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Abstract. We present the analysis of 445 high signal-to-noisphere. Already at the beginning of this century, radial-velocity
spectra of the Si lll triplet at 4558, 45684, 4575A of the line-  variations ofz Per were reported by Frost & Adams (1904).
profile variable stat Persei. The data were gathered during IBhey found a considerable difference in the appearance of the
consecutive nights and fully cover the orbital cycle of the binargame lines on different plates and stated that “the lines of this
The orbital parameters that we derive from our data for the clostar are complex”.

binary are in fullagreement with those found in 1995 by Tarasov Inthe pasttenyears, several studies based on high-resolution
et al. Our data does not offer a conclusive test of the presetioe-profile data were published (e.g. Smith et al. 1987, Gies &
of the 4156-d period. Kullavanijaya 1988, Harmanec 1989, Gies et al. 1999). Non-

With the CLEAN-method, we identify 5 periods in the in+adial pulsation on the one hand (e.g. Gies et al. 1999), and
tensity variations across the line profiles, after the latter arerotating structures above the photosphere on the other hand
corrected for the binary motion: 5.300, 5.890, 6.250, 6.875, atidarmanec 1999), are the recently proposed explanations for the
10.585cd . The results of our frequency analysis are combserved profile variations. It is clear that, although this object
sistent with previous ones based on the CLEAN algorithm. ig already observed intensively with accurate instrumentation,
terms of sinusoidal variations with constant phase, we thus fiisl behaviour is far from understood. One of the reasons could
that the line-profile variations have a multiperiodic pattern. Thee that most of the existing high-quality spectroscopic data sets
Hipparcos photometry reveals yet another candidate frequeheye a very limited time base of a few days. We here present a
0f5.23280cd . Itis not clear yetif this frequency is connectediata set of high-resolution spectra spread over 14 consecutive
to those found in the spectra. nights.

With the PDM-method, we find some indications leading Tarasov et al. (1995) have recently given a thorough history
to the “super” perioPy per = 1911878, as introduced by Har- record of the research performed on the star. We refer to their
manec (1999). On the other hand, many other periods betwegraper for all the relevant references instead of repeating their
and 3 days are equally likely thdR,,,.,. Some of the frequen- overview. They also show thaPer is the primary component of
cies found using CLEAN are integer submultiplesiof pe, - a close binary with a very eccentric orhit£ 0.54) and arather

We do not have a sufficient amount of data to estimate thkort period of about two weeks. Tarasov et al. also suggest that
importance of tidal effects for the line-profile variability neathe 14-day binary system moves in orbit with a second distant
periastron for Persei. companion, with a likely period of 4156 days.

Recently, the line-profile variations have been interpretated

Key words: line: profiles — stars: oscillations — stars: early-typseveral times and by several authors in terms of non-radial pul-
— stars: individualz Per — stars: binaries: spectroscopic sations. In the new study by Gies et al. (1999), a compilation
of the different non-radial pulsation frequencies found earlier
is given. Up to four different modes were reported by differ-
ent authors, with periods ranging from 2 to 13 hours. The de-
grees of the modes reach values up to6 (Smith et al. 1987,
The stae Persei (HD 24760, HR 1220, HIP 18532) is one of théies & Kullavanijaya 1988, Telting & Schrijvers 1997). Gies
most complicated line-profile variables of the northern henst al. (1999) also present an analysis of new dedicated IUE and
ground -based data. Both new data sets have a time spread of 6
Send offprint requests to: P. De Cat days. Gies et al. (1999) derive six periods from the new data,
Pro\iansceed on observations obtained at the Observatoire de Hayjghich several are consistent with previous studies. The de-

grees of the modes range from 3 up to 5. Obviously, it is very
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Table 1. Logbook of our observations efPer. The HJD of the begin- the variability. Third, we wonder if the tidal forces in the close
ning and the end of each night is given with respect to the referertsijary are sufficiently strong to imply an effect on the variabil-
epochto=HJD 2450300. For each night, N gives the number of spectigy of the primary, i.e. we want to study if a trend between the
.Atmm andAtpax respectivel){ the shorte;t and. the longest integratiqfhe_prof"e variability and the orbital phase is present.

times and S/N the average signal-to-noise ratio. Our study will be published in two separate papers. This pa-
per focuses on the binary motion and on the periods of the line-
date HIRart  HIDena N Obwin  Atwax SN profile variability. A second forthcoming paper will be com-
16/10/1996  73.37 73.67 27 431 1200  12Qletely devoted to the modelling of the line-profile variations in
17/10/1996  74.34 74.68 41 465 929 16%erms of the two models that are currently proposed in the liter-
18/10/1996  75.35  75.68 47 213 1119  178%yre to explain the intrinsic variability. The results of the mod-
;gﬁgﬁggg ;ggi ;ggg 22 32411 ﬁgg 17 IIin_g will allow us to _inte_rpret the obs_eryations ano_l to evall_Jate
21/10/1996 7835 78.69 43 306 1200 he |nf!uence ofthe bmgnty on the variations oft.helllne-proﬂles.
22/10/1996  79.33 79.70 82 591 482 230 This paper is orggnlse_d as.follows. A (_jescrlpuon of thg nu-
23/10/1996  80.33 80.70 28 399 1200 2odnerous high-resolution, high signal-to-noise spectroscopic data
24/10/1996  81.34 81.40 7 723 1099 22dhat we have gathered during a complete orbital period is pre-
25/10/1996 82.33 82.50 21 476 1191 22c08ented in Sect. 2. In Sect. 3, we determine the radial velocity of
26/10/1996  83.33 83.36 3 1200 1200 11%he star and the orbital motion is studied in Sect. 4. The variabil-
27/10/1996  84.33 84.70 19 384 1130 185ty of the primary component is investigated in Sect. 5. Finally,
28/10/1996  85.32 8562 30 262 817  195Sect. 6 contains a discussion of our results and of what is to

