 and f1 � f4 whihwere not found in Paper I.3.3 The omparison starsThe data used for analysis were the di�erential magnitudes`� Eri � � Eri.' Power spetra were omputed independentlyfrom the u and v data. No power spetra were omputedfrom the less numerous y data.In the �rst-run u and v power spetra, the highest peaksourred at the same frequeny of 0.615 d�1. This frequenyis lose to f 01, the only one found for � Eri in Paper I (see theIntrodution). The seond and third runs yielded frequeniesof 0.272 and 0.815 d�1, again the same for u and v. The �rstof these numbers is lose to twie the orbital frequeny of �Eri, f 0orb = 0:13589 d�1, while the seond, to six times thisfrequeny. The low-frequeny part of the power spetrum ofthe v di�erential magnitudes `� Eri � � Eri' prewhitenedwith 0.615 d�1, 2f 0orb and 6f 0orb is shown in Fig. 2. In this�gure, the arrows indiate peaks at frequenies equal to f 0orb,3f 0orb, 4f 0orb, 5f 0orb and 8f 0orb. Peaks at these frequenies arealso present in the u power-spetrum.The ourrene of so many harmonis of the orbitalfrequeny implies that the data ontain a strongly non-sinusoidal signal of this frequeny. The �rst possibility thatomes to mind is an elipse. Fig. 3, in whih the di�erentialmagnitudes `� Eri � � Eri' prewhitened with 0.615 d�1 are 2004 RAS, MNRAS 000, 1{13
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Figure 3. The u (top), v (middle) and y (bottom) di�erentialmagnitudes `� Eri � � Eri' prewhitened with f 01 are shown asa funtion of orbital phase of � Eri. Phase zero orresponds toHJD2452800.plotted as a funtion of orbital phase, shows that � Eri isindeed an elipsing variable.Returning to frequeny analysis of the omparison-starsdata, we rejeted observations falling in the orbital phaserange from 0.4 to 0.54, i.e., the data a�eted by the elipse,and reomputed the power spetra. In the �rst-run u andv power-spetra, the highest peaks ourred at the samefrequeny of 0.615 d�1 as before. The highest peaks in theseond and third u run were at 0.701 and 0.813 d�1, respe-tively, while the seond and third v runs yielded 1.206 and0.701 d�1.In the next step, we arried out nonlinear least-squaressolutions separately for the u, v and y data. As startingvalues, we used all four frequenies found above, i.e., 0.615,0.701, 0.8132 and 1.206 d�1. The results are presented inthe �rst four lines of Table 4. The �fth frequeny, f 05, will beexplained shortly. The frequenies and their standard devi-ations, listed in olumn 2, were omputed as straight meansfrom the separate solutions for the three bands. The am-plitudes, Au, Av and Ay, and their standard deviations, aregiven in olumns 4, 5 and 6. The v-amplitude signal-to-noiseratio, omputed in the same way as in Set. 3.1, is listed inthe last olumn.In the power spetra of the u and v di�erential mag-nitudes `� Eri � � Eri' prewhitened with the �rst four fre-quenies of Table 4, the highest peaks our at the samefrequeny of 0.659 d�1. Sine a term of very nearly the samefrequeny is prominent in the frequeny spetra of the 2002-3 omparison-stars data (see Set. 4.2), we onlude that thesignals at 0.659 d�1 are intrinsi. A �ve-frequeny nonlinear

Figure 4. Power spetra of the u (lower panel) and v (upper)out-of-elipse di�erential magnitudes `� Eri � � Eri' prewhitenedwith the �ve frequenies of Table 4. Arrows indiate frequeniesfx = 10:874 and fy = 17:254 d�1.least-squares solution yielded the value of the �fth frequenyand the orresponding amplitudes given in the last line ofTable 4.The power spetra of the u and v di�erential magni-tudes `� Eri � � Eri' prewhitened with the �ve frequeniesof Table 4 are shown in Fig. 4. In both spetra the highestpeak ours at 1.182 d�1. Although these peaks may repre-sent another term in the variation of � Eri, we shall termi-nate the analysis at this stage for fear of over-interpretingthe data.At high frequenies, peaks at fx = 10:874 and fy =17:254 d�1 an be learly seen