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Abstract. An analysis of a new and extensive set of spectro-
scopic observations of the early–type binary system AR Cas,
based also on spectral disentangling, has led to the discovery of
the spectrum of the secondary star and of line-profile variations
of the B4V primary star. A revised spectroscopic orbit based on
these and published data is presented. We also present new pho-
tometric data, which have allowed us to improve the solution of
the light curve and demonstrate the presence of apsidal motion.
Determination of the basic physical parameters of the binary
has allowed us to conclude that the system combines the main-
sequence primary with an A6V: secondary, possibly an Am star.
The consistency of our model of AR Cas is documented by a
comparison of model atmosphere flux profiles with the profiles
recovered from the spectral disentangling. Analysis of the Hei
667.8 nm line indicates that line profile variability is present,
and that these variations may be periodic.
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1. Introduction

This is the third in a series of papers devoted to the investi-
gation of line profile variability in early–type binary systems,
and to determining new physical parameters for these systems.
The motivation for this project (known as “SEFONO”) has been
discussed in detail in the two previous papers on V436 Per (Har-
manec et al. 1997) andβ Sco A (Holmgren et al. 1997).
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In the present paper, we discuss new observations, physical
parameters, and detection of line profile variability in the eclips-
ing system AR Cas (HD 221253, HR 8926). A preliminary ac-
count of this work was presented by Holmgren (1996). AR Cas
has been the subject of a number of spectroscopic and photo-
metric studies in the past (see Sects. 3 and 4), but these have
been limited by the rather awkward orbital period of∼ 6.0663
days, which is well–determined from the photometry. AR Cas
has also gained some notoriety from the fact that the secondary
star has never been detected spectroscopically. To the best of our
knowledge, the present study is the first one based on an analysis
of digital spectra. An important result of the present work has
been the detection of the secondary spectrum through the use of
spectral disentangling. Moreover, spectra obtained from obser-
vatories in both Europe and North America have allowed us to
circumvent the problem of the orbital period and, therefore, to
sample the radial-velocity (RV hereafter) curve properly. From
these data, we have obtained reliable physical parameters for
both components of AR Cas. Also, we have used the Hipparcos
parallax for this star to obtain a mass ratio independent of the
orbital analyses and to confirm our detection of the secondary.
Finally, the digital spectra have allowed us to detect line-profile
variability in the early-type primary star.

2. Observations and reductions

2.1. Spectroscopy

New spectroscopic observations were obtained at Ondřejov,
Victoria (DAO), and San Pedro Ḿartir. The main features of
the spectrograph and detector configurations used for these new
observations are summarized in Table 1. For further details on
the DAO 21181 and 9681 spectrographs, we refer the reader to
Richardson (1968). We now describe some specific details of
the new observations.
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Table 1.New spectroscopic data sets

Observer Epoch Instrument Spectrograph Detector Dispersion Wavelength Range

(HJD-2400000) (nm mm−1) (nm)
SY 50273–50421 DAO 1.8m 21181 UBC 4096 CCD 1.0 616.5–671.8
SY 50273–50421 DAO 1.2m 9681 UBC 4096 CCD 1.0 616.5–671.8
SY 50823–50825 DAO 1.2m 9681 SITe-2 1850 CCD 0.48 649.3–675.0
DH 50290–50294 DAO 1.8m 21181 SITe-2 1850 CCD 1.0 650.6–668.6
DH 50295–50296 DAO 1.2m 9681 SITe-2 1850 CCD 0.48 660.5–672.7
PE 50335–50341 SPM 2.0m CCD 0.4–1.6 369.6–760.0
Onďrejov 50239–50515 2.0m 1872 Reticon 1.7 630.0–670.0

Table 2.RV data sets

Dataset Epoch No. of RVs Weight Source
HJD-2400000

1 18131–18622 19 0.15 A
2 27666–28056 26 1.9 B
3 30648–30653 10 5.2 C
4 40082–40476 44 5.1 D
5 40441–40889 29 1.7 E
6 43770–43829 64 1.3 E
7 50239–50515 6 7.6 F
8 50273–50421 18 3.8 G
9 50290–50825 23 3.5 H
10 50335–50341 6 0.6 I

Abbreviations of column “Source”:
A Baker (1910); B Luyten et al. (1939); C Petrie (1944); D Gorza &
Heard (1971); E Gaida & Seggewiss (1981); F Ondřejov Reticon 1872
spectra; G DAO UBC CCD 4096; H DAO SITe-2 CCD; I San Pedro
Mártir CCD

The Onďrejov Reticon data were obtained at a dispersion
of 1.7 nm mm−1, centred approximately on Hα. The exposure
times for these spectra vary from0.5 hr to 2.5 hr, with a corre-
sponding signal–to–noise ratio in the range200 ≤ S/N ≤ 450.
Flat–field, bias, and calibration arc exposures were obtained be-
fore and after each stellar spectrum. Reductions of these data
were done using the SPEFO program, written by Dr. J. Horn
(Horn et al. 1996,̌S koda 1996).