total 73.37 86.69 464 213 1200 190

2. Observations and data reductions

radial pulsation modes, since every new data set leads to alfee data were obtained with the 1.52m telescope at the Obser-
different set of modes. Gies et al. (1999) presented evidervegoire de Haute Provence, using the AURELIE Spectrograph
that may hint at a photospheric connection in the sense tk@illet et al. 1994). The detector was a linear array. The data
the strengthening of wind features follows times of strong cowere obtained in 14 consecutive nights, ranging from 16 Oc-
structive interference between the apparent periodicities ($eker 1996 until 29 October 1996. The spectral domain was
their Fig. 11). centered on 456A in order to get the Silll-triplet with lines

We emphasize that, in the case a pulsational model wo@d\\ 4553, 4568, and 4575. The resolving power was about
apply to the star, the very eccentric orbit is interesting. TH#®000. The integration time was between 5 min and 20 min,
high eccentricity could have a strong influence on the selectidapending on weather conditions. This results in a signal-to-
of the pulsation modes: forced oscillations could occur ne@gise ratio in the range 150-200 at @ vel. A logbook of
periastron while the free oscillation modes could be dominaifie observations is given in Talple 1. Our data will be published
near apastron. There is no observational evidence yet thatelectronically after the appearance of the forthcoming second
modes ire Per are of a forced nature. Since our data set is op@per on the modelling of the variations.
of the first that fully covers the orbital phase, our analysis might Each spectrum was corrected for the pixel-to-pixel response
shed some light on the effect of the tidal forces that are actifrough division by the mean of 5 flat field spectra obtained us-
in the binary. ing a tungsten lamp. The wavelength calibration was done using

An alternative explanation for the observed rapid variatio@scubic spline fit for about 40 lines of a thorium lamp. The spec-
of e Per is presented by Harmanec in several papers. We refeirégvere normalized to the continuum by a cubic spline function,
his most recent one (Harmanec 1999), in which he advocates #iad the heliocentric corrections were applied. We rebinned all
the variations of the star need not be due to non-radial pulsatispectra such thahA = 0.025 A. After inspection of the data,
but can also be caused by corotating structures situated slightg retained 445 usable profiles.
above the stellar photosphere. In his model, one physical period In Fig.[1, grey-scale representations of the time series ob-
(1.12 days) with a complicated phase behaviour is proposedaised during two consecutive nights are shown, together with
an explanation for the variability. some line-profiles of the Silll-line at = 4552.654A. It is ev-

It is important to understand the variations:ziRer for sev- ident by looking at the grey-scale representation that the line-
eral reasons. Our interest érPer is threefold. This object is aprofile behaviour during the two nights is quite different.
rapidly rotating (BSCv sin i = 153 km s°!) variable component
of a close binary system. First of all, we want to redetermine tl§e
orbital parameters of the close binary and decide whether or no
Tarasov et al.’s proposition of having a second distant comparhere are different ways to determine the radial velocity from
ion is compatible with our data. Second, we seek to derive thigih-resolution line-profile data. A first one is to make a Gaus-
frequencies that govern the line-profile variations with a higdian approximation of the line-profile. For deep, sharp lines
precision in order to decide what physical mechanism causehout subfeatures, such an approximation is justified, and

,;I'he radial-velocity variations
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Fig. 1. Top left: grey-scale representation of the residual spectra with respect to the nightly average profile. Bottom left: the average profile of
that night. Right: some of the observed line-profiles of that night, shifted according to the time of measurement. Left panel: data of 21 October

1996, right panel: data of 22 October 1996.

binary. The use of “dynamic” integration limits to calculate the
moments is therefore preferred. The integration limits are deter-
x | mined for each spectrum separately by visual inspection of the
‘o L | local continuum. In this way, differences in line-width during
the pulsation cycle are also accounted for in an accurate way.
I | The radial velocities were calculated by means of both Gaus-
1 sian fits andM; /M, with dynamic integration limits. We de-
I . 1 termined them for each of the Silll-lines separately, using
o 4 = 4552.6540, 4567.8728, and 4574.77A (Moore 1945) as
78.3 78.4 78.5 78.6 78.7 central wavelenghts for respectively the first, second, and third
HJD(—2450300) Silll-line. Next, the average radial velocity for the Silll-triplet
was determined.

Fig.2. The average radial velocities of the Silll-triplet ePer for In Fig.2, we compare the Gaussian radial veloity,..

a representative night, i.e. 21 October 1996. The crosses denote t ?’Ith normalised first momenitr: /M. for a representati
Gaussian approximation of the radial velocity..ss While the dots wi e normalised first moment, /M, for a representative

denote the normalised first moment; /Mo. night. From this figure, _it is evident th@ﬁl/Mo is more ac-
curate thang..ss, €specially for the profiles with considerable
subfeatures. Therefore, the results of analyses based on radial-

being the mean of the Gaussian, will be a good estimation \§locity measurements that are obtained by means of Gaussian
the radial velocity. fits or that rely solely on the line centre should be treated with

In the case of Per, prominent moving bumps and troughgaution. Hereafter, the term “radial velocity” is used to denote
' ttj)—:- normalised first moment/; /M.

are superposed on very broad absorption lines (seé]Fig.1y.
perp Y P (sedlFig The signal-to-noise ratio is an indication of the quality of the