in the v spetrum (Fig. 4,upper panel). The v-amplitude signal-to-noise ratio is equalto 5.2 and 4.4 for fx and fy, respetively. Although in the uspetrum in the lower panel the peaks at these frequeniesare masked by noise, a loser examination shows that theyare present. For fx, the u, v and y amplitudes omputedfrom the di�erential magnitudes `� Eri � � Eri' amount to0:9� 0:22, 1:2� 0:16 and 1:0� 0:16 mmag (formal sigmas),respetively. To within one formal �, these numbers agreewith the fx amplitudes derived from the `� Eri � � Eri'di�erential magnitudes (see Table 2). For fy, the u, v andy amplitudes omputed from the di�erential magnitudes `�Eri � � Eri' are equal to 0:9�0:22, 0:9�0:16 and 0:7�0:16mmag, respetively. Again, there is a 1� agreement with theamplitudes obtained from the `� Eri � � Eri' data (see Table2). In addition, the phases agree to within 1� in all ases.We onlude that both frequenies are due to an intrinsivariation of � Eri.4 LOW FREQUENCIES FROM THE 2002-3DATA4.1 The elipseWe have to admit that in our original analysis of the 2002-3data we missed the elipse of � Eri (see Paper I and theIntrodution). Fig. 5 shows phase diagrams in whih the2002-3 di�erential magnitudes `� Eri � � Eri' prewhitened 2004 RAS, MNRAS 000, 1{13



8 M. Jerzykiewiz et al.Table 4. Frequenies, periods and amplitudes in the out-of-elipse di�erential magnitudes `� Eri �� Eri' from the 2003-4 data. The last olumn ontains the v-amplitude signal-to-noise ratio.ID Frequeny [d�1℄ Period [d℄ Au [mmag℄ Av [mmag℄ Ay [mmag℄ S=Nf 01 0.61504 � 0.00010 1.6259 � 0.00026 9.4 � 0.22 6.1 � 0.17 5.7 � 0.16 11.1f 02 0.70160 � 0.00027 1.4253 � 0.00055 4.0 � 0.22 2.4 � 0.16 2.2 � 0.15 3.9f 03 0.81351 � 0.00026 1.2292 � 0.00039 3.3 � 0.22 2.2 � 0.17 2.5 � 0.17 4.1f 04 1.20739 � 0.00027 0.8282 � 0.00019 3.1 � 0.23 2.3 � 0.17 2.3 � 0.16 6.0f 05 0.65934 � 0.00028 1.5167 � 0.00064 3.4 � 0.21 2.3 � 0.16 2.4 � 0.15 4.2with f 01 are plotted as a funtion of orbital phase. The elipsean be seen learly.A omparison of the phase diagrams in Figs. 5 and 3shows that while the middle of the elipse in 2002-3 falls at aphase of about 0:30, in 2003-4 it does at about 0:47, indiat-ing a problem with Hill's (1969) value of the orbital period.Assuming that Hill's value yields a orret yle ount be-tween the �rst elipse observed in 2002 and the last one in2003, we arrive at the following ephemeris:Min: light = HJD2452574:04 (4) +E=0:135490 (18); (4)where E is the number of yles elapsed from the epohgiven (whih is that of the middle of the �rst elipse weaught in 2002), and the numbers in parentheses are es-timated standard deviations with the leading zeroes sup-pressed. The question why our photometri period di�ersfrom Hill's spetrographi one will be addressed in a forth-oming paper.4.2 Analysis of the out-of-elipse � Eri dataIn 2002-3 the numbers of di�erential magnitudes `� Eri � �Eri' in the three bands were nearly the same, amounting to2823, 2830 and 2919 in u, v and y, respetively. After we re-jeted observations falling within the elipse, these numberswere redued to 2597, 2603 and 2688, still suÆient for anal-ysis. Using these redued data, we omputed power spetraseparately for u, v and y. The �rst two runs yielded the samefrequenies of 0.616 and 0.701 d�1 in all three bands. Thesefrequenies are very nearly equal to f 01 and f 02 of Table 4. Inthe third run, the highest peak in the u power-spetrum wasat 0.657 d�1, while in the v and y power-spetra the highestpeaks were at the same frequeny of 1.207 d�1. The �rstof these numbers is lose to f 05, while the seond is nearlyidential with f 04 (see Table 4).The fourth run was, however, a disappointment. In theu power-spetrum, the highest peak ourred at 1.000 d�1,while in the v and y ones, at 0.032 d�1. Sine neither of thesefrequenies is likely to be intrinsi, we did not attempt toompute �fth-run power spetra.The four frequenies found above, i.e., 0.616, 0.701,1.207 and 0.657 d�1 were used as starting values in a four-frequeny nonlinear least-squares solutions. Justi�ation forinluding f 04 in the u solution omes from the fat that a peakat this frequeny is prominent in the fourth-run u power-spetrum. Likewise, f 05 was inluded in the v and y solutionsbeause prominent peaks at this frequeny an be seen inthe fourth-run v and y power-spetra.The results of the four-frequeny solutions are given in