The datasets denoted by SY were obtained by S. Yang, and
were reduced by him using IRAF in the usual fashion. The
exposure times for these data were typically 10 minutes, with
a signal–to–noise of∼ 300. Extensive series of flat–field lamp
and bias frames were obtained at the start and end of each night,
with arc spectra being interleaved between the stellar exposures.
SPEFO was used for the purposes of wavelength calibration and
continuum rectification of 1-D frames.

Two sets of data were obtained by D. Holmgren (DH) at the
DAO during July and August of 1996. For the first set, the1.8 m
telescope and Cassegrain spectrograph operating at a dispersion
of 1.0 nm mm−1 was used. For the second data set, the1.2 m
telescope and coudé spectrograph operating at0.48 nm mm−1

were used. A slit width of 250µ was used for both sets of ob-
servations. In both cases, calibration arc frames were obtained

before and after each stellar frame. During each night, series
of 10 flat–field lamp and 10 bias exposures were obtained at
the beginning, middle, and end of the night. These were later
averaged for the processing of the stellar data frames. For the
1.8 m data, exposure times for the stellar data were typically 10
minutes, withS/N ∼ 300, while for the1.2 m data exposure
times of 40 minutes were used, givingS/N ∼ 400. The data
obtained by DH were reduced using the MIDAS package, from
initial extraction and flat–fielding through to wavelength cali-
bration. Continuum rectification of these data was done using
SPEFO.

The high–resolution spectra of 1996 September 8–15 were
obtained by P. Eenens (PE) and L. Corral at the 2–meter tele-
scope at San Pedro Ḿartir (Mexico) with the echelle spectro-
graph and a2000×2000 CCD. The echelle grating has 79 lines
mm−1 and its blaze angle is 63◦. 433, giving dispersions rang-
ing from 0.4 to 1.6 nm mm−1 . The chosen slit width of 150µm
corresponded to 2 arcseconds on the sky. Almost every observa-
tion was made of three consecutive exposures of 120 seconds, to
increase the signal in the blue part of the spectrum without sat-
urating the long wavelength orders. For wavelength calibration,
spectra of a Thorium–Argon lamp and a Helium–Argon lamp
were taken immediately before and after each observation. The
data were reduced by P. Eenens and L. Corral using the MIDAS
package.

Additionally, we also compiled RVs from the astronomical
literature. The journal of all available RV data is in Table 2.

2.2. Photometry

Several light curves of AR Cas were published. The star has
also been observed by Hipparcos and three of us obtained new
uvby andUBVobservations in the period from November 1997
to October 1998 at Turkish National Observatory (TNO), Hvar,
and San Pedro Ḿartir. Basic information on all available data
sets can be found in Table 3.

Very fortunately, all observers used the same comparison
star 1 Cas = HD 218376 which has colours very similar to those
of AR Cas. We, therefore, derived V, B, and U magnitudes of
AR Cas adding theUBV magnitudes of 1 Cas to the published
magnitude differences AR Cas– 1 Cas. For 1 Cas, we adopted:

V = 4m.836 , B = 4m.799 , U = 3m.939 .
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Table 3.Journal of the photoelectric observations of AR Cas

Dataset Epoch No. of No. of Passbands
No. HJD-2400000 obs. nights used

1 21482.8–22699.6 225 70 yellow
2 unknown 173 ? V
2 unknown 171 ? B
2 unknown 168 ? U
3 40062.5–40455.6 238 31 V
3 40062.5–40455.6 256 33 B
4A 32480.7–32495.8 77 3 B
4B 36806.6–36894.8 97 9 UVBGRI
5 47866.6–49042.0 129 34 Hp

6 50760.3–50763.6 29 2 uvby
7 50854.2–51086.3 40 6 UBV
8 51055.9–51065.9 29 8 UBV

Abbreviations of column “Dataset”:
1 S21 = Stebbins (1921); 2 HC62 = Huffer & Collins (1962): observa-
tions secured in 1954 and 1956; 3 CR71 = Catalano & Rodonò (1971);
4A GK73A = Gordon & Kron (1973), Lick 0.30-m; 4B GK73B = Gor-
don & Kron (1973); Lick 0.50-m; 5 HIP = Perryman et al. (1997);
6 HA97 = this paper, TNO observations; 7 HB98 = this paper, Hvar
observations; 8 PH98 = this paper, San Pedro Mártir observations

These standardUBV values were derived by us from a careful
reduction of Hvar and San Pedro Mártir calibrated all-sky obser-
vations. More details on the data reduction and homogenization
can be found in Appendix A. The HipparcosHp magnitudes
were transformed into JohnsonV using the transformation for-
mula given by Harmanec (1998).