Nearly all the profiles show such moving patterns. According ) X o
to their position, these bumps and troughs can “pull” the GaJBeasured profiles while the standard deviation of the average

sian fit to the red/blue wing of the considered absorption “n@dial velocity of the three lines is a good estimator of the error of
which leads to an over-/underestimate of the radial velocit€ measured velocities. These standard deviations range from

! ) ) L]
In the case of such observations, it is more appropriate to (1582 KmMS’ up t0 6.92kms", geﬂectmg velocity differences
the normalised first moment/; /Mo, as defined by Aerts et O 0.4kms'upto13.5kms' betweenthethree Silll-lines.

al. (1992), to approximate the radial velocity. The moments of'€ Shape of the velocity curves of the individual Silll-lines
a line-profile, however, strongly depend on the choice of i roughly the same, but these curves are shifted from one to
integration limits. With too narrow limits, much information@nother. These shifts, and hence the large standard deviations

about the line wings is lost, while too broad ones introduce a@f- the averaged radial velocities, are not due to our choice of
ditional noise. Moreover, we are dealing with a spectroscoﬁr&e central wavelengths. Differences between different sets of

X
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Table 2. The triple-star solutions for Persei, as found by Tarasov et  The large standard errors of the individual measurements
al. (1995). The row “rms” contains the root-mean-square error of ofgee above) already suggest that the standard errors given in

observation of unit weight. All epochs are in HJD - 2400000. Table[3 are an underestimate of the “real” errors of the orbital

parameters. To check this, we determined the orbital param-
element copl&2 compl&2vs.3 eters using the radial velocities of the three Silll-lines sepa-
Po, (d) 14.075897(64) 4156(26) rately with the orbital period fixed at 14.075897 days (Table 4,
K (kms™1) 16.8(13) 5.1(38) columns 1-3). Afterwards, we calculated the average of every
E, (HID) 47767.484(125) 49343(508) orbital parameter with its corresponding standard deviation (Ta-
e 0.540(45) 0.40(26) ble[d, column 4). Comparing these averages with the last column
w (deg.) 110.3(63) 25(50) of Table[3, we see that the orbital parameters themselves are in
asini (au) 0.018295 1.78561

full agreement, but that the errors given in Tdlle 3 are one order
of magnitude lower.
Uy joint (KM 1371) 7.47(51) In the majority of studies about binary systems, several lines
rms (kms™) 3.98 of low resolution spectra are used to determine an accurate aver-
age radial velocity. Here, the radial velocities of the individual
Silll-lines of our high resolution spectra were used to deter-
central wavelengths found in the literature can only accoumine the individual orbits. Apart from expected differences in
for approximately 3km's', which is insufficient to explain the system velocity, (see above), also notable differences in ec-
observed velocity differences. For early B-stars, both the fitséntricity e are found, and to a lower extent in other orbital
and the second Silll-line are blended with shallow absorptigarameters. These differences are due to the uncertainty of the
lines (Kilian et al. 1991). Since Per is a rapid rotator, theseused rest wavelengths and to the blending effects of the Silll-
blends are smeared out and hence difficult to detect. We canliids. We emphasize that none of the papers in which orbits are
correct for these blending effects. determined focus on such differences because the quality of the
spectra usually does not allow this.
The possibility of assigning a weight to each used radial
velocity was explored in three different ways. We used weights

Recently, Tarasov et al. (1995) suggested #er is the pri- based onthe signal-to-noise ratio, weights based on the standard
mary component of a triple system. They also present accurd@¥iations of the individual velocities, or no weights at all. The
orbital parameters of the system for the first time. Their finHiree solutions lead to orbital parameters which differ less than
orbital solution for the close binary and for the wide syste®ne standard error (see Talble 3).

is given in TabléR. As in all other tables, the standard errors Inour study, all the individual velocities efPer are consid-

(if present) are given in brackets in units of the last decimafed. Molenberghs et al. (1999) propose a new method to derive
Tarasov et al. (1995) based their analysis on 717 spectroscdpf Orbital parameters of a binary that consists of an intrinsic
observations spread over more than 85 years. Our search foM#éable. They develop a way to combine nightly averaged ve-

orbital parameters is based on the 445 new line-profiles spré@gities for nights onwhich a full cover of the intrinsic variability
over only 14 days. cycle is obtained with individual velocities for poorly covered

nights. Their method is developed to treat cases for which the
intrinsic variability has a period that is much shorter than the or-
bital period. For Per, no essential difference is found between

We used a modern version of the VCURVE-code (Bertiau #eir and our solution for the case of a free orbital perlod (see
Grobben 1969) to determine the orbital parameters of the shddolenberghs et al. 1999, who used only the first line at 4553
period binary. This code for computing orbits is based on tfi@this case, one finds an orbital period of 13.4 days).
Lehmann-Filles method for the initial input data and on the The orbits with a free period are only slightly favoured in
Schlesinger method for orbits of high eccentricity> 0.05). terms of rms, while the other parameters have smaller standard
Orbits were determined using the averaged radial velocities@fors when using a fixed period. Because of this reason, and
the Silll-triplet. Several different options were explored. Thgince our data span slightly less than 14 days, we finally prefer
final set of orbital parameters found for the averaged radial V&€ solution with the period fixed to the value derived by Tarasov
locities are given in Tablg 3, which we now comment. et al. (1995) and without using relative weights (the quality of
In first instance, we treated the orbital periBg;, as a free the spectra does not differ that much). The orbital parameters
parameter_ VCURVE then converges to an orbit with a peri((j@rived for this configuration are given in bold in Tdble 3. E]g 3
of 13.8 days, which is slightly shorter than the one found §hows a comparison of the measured radial velocities with a
Tarasov et al. (see Talile 2). Also minor differences in systdfigoretical curve based on the obtained orbital parameters. As
velocity v, are found, but the other parameters are compatisian be seen on the figure, the orbit fits the radial-velocity mea-
with those listed in Tablel2. To allow a fair comparison with theurements very well. The orbital parameters that we find are in
solution found by Tarasov et al., we next fixed the orbital peridgiod agreement with those given by Tarasov et al. (1995).
at 14'075897.