Figure 5. The u (top), v (middle) and y (bottom) 2002-3 di�er-ential magnitudes `� Eri � � Eri' prewhitened with f 01 are shownas a funtion of orbital phase of � Eri. As in Fig. 3, phase zeroorresponds to HJD2452800.Table 5 above the horizontal line. This table has the sameformat as Table 4. However, the S=N (last olumn) was nowomputed from the y data.The four-frequeny solutions did not inlude f 03. Sinepeaks at this frequeny were present in the fourth-run u andv power-spetra, we arried out a �ve-frequeny nonlinearleast-squares solutions for all �ve frequenies of Table 4. Theresulting values of f 03, the amplitudes and S=N are given inTable 5 below the horizontal line.4.3 � EriAs explained in Paper I, the 2002-3 di�erential magnitudesof � Eri were omputed as `� Eri minus the mean of om-parison stars,' but with the low-frequeny variations of �Eri �ltered out. Thus, a peak at low frequeny in the powerspetrum of these di�erential magnitudes|if not aused by 2004 RAS, MNRAS 000, 1{13



Asteroseismology of � Eridani { IV 9Table 5. Frequenies, periods and amplitudes in the out-of-elipse di�erential magnitudes `� Eri �� Eri' from the 2002-3 data. The last olumn ontains the y-amplitude signal-to-noise ratio.ID Frequeny [d�1℄ Period [d℄ Au [mmag℄ Av [mmag℄ Ay [mmag℄ S=Nf 01 0.61587 � 0.00013 1.62372 � 0.00034 9.9 � 0.26 6.2 � 0.19 4.9 � 0.15 9.4f 02 0.70143 � 0.00021 1.42566 � 0.00043 6.9 � 0.25 4.4 � 0.19 3.3 � 0.15 4.1f 04 1.20690 � 0.00030 0.82857 � 0.00021 3.2 � 0.25 3.4 � 0.19 2.7 � 0.15 4.5f 05 0.65751 � 0.00036 1.5209 � 0.0008 4.2 � 0.25 2.3 � 0.19 2.2 � 0.15 4.2f 03 0.8147 � 0.0006 1.2275 � 0.0009 3.1 � 0.24 2.3 � 0.19 0.8 � 0.15 1.4noise|would be due to an intrinsi variation of � or � Eri. Inthe latter ase, however, the peaks would be suppressed bya fator of four, while the orresponding amplitudes wouldbe divided by two.In Paper I we found a prominent peak at 0.254 d�1in the amplitude spetrum of the v di�erential-magnitudesprewhitened with all 23 frequenies identi�ed from the 2002-3 data. The power spetrum of the same data also showsa prominent peak at this frequeny. However, there is lit-tle power at this frequeny in the 2003-4 spetra shown inFig. 1. On the other hand, in the 2002-3 u, v and y power-spetra there are peaks at 0.615 d�1, a frequeny very nearlyequal to fB found in Set. 3.1 from the 2003-4 data. The2002-3 u, v and y amplitudes at this frequeny amount to2:5 � 0:19, 1:2 � 0:14 and 1:4 � 0:12 mmag, respetively, infair agreement with the 2003-4 amplitudes listed in Table 2.Sine multiplying the 2002-3 amplitudes by two would makethe agreement muh worse, the possibility that fB is due to� Eri an be rejeted.5 ANALYSIS OF THE COMBINED DATA5.1 � EriAfter slight mean-light-level adjustments, the 2002-3 and2003-4 di�erential magnitudes of � Eri were ombined, sep-arately for u, v and y. The ombined, 2002-4 data have thetime base-line of 525.8 d. The analysis of the 2002-4 di�er-ential magnitudes was arried out in the same way as thatof the 2003-4 data (see Set. 3). Sixteen independent and 20ombination frequenies ould be identi�ed from the powerspetra. In all ases but two the yearly aliases were signi�-antly lower than the entral peak, so that there was no �1y�1 unertainty. This was to be expeted beause the 2002-3and 2003-4 observing windows span as muh as 0:43 y eah(see Set. 2). The two exeptions were f6 and f12. They willbe disussed later in this setion.The 36 frequenies derived from the ombined data arelisted in the �rst olumn of Table 6. As in Tables 2, 4 and 5,the values of the independent frequenies and their standarddeviations, given in olumn 2, were omputed as straightmeans from the separate solutions for u, v and y. The om-bination frequenies, listed below the horizontal line, wereomputed from the independent frequenies aording to IDin the �rst olumn; their standard deviations were omputedfrom the standard deviations of the independent frequeniesassuming rms propagation of errors. The amplitudes, Au,Av and Ay, given together with their standard deviations in