Very regrettably, the observations of Huffer & Collins
(1962) were only published in the form orbital phase vs. flux in
each passband. The HJDs of these 1954 and 1956 observations
are not known and we do not use them in this study. Almost all
data sets were transformed into the standardUBVsystem by us,
the only exceptions being datasets 3 and 4 which remain in their
instrumental systems.

3. Light-curve solutions

3.1. Locally derived solutions

Since there has been some controversy about the presence of
an observable apsidal motion in the system, we first derived
solutions of individual light curves based on a sufficient num-
ber of observations, reasonably well covering the eclipses. The
solution for the light curve by Gordon & Kron (1973) was un-
stable due to the poor quality of their data and is not, therefore,
included. To restrict the number of free elements, we kept the
eccentricity of the orbit at a value of 0.24, well constrained from
the spectroscopic solutions (see below). All solutions presented
here were obtained using program FOTEL (Hadrava 1990). The
errors of the elements were derived from the covariance matrix
(in this paper, we will take “errors” to signify standard devia-
tions ±σ taken from the diagonal elements of the covariance
matrix). Stebbins (1921) presentsω = 37◦. 25, whereas here we
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Fig. 1.A plot of the values of the longitude of periastron, derived from
the individual light curves (squares), vs. time. The line is the apsidal
motion ω(t) from the combined (final) light curve solution (see text
for details)

find 33◦. 3±0◦. 9. The difference in these values is most probably
due to the method of light curve solution used. We consider our
FOTEL solution to be more realistic than the Russell–type so-
lution computed by Stebbins; differences between the Russell
method and more modern techniques based on better physical
models are to be expected.

An inspection of Table 4 where the local solutions are pre-
sented shows that the apsidal motion is undoubtedly present.
This is illustrated in Fig. 1 where we plot the value of the peri-
astron passage for each solution along with its calculated error
vs. time. For comparison, we show the computed apsidal mo-
tion ω(t) based on the rate found from the light curve solution
for all of the data (see next section). The epoch forω(t) is the
periastron epoch for this combined solution. TheV light curve
based on the transformed Hipparcos and our new data is shown
in Fig. 2.

3.2. Final solution of the light curve

Given the finding that the apsidal motion is indeed present, we
used all photometric data for which times of observations were
available to calculate the final light-curve solution. FOTEL al-
lows one to include the rate of the apsidal motion and also indi-
vidual magnitudes at light maxima among the elements calcu-
lated during the solution. The epochs of primary (Tprim.ecl.) and
secondary eclipse (Tsec.ecl.) were computed from the periastron
epochTperi, since the latter was solved for in the least–squares
solution. Also, we have used the value of periastron epoch from
the spectroscopic solution as a starting value for the periastron
epoch in the light curve solution. The final solution is given
in Table 5. Note that the values for the combinedV andB at
the bottom of this table are mean values computed from the
calibrated data only.
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Table 4. FOTEL light-curve solutions for individual light curves. All epochs are in HJD–2400000 and the local solutions are identified by
abbreviations from notes to Table 3. Also,e = 0.240 has been assumed. Here and in other tables, the value ofω always refers to the periastron
epoch given for each solution

Element S21 CR71 HIP+HA97+HB98+P H98

P (d) 6.066321± 0.000037 6.06631± 0.00037 6.066343± 0.000014
Tperi. 22585.888± 0.011 40196.567± 0.006 49465.971± 0.014
ω (deg.) 33.3± 0.9 42.8± 0.4 46.3± 1.1
r1 0.1836± 0.0056 0.1870± 0.0058 0.1967± 0.0050
r2 0.0598± 0.0030 0.0537± 0.0023 0.0649± 0.0032
i (deg.) 86.7± 2.5 84.1± 0.8 82.8± 0.9
rms (mag.) 0.0119 0.0053 0.0067

Table 5.Final FOTEL light-curve solution for all available photometric
data with known times of observations. All epochs are in HJD-2400000
and the light levels at the light maximum in individual band-passes and
data sets (in magnitudes) are identified by abbreviations from notes to
Table 3. Also,e = 0.240 has been assumed