F(m) (M) 0.004143 0.04424

4. Determination of the orbit

4.1. ¢ Per asa close binary
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Table 3. The orbital parameters for the average radial velocity of the Silll-triplet. We used weights based on the signal-to-noise ratio (S/N), on
the standard deviations (s.d.) and no weights at all (no). The row “rms” contains the root-mean-square error of one observation of unit weight.
All epochs are in HID -2450300. The final orbital solution that we prefer is given in bold.

PERIOD FREE PERIOD FIXED
weights S/IN s.d. no SIN s.d. no
P 13182(7) 1381(6) 1384(7) 14075897 14075897 14075897
K (kms™) 15.5(1) 15.2(2)  15.4(1) 15.5(1) 15.2(2) 15.3(1)
E, (HJD) 84.51(2) 84.49(2) 84.51(2) 84.48(1) 84.45(2) 84.48(1)
e 0.569(7) 0.556(8) 0.564(7) 0.566(7) 0.549(8) 0.559(7)
w (deg.) 111(1) 110(1)  111.3(9) 108.8(7) 107.7(8) 109.1(7)
asini (A.U.) 0.0162  0.0161 0.0162 0.0165 0.0164 0.0165
f(m) (Mg) 0.0030  0.0029 0.0030 0.0030 0.0030  0.0030
vy (kms™t) 10.88(8) 10.95(8) 10.89(8) 10.71(6) 10.73(7) 10.71(6)
rms (kms™1) 0.8850  0.9350 0.8944 0.8909 0.9420  0.8999

Table4. The orbital parameters using the radial velocities of the three
Silll-lined separately (4558, 4568A, 4575A) and the average of
every orbital parameter with its corresponding standard deviation (av-
erage). The orbital period was fixed orf0#5897. No weights were
used. The row “rms” contains the root-mean-square error of one ob-

—1

; servation of unit weight. All epochs are in HID -2450300.

E 4553A 4568A  4575A  average

E K (kms™) 14.9(1) 15.5(2) 15.7(3) 15.4(4)

g E, (HID) 84.39(3) 84.46(2) 84.55(2)  84.47(8)
e 0.468(8) 0.568(9) 0.62(1) 0.552(77)
w (deg.) 107.1(9) 107.9(9) 113(1) 109(3)

asini (A.U) 0.0170 0.0165 0.0159  0.0165(5)
f(m) (My)  0.0033 0.0030 0.0027  0.0030(3)
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ vy (kms™)  13.25(8) 11.24(8) 7.51(9)  10.71(291)
0o 0z 04 06 08 1 12 14 16 18 2 Lo (kms') 1179 1157  1.140

Binary Phase

Fig. 3. The orbital velocity ot Per for the close binary system. The full
line depotes the_ orbital_ solution by_consiglering aI_I the ra_dial-velocig449343, the periastron passage for the triple-system, as given
data without using weights and with a fixed orbital periBid, =, Taple[2. The dots denote the system velocities of the orbital
24' 0;52%&5?:;&2%? nfg;;ui%gi;g?gisergctizgspe”aStron Pass@futions for the close binary using the Silll Lines separately,
o ' respectively (1) (13.25- 0.08) kms* for 4553A, (2) (11.24
+ 0.08) kms'* for 4568A and (3) (7.51+ 0.09)kms! for
4575A (see Tabl€W). The error bars are smaller than the dots.
From Fig[4, it is tempting to conclude that our system ve-
Tarasov et al. (1995) suggest that the close binary moves inlegities for the close binary are not convincingly consistent with
orbit of 4156 days with a yet unknown third component. W'éarasov’§ 4156-day orbit. Only the system velocity derived from
confronted this finding with the system velocitiesfound for the 457%Aline seems to fall within the grey area. This is the only
the three Silll-lines for the close binary at the time of our me&i ll-line of the triplet which is not affected by blending effects.
surements. The period of the third component is very long, Btoreover: (1) the uncertainty of the rest wavelengths can ac-
it is justified to consider the system velocity of the close biount for velocity differences of about 3km’s (2) we are not
nary as constant during a time span of 14 days. The resultedie to correct for possible differences in the zero-point of our
the confrontation is presented in Fig. 4. The full line denotes tilata with respect to those of Tarasov et al. (1995), (3) the errors
theoretical curve based on the parameters found by Tarasov e2althe individual orbital parameters (Table 4, columns 1-3) are
(1995) (see Tablg 2). Since there are large errors on these orbitilerestimated. Therefore, our data doespresent an ideal
parameters, we calculated the total area in the phase-velocityadise to test the reality of the 4156-day period.
agram that can be reached with orbits corresponding to a com-
bination of orbital parameters within the given standard eIToLs
(see Tablgl2). This area is given in grey in Elg. 4. The triple-star
period was fixed to be 4156 days because the triple-star phafter having determined the solution for the orbital velocity of
depends on itin a non-linear way. Phase zero correponds to HJPer, we shifted the spectra to the velocity frame relative to

4.2. ¢ Per asatriple-star

Frequency analysis
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%0 proper way, the average of the odd moments must be zero (Aerts

etal. 1992).
In our first attempt, a “global” shift with our final orbit as
20 given in TablgB was applied. In this case, we find averages of
the odd moments which differ from zero: the averaggf
for the three Silll-lines separately is respectively 2.80 ki s
3.67kms! and -2.06 kms!. This is not surprising, since dif-
ferences in gamma velocities (and eccentricity) are found when
using the radial velocities of the three Silll-lines separately to
determine the orbit for the close binary (see Table 4).
of 1 In order to have more appropriate velocity moments for the
three Silll-lines separately, we next applied an “individual” shift
5 1 ofthe spectra with the orbits determined for the individual Si lll-
lines as given in Tablel4. Fig. 5 shows the variations in these
0 oz 0a o6 08 1 12 1a 16 18 2 moments of the 4558 line. The average of the odd moments
Triple-star Phase is indeed (close to) zero.