Figure 6. Power spetra of the ombined, 2002-4 u (bottom), v(middle) and y (top) di�erential magnitudes of � Eri prewhitenedwith the 36 frequenies of Table 6.olumns 3, 4 and 5, respetively, are from the independentsolutions for u, v and y. The v-amplitude S=N , omputed inthe same way as in Set. 3.1, is given in the last olumn. Itan be seen that all independent frequenies meet the signi�-ane ondition of Paper I. Among ombination frequenies,this ondition is not satis�ed in two ases, viz., f3 + f4 andf1 � f4.In addition to frequenies derived from the 2003-4 data(see Table 2), Table 6 ontains two further high frequeniesdue to � Eri, viz., f11 and f12. The latter is lose to that ofone of several \possible further signals" listed in Table 3 ofPaper I and to frequeny �7 obtained in Paper III from ra-dial veloities of the Si III triplet around 457 nm. Frequenyf11 is new. In order to make sure that this frequeny is notdue to � Eri, we examined the 2002-4 out-of-elipse di�er-ential magnitudes `� Eri � � Eri' prewhitened with the sixfrequenies of Table 7 (see the next subsetion). In the pe-riodograms, there were no peaks at f11; the highest peak inthe viinity, at 6.7168 d�1, had the v amplitude equal toabout 0.4 mmag and S=N < 2:5. Analogous tests with the2002-3 data also proved negative. 2004 RAS, MNRAS 000, 1{13



10 M. Jerzykiewiz et al.Table 6. Frequenies and amplitudes in the di�erential magnitudes of � Eri from the ombined2002-2004 data. Independent frequenies are listed in the upper part of the table. The ombi-nation frequenies are listed below the horizontal line. In both ases the frequenies are orderedaording to dereasing v amplitude, Av. Frequenies fx and fy are due to � Eri.ID Frequeny [d�1℄ Au [mmag℄ Av [mmag℄ Ay [mmag℄ S=Nf1 5.7632828 � 0.0000019 72.8 � 0.13 40.8 � 0.10 36.7 � 0.10 214.7f2 5.6538767 � 0.0000030 38.5 � 0.13 27.1 � 0.10 25.4 � 0.10 142.6f3 5.6200186 � 0.0000031 35.0 � 0.13 24.5 � 0.10 23.2 � 0.10 129.0f4 5.6372470 � 0.0000038 31.8 � 0.13 22.3 � 0.10 21.0 � 0.10 117.4f5 7.898200 � 0.000032 3.6 � 0.13 2.6 � 0.10 2.5 � 0.10 14.5fA 0.432786 � 0.000032 4.1 � 0.13 2.5 � 0.10 2.5 � 0.10 8.3f7 6.262917 � 0.000044 2.8 � 0.14 2.0 � 0.10 1.8 � 0.10 11.0f6 6.243847 � 0.000042 3.0 � 0.13 1.9 � 0.10 2.1 � 0.10 10.5fB 0.61440 � 0.00005 3.0 � 0.13 1.4 � 0.10 1.6 � 0.10 5.5f9 7.91383 � 0.00008 1.7 � 0.13 1.1 � 0.10 1.2 � 0.10 6.1fx 10.87424 � 0.00012 0.8 � 0.13 1.0 � 0.10 0.7 � 0.10 5.7f10 7.92992 � 0.00010 1.2 � 0.13 0.9 � 0.10 0.9 � 0.10 5.0f8 7.20090 � 0.00009 1.4 � 0.13 0.9 � 0.10 0.9 � 0.10 5.0f11 6.73223 � 0.00012 1.0 � 0.13 0.8 � 0.10 0.6 � 0.10 4.5f12 6.22360 � 0.00012 0.9 � 0.13 0.8 � 0.10 0.8 � 0.10 4.4fy 17.25241 � 0.00016 0.6 � 0.13 0.6 � 0.10 0.5 � 0.10 4.4f1 + f2 11.4171595 � 0.0000036 12.4 � 0.13 8.8 � 0.10 8.4 � 0.10 50.9f1 + f3 11.3833014 � 0.0000036 10.8 � 0.14 7.6 � 0.10 7.3 � 0.10 44.0f1 + f4 11.4005298 � 0.0000042 10.2 � 0.14 7.2 � 0.10 6.8 � 0.10 41.72f1 11.5265656 � 0.0000027 4.4 � 0.13 3.1 � 0.10 2.9 � 0.10 17.9f1 + f2 + f3 17.037178 � 0.000005 3.6 � 0.13 2.5 � 0.10 2.3 � 0.10 18.1f2 + f3 11.2738953 � 0.0000043 2.6 � 0.13 1.5 � 0.10 1.3 � 0.10 8.7f1 � f2 0.1094061 � 0.0000036 2.6 � 0.13 1.5 � 0.10 1.6 � 0.10 4.02f1 + f2 17.1804423 � 0.0000040 1.9 � 0.13 1.5 � 0.10 1.3 � 0.10 10.92f1 + f4 17.163813 � 0.000005 1.7 � 0.13 1.4 � 0.10 1.2 � 0.10 10.12f1 + f3 17.1465842 � 0.0000041 1.6 � 0.13 1.3 � 0.10 1.1 � 0.10 9.42f1 + f2 + f3 22.800461 � 0.000005 1.4 � 0.13 1.0 � 0.09 0.8 � 0.10 8.32f2 11.3077534 � 0.0000042 0.8 � 0.14 0.8 � 0.10 0.5 � 0.10 4.6f1 + f2 � f3 5.797141 � 0.000005 1.0 � 0.13 0.8 � 0.10 0.8 � 0.10 4.2f1 + f5 13.661483 � 0.000032 1.1 � 0.13 0.7 � 0.09 0.8 � 0.10 4.5f1 + f3 + f4 17.020548 � 0.000005 0.9 � 0.14 0.7 � 0.10 0.7 � 0.10 5.1f2 + f4 11.291124 � 0.000005 0.8 � 0.14 0.7 � 0.10 0.6 � 0.10 4.0f1 + f2 + f4 17.054406 � 0.000005 0.8 � 0.14 0.6 � 0.10 0.8 � 0.10 4.4f1 � f4 0.1260358 � 0.0000042 1.7 � 0.13 0.6 � 0.10 0.8 � 0.10 1.6f1 + 2f2 17.071036 � 0.000005 0.6 � 0.14 0.5 � 0.10 0.4 � 0.10 3.6f3 + f4 11.257266 � 0.000005 0.5 � 0.14 0.5 � 0.10 0.3 � 0.10 2.9We shall now disuss the two problemati frequenies,f6 and f12, mentioned in the �rst paragraph of this setion.In ase of f6, the entral peak at 6:2438 d�1 was only slightlyhigher than the +1 y�1 alias at 6:2465 d�1. However, the2002-3 and 2003-4 values of f6 are both muh loser to thefrequeny of the entral peak than to that of the alias peak.Moreover, in eah band, the nonlinear least-squares �t on-verged to exatly the same solution regardless of whether thestarting value of f6 was the frequeny of the entral peak,the 2002-3 value, or the 2003-4 value. We onlude that f6given in Table 6 is unlikely to be in error by 1 y�1.The ase of f12 is similar, but now the �1 y�1 alias at6.2210 d�1 is the problem. In v and y it is almost as high asthe entral peak at 6.2236 d�1, while in u it is even slightlyhigher. Computing power spetra from the averaged u, vand y residuals, with proper weight given to eah band, didnot solve the problem. In Paper III, there is also the y�1unertainty: the frequeny is equal to 6.22304 d�1 for Si III

455.3 nm, but for Si III 456.8 and 457.5 nm it is lose to6.2210 d�1. The frequeny given in Table 3 of Paper I isequal to the alias frequeny. More data are needed to deidewhether the value given in Table 6 is the orret one.Fig. 6 shows the power spetra of the 2002-4 dataprewhitened with the 36 frequenies of Table 6. In the u andy spetra (bottom and top panel, respetively) the highestpeaks our at 0.3142 d�1, but in the v spetrum, at 0.2625d�1. The orresponding amplitudes amount to 1.9 and 1.2mmag in u and y, and 1.1 mmag in v. In neither ase doesthe signal-to-noise ratio exeed 3.4, so that these peaks areunlikely to be intrinsi. The reader may remember that inSet. 3.1, a peak seen at 0.314 d�1 in the 2003-4 u powerspetrum was also dismissed as spurious.The highest S=N peaks in Fig. 6 have frequenies equalto 5.0139 d�1 in u (S=N = 4:5), 13.0152 d�1 in v (S=N =4:2) and 22.9440 d�1 in y (S=N = 4:1). The peak at 5.0139d�1 an be explained in terms of olour extintion in the u 2004 RAS, MNRAS 000, 1{13



Asteroseismology of � Eridani { IV 11band (see Set. 3.1). At 13.0152 d�1, there are low peaks inthe u and y spetra with S=N equal to 2.9 and 2.4, respe-tively. No peaks at 13.0152 d�1 an be seen in the `� Eri� � Eri' power-spetra, so that this frequeny is not due to� Eri. Finally, the frequeny of 22.9440 d�1 is very lose tothe ombination frequeny 3f1+f2. We onlude that whilethe latter frequeny may be intrinsi, the former is probablyspurious.5.2 Out-of-elipse variation of � EriCombining the 2002-3 and 2003-4 out-of-elipse di�erentialmagnitudes `� Eri � � Eri,' we obtained time series on-sisting of 5818, 5823 and 5189 data-points in u, v and y,respetively.The highest peaks in suessive power-spetra of thesedata ourred at frequenies lose to those found from the2003-4 and 2002-3 time-series separately (see Tables 5 and4) and at the frequeny f 06 = 0:568 d�1, whih is new. In u,the frequenies appeared in the order f 01, f 02, f 05, f 03 and f 04a,where the last frequeny is the +1 y�1 alias of f 04 = 1:2056d�1. The two highest peaks in the sixth-run power spetrumourred at 2.009 and 0.997 d�1, neither of whih is likelyto be intrinsi. The third peak, only slightly lower than theseond