Element final

P (d) 6.0663170
Panomal. (d) 6.0663801± 0.0000049
Tperi. 36847.9404± 0.0055
Tprim.ecl. 36848.4454
Tsec.ecl. 36846.1107
ω (deg.) 41.82± 0.47
dω /dt (deg. yr−1) 0.212± 0.025
r1 0.1826± 0.0022
r2 0.0580± 0.0012
i (deg.) 85.34± 0.50
L1(V ) 0.974
L1(B) 0.978
VS21 (mag.) 4.8540± 0.0009
VCR71 (mag.) 4.8517± 0.0006
VGK73B (mag.) 4.8303± 0.0014
VHIP (mag.) 4.8871± 0.0006
VHA97 (mag.) 4.8828± 0.0006
VHB98 (mag.) 4.8801± 0.0021
VPH98 (mag.) 4.8807± 0.0015
BCR71 (mag.) 4.7671± 0.0014
BGK73A (mag.) 4.7641± 0.0005
BGK73B (mag.) 4.7529± 0.0016
BHB98 (mag.) 4.7641± 0.0015
BPH98 (mag.) 4.7617± 0.0015
UGK73B (mag.) 4.1300± 0.0018
UHB98 (mag.) 4.0958± 0.0025
UPH98 (mag.) 4.1126± 0.0024
rms (mag.) 0.0101
V1+2 (mag.) 4.883
V1 (mag.) 4.912
V2 (mag.) 8.814
(B − V )1+2 (mag.) −0.120
(B − V )1 (mag.) −0.125
(B − V )2 (mag.) 0.099

The solution shows that the secondary star is about 4m. 0
fainter than the primary inV andB. Regrettably, it was not

Fig. 2. The V light curve of AR Cas for the Hipparcos and our new
data corresponding to the solution of Table 4. The upper panel refers
to AR Cas, while the bottom one showsσ Cas – 1 Cas for differential
observations, and all-sky 1 Cas observations for the transformed Hip-
parcos data. The circles represent Hipparcos data, plusses TNO data,
crosses Hvar data, and triangles San Pedro Mártir data

possible to derive either the individualU magnitudes or their
ratio since the existing light curves do not cover the phases of the
secondary minimum well enough. This – together with larger
observational errors inU – made such a solution impossible at
present. We note, however, a very good mutual agreement of
individual light levels at maxima for all data sets transformed
into the standardUBV system. For completeness, we mention
that we only used they passband (which can be directly re-
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Table 6.AR Cas cross–correlation radial velocities from Hei667.8 nm.

File HJD−2400000 Phase RV O − C
(peri) (km s−1) (km s−1)

10834 50239.5602 0.5174 −35.7 7.7
11023 50252.5269 0.6549 −13.9 −2.7
11130 50279.5700 0.1128 −27.2 −4.6
11667 50360.5315 0.4589 −52.8 0.5
11749 50369.2910 0.9029 51.1 0.0
12685 50515.3069 0.9728 42.0 −0.8
13838 50273.9870 0.1925 −45.7 3.5
17720 50311.7492 0.4174 −47.5 9.6
17750 50311.8043 0.4265 −55.7 0.4
18863 50335.7181 0.3685 −71.2 −9.7
19427 50336.9869 0.5777 −31.0 −1.9
19812 50338.0040 0.7454 20.0 3.3
11870 50354.9082 0.5319 −35.5 3.5
11871 50354.9259 0.5348 −35.6 2.8
12165 50355.9105 0.6971 0.7 −1.6
12256 50355.9789 0.7084 2.1 −3.5
12317 50356.0161 0.7146 5.0 −2.4
12369 50356.0429 0.7190 8.6 −0.2
13391 50381.9231 0.9852 39.6 −0.8
13728 50382.8790 0.1428 −37.7 −4.1
14976 50420.6477 0.3687 −58.7 2.8
15100 50420.7977 0.3935 −59.7 −0.1
15535 50421.5957 0.5250 −41.6 −1.2
15556 50421.6119 0.5277 −40.1 −0.3
9674 50290.8649 0.9747 48.6 2.5
9703 50290.9517 0.9890 39.2 -2.2
9923 50292.9705 0.3218 −61.6 −0.8
9925 50292.9783 0.3231 −62.9 −2.1
9978 50293.8394 0.4651 −45.7 2.8
9980 50293.8470 0.4663 −48.4 −0.1