Fig.4. The orbital velocity of the close binary stystem (wittPer The results of the frequency analysis of the velocity mo-
as primary) with a distant third star. The full line denotes the orbitanents calculated after respectively a “global” and an “indi-
solution as given by Tarasov et al. (1995) (see Table 2) with a perietlual” shift were compared, but no essential differences were
of 4156 days. The triple-star phase zero corresponds to the perfasind. We therefore concentrate on the results after the “indi-
tron passage HJD 2449343. The dots denote the system velocitiegid{jal” shifts.
the orbital soll_Jtions for the close binary using the §i Il lines sepa- The HWHM of the window function of our 445 spectra,
rately, respectively (1) (13.25: 0.08) kms™* for 4553/, (2) (11.24 4 035 ¢ 1, gives the frequency resolution in the power spec-
+0.08)kms * for 4568A and (3) (7.51 0.09) kms™  for 45754 t[tha and estimates the error of the derived frequencies. These
(see Tabl&l4). The error bars are smaller than the dots. The area that . .

Lrors do not depend on the window function only, but also

can be reached by calculating all different orbits using combinatio s .
of the orbital parameters within the given standard errors (seel]]able%,the. rms errors of |nd|V|du§1| measuremems of the re§pectlve
antities. At present, a statistically correct method to include

is given in grey. qu AL pre ; (
the rms of individual data is not available. The formal use of

other methods, that are not designed to find the errors of fre-

) ) o guencies, was explored by us in an attempt to find more realistic
the early-B star itself. We next applied two distinct methodg o estimates (e.g. use of VCURVE, non-linear fitting, etc.).
to search for intrinsic periodicities in the spectra: we 100k&§r exercise shows that the “true” rms errors of the frequencies
for periodicities in the moments of the line-profiles, and fqt, st be between 0.001 cd and 0.035 cd'. Therefore, a fre-
periodicities in the normalized intensity as a function of positio&uency resolution of 0.005 cd was used during the frequency
in the line-profiles. The methods are complementary to ea&nalysis of our spectroscopic data.
other: low-degree non-radial pulsation modes tend to show upin \ne cLLEANed the periodograms to remove the window
thefirstfew velocity moments, whereas modes of higher degregsction, using 400 iterations with a gain of 0.2 (see Roberts
will only show up as intensity variations across the profileg; 51 1987). The bottom four panels on Fig. 6 show the results
Additionally we have analysed the Hipparcos photometry gf oy frequency analysis for the three lines in the Silll-triplet.

25 -

Radial Velocity (km s 7%)

-10

¢ Perto see if any periodic signal is presentin that data. |, Tap|elG we list the corresponding frequencies of the coincid-
ing peaks in the moments of the three separate Silll-lines. Their
5.1. Spectra order of appearance in the list of the highest peaks is indicated

between brackets. Missing numbers correspond to spurious fre-
5.1.1. Moments guencies that do not coincide for the three lines. Below every

The equiva|entwidth]€W) andthefirstthree Ve|ocity moment§0|umn, we give the total variance reduction (f.v.: fraction of
((v), (v?), (v*)) of the time series of profiles of the Si Il-linesthe variance) in the data using the listed common frequencies.
were computed. The three moments are related to the centroidThe periodograms of the EW and @f) are very noisy and

(or radial velocity), the variance (or width) and the skewness #fe frequencies found for the three different absorption lines
the profiles. Different versions of the moment definitions appelaardly agree. This result agrees with the findings of Gies et al.
in the literature. We use the definition as given by Aerts et 41999). Two peaks seem to coincide in all three periodograms of
(1992). All three velocity moments are normalized by the equiv): one near 7.155 cd and another one near 0.500¢'dThe
alent width. The boundaries needed to perform the integratid@aks near 0.500 cd are more prominent, but the agreement
to obtain the moments were chosen from the requirement tigaless convincing than for the 7.155 tldpeak.

the wings of the average profile meet the continuum. The periodograms of the second and third moment show

Special care has been taken when shifting the spectra toYR& prominent peaks. Our findings indicate that the higher-
velocity frame relative to the star itself. If this shift is done in @rder moments contain useful and additional information com-
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Fig.5. The variations of the equivalent width and the first three velocity moments of thefd5is8 of ¢ Per.