one, was at f 06. In v, the order was f 01, f 02, f 04, f 05, f 06and f 03, but in the third run the peak at f 04 was only slightlyhigher than the one at f 04a. In y, the order was the same asin v, exept that in the last run the highest peak ourred at0.997 d�1, while the peak at f 03|although present|wouldbe missed if it were not previously found in u and v.The 1 y�1 unertainty whih a�ets f 04 did not plagueother frequenies; in all other ases the yearly aliases weresigni�antly lower than the entral peak.The results of the analysis are given in Table 7. Thenumbers for f 04a are from nonlinear least-squares �ts in whihthe alias frequeny read o� the power spetrum was used asthe starting value. In these �ts, the other frequenies and theorresponding amplitudes were only slightly di�erent fromthose given in the table.The u to y amplitude ratio in Table 7 exeeds 1.2 for allfrequenies. For four frequenies the ratio is greater than 1.5,while for f 04 and f 06, it is equal to about 1.3. However, thisdihotomy may be illusory beause the (formal) standarddeviation of the latter number amounts to about 0.10.The reader may have notied that f 01 � fB. Sine nei-ther frequeny an be due to � Eri beause the amplitudesand phases do not math (see also Set. 4.3), this uriousnear-equality must be an aidental oinidene.6 SUMMARY AND CLUES FORASTEROSEISMOLOGY6.1 Independent high frequenies of � EriFig. 7 shows shematially the 11 independent high-frequeny terms of � Eri derived from the ombined, 2002-4data. Comparing this �gure with Fig. 4 of Paper I one ansee that two of the three high-frequeny \possible furthersignals" of Paper I are now upgraded to the status of er-tainty. This has already been mentioned in Set. 3.2 and 5.1.

Figure 7. Shemati v-amplitude spetrum of � Eri from theombined, 2002-4 data: the 11 independent high-frequeny terms,numbered as in Table 6.Table 8. The mean separation, S, and asymmetry, A, ofthe lose frequeny triplets in the osillation spetrum of �Eri.Terms S [d�1℄ A [d�1℄3,4,2 0.0169290�0.0000022 �0.000600�0.000008712,6,7 0.019658 �0.000064 �0.00118 �0.000155,9,10 0.015860 �0.00008 0.00046 �0.00019The terms in question are the i = 9 and 12 ones. Both aremembers of lose frequeny triplets.The third high-frequeny \possible further signal" ofPaper I, with frequeny equal to 7.252 d�1, must remainin limbo. Although in the power spetra prewhitened withthe 36 frequenies of Table 6 (see Fig. 6) there is a seriesof low peaks in the viinity of 7.25 d�1, the orrespondingv-amplitudes are smaller than 0.6 mmag and the signal-to-noise ratios do not exeed 3.6. In u, the amplitudes aresmaller than 0.8 mmag and S=N < 3:1. More data areneeded to deide whether any of these peaks is intrinsi.For the lose frequeny triplets seen in Fig. 7, the meanseparation, S, and the asymmetry, A, are listed in Table 8.In Set. 5.1 we have warned that f12 may be in errorby 1 y�1. If this were indeed the ase, the values of S andA given in Table 8 for the 12,6,7 triplet should be replaedby 0:020964 and �0:00379 d�1, respetively. Beause of thisunertainty, and the suspiion of a long-term variation ofthe amplitude of the i = 6 term (Set. 3.2), the triplet is notpartiularly suitable for asteroseismology at this stage. For-tunately, the other two triplets are well-behaved. There areno y�1 unertainties, even for the lowest-amplitude termof the 5,9,10 triplet, and no signs of long-term amplitudevariation. In addition, the ` = 1 spherial harmoni identi-�ation for all members of the large-amplitude triplet andthe i = 5 member of the 5,9,10 one are seure (see PaperIII or the Introdution). As an be seen from Fig. 8, thei = 9 and 10 members of the triplet have uvy amplituderatios onsistent with ` equal to 1 or 2. Unfortunately, thestandard deviations of the amplitude ratios, espeially thoseof the smallest-amplitude member, are too large to �x ` un-ambiguously. 2004 RAS, MNRAS 000, 1{13



12 M. Jerzykiewiz et al.Table 7. Frequenies, periods and amplitudes in the out-of-elipse di�erential magnitudes `� Eri � � Eri'from the ombined, 2002-4 data. The last olumn ontains the v-amplitude signal-to-noise ratio.ID Frequeny [d�1℄ Period [d℄ Au [mmag℄ Av [mmag℄ Ay [mmag℄ S=Nf 01 0.615739 � 0.000016 1.624065 � 0.000042 9.9 � 0.16 6.3 � 0.12 5.6 � 0.11 12.2f 02 0.700842 � 0.000034 1.42686 � 0.00007 4.8 � 0.16 3.0 � 0.12 2.5 � 0.10 6.5f 04 1.205580 � 0.000043 0.829476 � 0.000030 3.0 � 0.16 2.6 � 0.12 2.4 � 0.10 7.2f 04a* 1.208346 � 0.000042 0.827578 � 0.000029 2.9 � 0.16 2.5 � 0.12 2.4 � 0.10 6.9f 05 0.658876 � 0.000039 1.51774 � 0.00009 4.0 � 0.16 2.5 � 0.12 2.6 � 0.11 4.8f 06 0.56797 � 0.00005 1.76066 � 0.00016 2.7 � 0.16 2.0 � 0.12 2.1 � 0.11 3.1f 03 0.81272 � 0.00006 1.23044 � 0.00009 2.8 � 0.16 1.9 � 0.12 1.4 � 0.10 4.0*) f 04a � f 04 + 1 y�1

Figure 8.Observed uvy amplitude ratios for the small-amplitudemembers of the 7.91 d�1 triplet (irles with error bars) omparedwith theoretial amplitude ratios for ` 6 2. The observed ratiosare from the 2002-4 amplitudes (see Table 6), the theoretial ones,from Fig. 5 of Paper III. The open irles are shifted slightly inwavelength to avoid overlap.6.2 Independent low frequenies of � EriAs we mentioned in the Introdution, the frequeny resolu-tion of the 2002-3 data was insuÆient to rejet the possibil-ity that fA is equal to the ombination frequeny 3f1� 3f3.As an be seen from Table 6, the di�erene between fA and3f1 � 3f3 amounts to 0.0030 d�1. This number is not onlymuh larger than the standard deviation of fA, but alsolarger than the frequeny resolution of the 2002-4 data by afator of about 1.5. In fat, 3f1 � 3f3 oinides with the �1y�1 alias of fA. Sine the alias has about the same heightas the +1 y�1 one, the ombination frequeny's amplitudemust be below the detetion threshold. Consequently, thereis no longer any doubt that fA is an independent low fre-queny in the variation of � Eri. In addition, we have foundanother low frequeny, fB (see Tables 2 and 6). Sine onlyhigh-order g modes have frequenies that low, the sugges-tion put forward in Paper I that � Eri were both a � Cepvariable and an SPB star is amply on�rmed.6.3 � EriTo the single frequeny f 01 = 0:616 d�1, derived from thedi�erential magnitudes `� Eri � � Eri' in Paper I, we add�ve further ones (see Table 7). The values of the frequen-ies and the derease of the uvy amplitudes with inreasing

wavelength (for at least four frequenies) indiate that weare seeing high-radial-order g modes. Thus, as already sug-gested in Paper I, the star is an SPB variable. Note thatrotational modulation, the seond hypothesis put forwardin Paper I for explaining the f 01 term is now untenable be-ause it does not aount for multiperiodiity.As an be seen from Table 7, the periods P 03, P 02 and P 01are equally spaed, with the spaing equal to �0:20 d, whileP 04 preedes P 03 by twie this value. The equal spaing in pe-riod may be a manifestation of the well-known asymptotiproperty of high-order g modes of the same `. There are,however, the following two problems with this idea: (1) theterm half-way between the P 03 and P 04 ones is missing, and(2) the period-spaing is rather large. Better data may solvethe �rst problem if the missing term is simply too weak tobe deteted in our data. The seond problem requires a om-parison with the theory. Unfortunately, the only SPB-starmodel available in the literature (Dziembowski, Moskalik &Pamyatnykh 1993) has M = 4 M�, logL=L� = 2:51 andX = 0:37, whereas � Eri is more massive (by � 2 M�),more luminous (by �0:8 dex), and more evolved (see PaperI). In the model, the largest period spaing (for ` = 1) isequal to �0:07 d, almost a fator 3 smaller than observed in� Eri. Whether this disagreement an be alleviated with amodel whih better mathes the star remains to be veri�ed.If this turns out to be unsuessful, one an still invoke theunlikely idea that an unknown amplitude