pared to the radial velocity (first moment). This points out th&hich allows non-sinusoidal variations with complicated phase
importance of a moment analysis for the interpretation of tleeirves, as have been proposed to occus frer (Harmanec,
line-profile variability (see Paper II). 1999). To allow a fair comparison with Harmanec (1999), we
Frequency analysis with the CLEAN method is most suitagsed the same binstructu®(i,s, Neovers) = (70,5). For the first
for variables with sinusoidal variations. Harmanec (1999) prthiree moments of the three Silll-lines, we performed a PDM-
posed a model of corotating structures situated slightly abosealysis with a frequency resolution of 0.0001¢ dThe deep-
the stellar photosphere, in which a single-periodic variation wigst minimain thé-statistics all correspond to frequencies below
a complicated phase curve is assumed. In this model, two fieed~!. In Fig[7, we zoom in on the frequency interval [0,1]
riods are important: (1) the “super” peridgl,e. = 1911878 cd~! of thed-statistics of(v), (v?) and(v?) of the three Silll
(Harmanec 1999), of which some frequencies recovered in dares. We do find small peaks which correspond?g, and to
lier studies are submultiples, and @), = 2423756, twice the  Ps,pe, (indicated by a dashed line), the latter being more clearly
super period, which was one of the periods with the best fit imesent. Many peaks occur, however, and it is not possible to de-
Harmanec's analysis (1999) and which was already attributeide upon the reality aP,, or Psuper from theg-statistics alone.
to be the “rotational” period of Per in previous studies. Co-In Fig.[, a phase plot WittP,., for (v), (v?) and(v?) of the
inciding peaks corresponding to periods quite closBtp are 4553A line is given. They show that variations wifR,,p., are
already found from the CLEAN-analysis of the odd momenisresent, especially in the higher-order moments. We must stress
(see above). that many of the other local minima in tifestatistics give rise
In order to be able to check the reality of periods close t6 phase plots of equal quality. In this respect, it is not clear to
P, and to search foPs,pe;, We complemented our frequencyus how significanfsuper NOT Prot iS.
analysis with the use of the PDM-method (Stellingwerf 1978),
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Fig.6. The CLEANed periodograms of the equivalent width and the first three velocity moments for the three lines in the Silll-triplet. The
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two-dimensional periodograms for these lines. The top panel gives the window function of the data.

5.1.2. Intensity variations across the profiles The results are plotted in the second panel from the top of Fig. 6.

The agreement between the three lines is remarkable. The most

For each wavelength bin in the line-profiles we analysed ﬂr])(raominent peaks are listed in Table 6.

varying intensity levels in the way introduced by Gies & Kulla* Since the variations corresponding Rpe: and P, as

vanijaya (1988).
seen by Harmanec (1999), are most probably caused by sub-
We used the same CLEAN parameters as for the analypig, o passing accross the line-profiles, we need to comple-

of the moments. In Figl9 we plot the result for the 436ine. n}ent our frequency analysis for each wavelength bin in the

In this two-dimensional periodogram, the complex pattern ﬁ{})e-profileswith the use of the PDM-method. We used the same

bumps moving across the line-profile has been resolved in?é

o . . . . binstructure as aboveNyin, Neover) = (70,5). The frequency
distinct prominent peaks of power in the periodogram whig solution was again enhanced to 0.0001 t.d he results for

o e e e 4555 Ine re shavn n 0.
0 ensiona €d periodogram 1S summed for the Again, we find many local minima in th@statistics. The

three Silll-lines over the profile to give a one-dimensional per(':l'egpest minimum corresponds to a petiag,, ~ 2455, which

odogram. We summed over the domain defined by the averagseSlightly longer thanP,.,.. As an example, we plot in FigL1
integration limits as used for the calculation of the moment[%.e phase curves of thr; }esidual central I’ine depihsof the
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Table5. Frequencies found by performing a frequency analysis on the
velocity moments ot Per. We list the coinciding MPS peaks for the
first three velocity moments. Their position in the list of the highest
peaks is indicated between brackets. Below every column, the total
variance reduction (f.v.: fraction of the variance) in the data using the
listed common frequencies is given. The last column denotes the ratio
of the “super” periodPs.pe; = 1911878 (Harmanec 1999) to the
corresponding perio®: m ~ Psuper/P.

COINCIDING (v) PEAKS

P - T
0.4 0.5
Frequency (c d7")

0 0.1 0.2 0.3

Fig. 7. Thed-statistics ofv) (top),(v*) (middle) and(v*) (bottom) of
the three Silll lines (4554 bottom, 4568 middle, 4575A top). The
dashed lines indicate the “super” periBhp.. = 1411878 (right) and
with the “rotational” periodP... = 2423756 (left) (Harmanec 1999).

Ll
0.6

0.7

0.8

— T
P =1.11878 d

super

7000 EH——F———F——++— T

Ll
0.5 0.6
Phase

0 0.1 0.2 0.3 0.4

Fig.8. A phase plot ofv) (top), (v*) (middle) and(v*) (bottom) of

the 4553 line with the “super” periodPs,per.

0.7

4553A 4568A 4575A m
(5)0.505cd? (1)0.485cd® (1)0.480cd! 0.6
(1)7.155¢cd?* (3)7.150cd! (3)7.160cd! 8.0

4 4 U
fv. 17.5% fv. 19.3% f.v. 18.8%
COINCIDING (v*) PEAKS

4553A 4568A 4575A m
(1)5.285¢cd? (3)5.290cd! (1)5.285cd! 5.9
(3)5.680cd® (1)5.670cd! (3)5.670cd! 6.3
(2)5.890cd® (5)5.895cd! (6)5.900cd® 6.6
(4)6.255¢cd? (2)6.260cd! (4)6.265cd! 7.0

4 4 U
f.v. 53.2% f.v. 45.4% f.v. 42.9%
COINCIDING (v*) PEAKS

4553A 4568A 4575A m
(2)5.295cd! (1)5.305cd! (2)5.310cd! 5.9
(1)5.895cd’ (2)5.900cd' (4)5.890cd' 6.6
(3)6.250cd? (3)6.255cd! (1)6.265cd! 7.0
(4)0505¢cd? (4)0.495cd! (3)0.485cd! 0.6

4 U U
fv. 61.7% fv. 52.7% f.v. 47.6%

Table 6. Highest IPS peaks as summed over narrow moment do-
mains. The last column denotes the ratio of the “super” period
Peouper = 1911878 (Harmanec 1999) to the corresponding period

m =~ Psyper/P.

COINCIDING IPS PEAKS

4553A

4568A

45754

m
(4)5.300cd! (4)5.300cd! (5)5.310cd! 5.9
(2)5.890cd! (3)5.890cd! (3)5.895cd! 6.6
(1)6.250cd® (1)6.250cd’ (2)6.260cd' 7.0
(5)6.875cd! (5)6.875cd! (4)6.885cd’ 7.7
3)10.585cd! (2)10.585cd! (6)10.590cd! 11.8
(3)

4553A profile, folded with Pyin, Psuper and Prot. Comparing

the middle panel with the upper panel of Fig. 3 of Harmanec
(1999), we conclude that,R,., occurs in our data at the same
level as in Harmanec's data, but our phase plot is not symmetric
around 0 as was the case for Harmanec’s analysis.

5.1.3. Conclusions

The resulting periods from the CLEAN-analyses are very simi-
lar, but not identical, to those reported by Gies et al. (1999). Our
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tions with a gain of 0.2. The arrows indicate the frequencies compilgbg' - A phase plot for the residual central line deptiig) (f the

by Gies et al. (1999). The bottom panel gives the averaged Iine-prof|!§.53A profile folded with the period’y. corresponding with the

The right panel gives the CLEANed powerspectrum averaged over pest minimum in thé-statistics (top), with the “super” period
wavelgng[t)h bing P P g Psuper (Middle) and with the “rotational” period;.. (bottom).
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data is taken over a longer time base, resulting in a higher fre-
guency resolution in our periodograms. We find no evidence of
the new frequency of 2.84 cd reported by Gies et al. (1999).
On the other hand, we do find a frequency of 5.675 it the
second moment, which is about twice the value reported by Gies
et al. (1999). Also, we do not find strong evidence for power
at the frequency 12.5 cd, a frequency that Telting & Schri-
jvers (1997) found in the data of Gies & Kullavanijaya (1988)
and which they identified as the harmonic of the signal at fre-
quency 6.25 cd!. In the first momentv), two new candidate
frequencies show up: 7.155 ctand one near 0.500 cd.

When we conduct a PDM-analysis which allows exotic
phase curves, we do find indications in our spectroscopic data
in favour of the “super” perio®,pe:, as induced by Harmanec
(1999). The phase plots of the higher order moménts and
(v*) (see middle and bottom panel of Fiy. 8 for 4353 and
of the residual central line depth&.) of the line-profiles (see
middle panel of Fid. 11 for 455&) also indicate variations with
Pyuper- The first momentv) is the only data setin which we do
not find indications foP, ., Nor for the frequencies proposed
by Gies et al. (1999). Note that the frequency 7.155 tae
Fig. 10. TV\_/o-dimensi_o_naI _PDlW-statistics (_)f the intensity varia}tions find in (v) corresponds to the peri@d 13976, which is yet an-
as % funct‘|’0n qf position in the 4558'proflle. The arrows indicate other integer submultiple dPsupcr: 1‘.111878/8 — 041398475.
the “super” periodup.: and the "rotational” period*.. (Harmanec A hrasent it is not clear to us if the frequencies found with
1_999).The bot_tor_n panelglvestheaveragedIme-profn_le.The rlghtpaeﬁlEAN can give rise to a beat-period of 1118. Neither can
gives thef-statistics averaged over the wavelength bins. . . . ' o

we decide thaPy,., is the (only) physical frequency active in
e Per.

04
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Fig. 12. The CLEANed periodogram of the Hipparcos photometry. The top panel gives the window function of the data.

5.2. Hipparcos Photometry P
Hipparcos has observedPer during its mission. Itis worthwhile
to analyse theff, magnitudes because they are accurate for
bright stars and the data have a long time base (1123 days).
Previous studies of Hipparcos data have led to the clear detection
of variability (see e.g. Eyer & Grenon 1997), even in the case 2% [
of short-period variables such &Scuti stars (Eyer & Grenon,
1998). Moreover, few photometric studiesd?er are published
and only one of them has resulted in the detection of a period2s6 +
that is compatible with the spectroscopic behaviour (Smith et 0 0.2 0.4 0.6 0.8 1
al. 1987). Phase
We retained the 53 Hipparcos data points with quality 1gq 13 A phase plot for the Hipparcos datacPer for the frequency
bel 0. Identifying frequencies from this dataset spanning aba$3280 c d! and its first harmonic.
1000 days has to be done with care. The window function of
the Hipparcos data is shown in the upper panel of[Ely. 12. Thgyle 7. The frequencies found in the Hipparcos photometry with dif-
HWHM of the central peak is 0.00065 c . Again, the “true” ferent frequency analysis methods, together with their corresponding
error must be lower, so the frequency analysis was done withraplitude A and variance reduction (f.v.). Top: three of the highest
frequency resolution of T0' cd~'. peaks in the periodogram of a CLEAN-analysis for a gain of 0.2 and
The CLEAN runs that we performed gave different best fré00 iterations. Middle: three best frequencies that sort from a regres-
quencies, depending on the value of the gain and the numgép analysis in the frequency interval [2,11]c'd Bottom: the two
of iterations. Each time, we obtain a complicated spectrum lgﬁst pairs of frequencies found from a bipericl)dic regression a?alysis
possible frequencies with a low amplitude. As an example, t&"h search ranges of [5,7] cd and[10,12]cd”, and of [5.6]cd
power spectrum for a gain of 0.2 and 400 iterations is shown"’}Hd [6,7]cd " for respectively the first and second frequency.
the lower panel of Fi§. 12. For three of the peaks in the power=
spectrum reaching 3 mmag, the corresponding frequencies, thd requency A (mmag)
variance reduction in the data, and the amplitude for a monop@2329cd”  48(10) ~ 32%  CLEAN
riodic fit are listed in TablE]7. A triperiodic model with these 5-6433 Cdi 55(11)  37%  CLEAN
frequencies reduces 59% of the variance in the Hipparcos phd="3% Cgl 51E10; 33%  CLEAN
tometry. 3.4951c 54(11 33% mono regr.
Finally, we performed a regression analysis by consider-2328 Cdi 50(10) ~ 33%  mono regr.
ing frequencies in the range [2,11]tH The frequencies that 8:6433¢d 55(11)  37% mono regr.
reduce more than 30% of the variance are listed in the middf@2328 cd™* 51(8)
panel of TablET7. All three together, they reduce 51% of the vaiR-4655cd’  50(9)  60%  biper.regr.
ance in the data. We also performed some regression analy$e&t33 cd’ 47(8)
for a biperiodic model. We fitted biperiodic sinusoids with thd1.7579 cd” 57(9) 60%  biper.regr.
first and second frequency respectively in the range of: firstly
[5,7]cd~! and [10,12] cd! (all IPS frequencies are accounted