limitation meha-nism is suppressing the modes halfway between the observedones.The possibility that instead of an equally-spaed periodtriplet, P 03, P 02, P 01, we have a rotationally-split frequenytriplet, f 01, f 02, f 03, is muh less likely. Indeed, for an ` = 1 g-mode with frequeny equal to 0.7 d�1 in the SPB-star modelof Dziembowski et al. (1993), the observed mean separationof the frequeny triplet, equal to 0:09849�0:00003 d�1, leadsto equatorial veloity of rotation, ve, of about 30 kms�1 (seetheir Fig. 13), whereas available estimates of ve sin i of � Erirange from 150 to 190 kms�1 (see Paper I). Inreasing themodel's radius in order to better math � Eri may inrease veto about 60 kms�1, still muh less than the observed values.An additional problem is posed by the large asymmetry ofthe frequeny triplet. The asymmetry is equal to 0:0268 �0:0001 d�1, while the rotational splitting seen in Fig. 13 ofDziembowski et al. (1993) is nearly symmetri.In addition to on�rming the SPB lassi�ation of Pa-per I, we have found � Eri to be an elipsing variable. As an 2004 RAS, MNRAS 000, 1{13



Asteroseismology of � Eridani { IV 13be seen from Figs. 3 and 5, the elipse is a transit, probablytotal, the seondary is fainter than the primary by severalmagnitudes, and the system is widely detahed. As far aswe are aware, the only other elipsing variable with similarproperties is 16 (EN) La (Jerzykiewiz 1979), exept thatin the latter ase the elipse is partial. (Interestingly, thedisovery of an elipse of this well-known � Cephei variablewas a by-produt a three-site ampaign undertaken for ob-serving the star's pulsations.) Solving the � Eri system willyield the primary's mean density and its surfae gravity.This, however, is beyond the sope of the present paper.6.4 � EriThe frequenies fx = 10:8742 and fy = 17:2524 d�1 (seeTables 2 and 6) and the MK type of A2V (see the Introdu-tion) leave no doubt that the star is a Æ Suti variable. TheStr�omgren indies, 1 = 1:076 and b� y = 0:038 (Hauk &Mermilliod 1998), are not reddened. This is not inonsistentwith the star's Hipparos parallax of 15:66�0:80 mas. Usingthe parallax and the V magnitude from Hauk & Mermilliod(1998) one gets MV = 1:12 � 0:11, a value whih, togetherwith the b� y index, plaes the star about 0.02 mag to theblue of the observational blue edge of the Æ Suti instabilitystrip in the MV vs. b� y diagram (see, e.g., Handler 2002).Apart from indiating the need for a slight revision of theblue edge, this position in the diagram suggests marginalpulsation driving as a possible explanation for the small uvyamplitudes. However, in view of the star's high v sin i of 165kms�1 (Abt & Morrell 1995), another explanation may beprovided by the hypothesis of Breger (1982) that fast rota-tion is a fator in limiting pulsation amplitudes.Unfortunately, with only two small-amplitude modesthe asteroseismi potential of � Eri is insigni�ant.ACKNOWLEDGMENTSMJ and AP's partiipation in the ampaign was supportedby KBN grant 5P03D01420. MJ would also like to aknowl-edge a generous allotment of telesope time and the hospi-tality of Lowell Observatory. GH's work was supported bythe Austrian Fonds zur F�orderung der wissenshaftlihenForshung under grant R12-N02. ER thanks for the sup-port by the Junta de Andaluia and the Direion Generalde Investigaion (DGI) under projet AYA2003-04651. Thereferee, Dr C. Simon Je�ery, helped us to improve the paper.REFERENCESAbt H.A., Morrell N.I., 1995, ApJS, 99, 135Aerts C., Waelkens C., de Pauw M., 1994, A&A, 286, 136Aerts C. et al., 2004, MNRAS, 347, 463 (Paper II)Ausseloos M., Suaire R., Thoul A., Aerts C., 2004, MN-RAS, 355, 352Breger M., 1982, PASP, 94, 845Crow E.L., Davis F.A., Max�eld M.A., 1960, StatistisManual. Dover Publiations, New YorkCugier H., Dziembowski W.A., Pamyatnykh A.A., 1994,A&A, 291, 143De Ridder et al., 2004, MNRAS, 351, 324 (Paper III)
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