for), and secondly [5,6] cd' and [6,7] cd ' (all MPS frequen- cover 5.2328 cd! and its first harmonic, which reduce 60% of

cies are accounted for). The two best pairs of frequencies gig variance in the Hipparcos data. A phase plot for this solution
listed in the bottom part of Tablé 7. As best combination, we rgs shown in Fig1B.

2.82

f.v. Method
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It was already clear from previous studies thBer’s photo- Our interpretation of the physical origin of the complex line-
metric behaviour is complicated. Smith et al. (1987), howevenofile variability in terms of i) corotating circumstellar struc-
were able to detect the frequency 6.25¢ avith an amplitude tures above the stellar photosphere, ii) multiperiodic non-radial
of 4mmag in their B and V data, which are spread over 6 daysilsation will hopefully shed new light in this discussion. We
This frequency does not show up in our frequency analysesll publish our findings in a separate paper once the analyses
although we find a very small peak at 6.2176¢dn one of will be finished.
the CLEAN periodograms. To compare our result with Smith Aerts et al. (1998) have found evidence for a change in the
et al’'s, we also performed a regression analysis for the interfr@quency spectrum gf Cru as a function of the orbital phase.
[6.2,6.3]cd . A local maximum of 17% variance reductionAlthough this important observational finding needs further ver-
is found for the frequency 6.2569 c 8, and a fit that includes ification, it shows that the tidal forces can play an important role
the first harmonic of this frequency reduces 22%. This resultiisthe line-profile behaviour of stars with an eccentric orbit. We
clearly worse than the one based on the frequency 5.2328.c chave tried to search for the same effectiRer, but the short
A comparison of the phase diagram shown in Eig. 13 with tlmebital period in combination with the complicated frequency
light curves given by Smith et al. (1987, their Fig. 15) showgattern makes it difficult to draw conclusions. We grouped the
that our solution gives a better fit to the data (the scale i Elg. data of the three nights around apastron (19-21/10/1996) and
was taken the same as the one used in Smith et al. to allow aflagse around periastron (26—28/10/1996) and compared their
comparison). Moreover, our solution is based on data spre@dEAN spectra of the first moment. We find a different structure
over a much longer timescale and of better quality. in the periodogram, with evidence for the frequency 6.25¢cd

We conclude that we find evidence for the presence of taeapastron and 6.87 cd at periastron. These two frequencies
frequency 5.2328 cd' and its first harmonic in the Hipparcosalso appear from the frequency analyses of the moments and of
data. A similar conclusion was drawn by Harmanec (1999), witwe intensity variations. Besides a different order of appearance
gives 5.23265cd! as a possible frequency. The photometriof the frequencies, we also find a different amplitude for each of
variability of € Per is well-described, but not completely exthem. Itis tempting to interpret these different main frequencies
plained, by the model that we propose in Fid. 13. The scatterand their amplitudes as being due to a difference in tidal effects
the phase diagram is (still) comparible to the amplitude of tl peri- and apastron (Fitch 1967, 1969). This, however, would
periodic observation. Itis very probable that additional frequehe too speculative since performing a frequency analysis night
cies determine the variability. There is currently no photometnier night also leads to a different dominant frequency for the
data set that allows a better determination of the photometsigparate nights. Moreover, successive nights near apastron also
frequencies. reveal a clearly different line-profile behaviour (see Eig. 1). We
thus conclude that it is not possible to derive any information
on the importance of tidal effects for the line-profile variations
in ¢ Per.

We were able to perform an analysis of the line-profile behaviour

of £ Per on high-quality data that fully cover the orbital perio novvlgdge ents. P. De Cat QCknOWbdges th.e financial support of
° gh-q . Y . y . _p .the Belgian Fund for Joint Basic Research, Project No. G.0398.98. We
of the star. The orbital solution that we find for the binary IS . .
nk the referee, Dr. Petr Harmanec, for his very careful reading of

in full agreement with the one proposed ear“er by Tarasov r manuscript and for the numerous helpful comments that helped to
al. (1995) and leads to more accurate orbital parameters ORMrove the quality of the paper.
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