10021 50293.9824 0.4886 −50.0 −5.3
10023 50293.9908 0.4900 −49.2 −4.8
15386 50687.9068 0.4250 −51.9 2.0
15479 50688.7477 0.5636 −28.4 1.6
20154 50767.8516 0.6034 −18.1 2.6
15022 50684.8608 0.9229 52.6 −2.4

2147 50868.6374 0.2174 −48.6 3.7
2165 50868.6921 0.2265 −51.0 2.9

21204 50783.5941 0.1985 −50.4 −2.0
907 50825.6117 0.1249 −26.6 −2.5
916 50825.6425 0.1300 −29.7 −3.5
945 50825.6810 0.1363 −29.2 −0.4
952 50825.7181 0.1424 −31.0 0.2
983 50825.7591 0.1492 −32.1 1.6
987 50825.7901 0.1543 −31.1 4.4

1003 50825.8305 0.1610 −36.7 1.1
1009 50825.8582 0.1655 −38.6 0.7
2018 50335.8464 0.3897 −73.6 5.2
4036 50337.9248 0.7323 −6.6 −0.4
5035 50338.9194 0.8963 32.7 −0.6
6018 50339.9069 0.0590 1.0 14.0
7024 50340.8798 0.2194 −82.3 −8.3
8024 50341.8882 0.3856 −89.0 −9.8

Table 7.AR Cas KOREL radial velocities for Hα.

HJD Phase Vpri O − C Vsec O-C
(peri) (km s−1) (km s−1) (km s−1) (km s−1)

50239.5602 0.5542 −27.32 0.00 86.44 0.00
50252.5269 0.6917 −3.14 −5.65 1.63 9.95
50279.5700 0.1496 −14.37 −1.51 46.64 6.23
50360.5315 0.4957 −36.26 −0.41 113.54 −0.16
50369.2910 0.9396 66.79 −1.20 −223.57 −7.67
50515.3069 0.0096 53.26 −1.05 −173.64 −1.53
50273.9870 0.2293 −33.16 2.17 112.67 0.89
50311.7492 0.4542 −41.93 −1.45 133.61 5.48
50311.8043 0.4633 −40.30 −0.71 127.71 2.39
50335.7181 0.4053 −44.09 0.00 139.68 0.00
50336.9869 0.6145 −18.38 −2.44 24.17 −26.14
50338.0040 0.7821 30.74 1.30 −94.39 −0.64
50381.9231 0.0220 46.77 −2.27 −156.62 −0.93
50382.8790 0.1796 −25.41 −2.35 72.63 −0.60
50420.6477 0.4055 −40.97 2.98 139.24 −0.54
50420.7977 0.4302 −40.98 1.36 132.33 −2.39
50421.5957 0.5618 −25.29 0.60 82.95 0.46
50421.6119 0.5645 −25.43 0.00 81.02 0.00
50354.9082 0.5687 −24.79 0.00 78.53 0.00
50354.9259 0.5716 −24.27 0.00 76.87 0.00
50355.9105 0.7339 12.03 −2.47 −46.96 −0.78
50356.0161 0.7513 16.34 −3.42 −54.06 8.84
50687.9068 0.4618 −40.95 −1.21 127.94 2.14
50688.7477 0.6004 −18.14 0.70 60.29 0.79
50767.8516 0.6402 −11.85 −1.69 16.19 −16.23
50684.8608 0.9596 64.06 −2.87 −209.58 3.27
50868.6374 0.2542 −43.70 −4.47 108.14 −16.76
50868.6921 0.2632 −44.40 −3.98 108.73 −19.92
50783.5941 0.2353 −35.96 0.31 113.84 −1.57
50825.6117 0.1617 −17.17 −0.08 46.83 −7.86
50825.6810 0.1731 −19.22 1.73 66.88 −0.02
50825.7591 0.1860 −24.87 0.00 79.38 0.00
50825.8305 0.1977 −29.54 −1.44 106.75 17.13
50768.7710 0.7918 31.56 −1.10 −115.13 −11.61
50654.0025 0.8728 55.32 −2.23 −184.93 −1.79
50713.9570 0.7560 22.70 1.51 −65.18 2.29
50823.6322 0.8354 47.29 0.52−149.39 −1.32
50823.7088 0.8480 49.61 −1.07 −160.68 −0.21
50732.9334 0.8842 59.20 −1.27 −193.04 −0.98
50733.0197 0.8984 65.02 1.48−203.59 −1.79

duced toV ) from the HA97 data since these observations only
cover 2 nights outside eclipses and do not allow determination
of Strömgren colours for individual components.

We note that the maximum light level inV seems to vary
slightly and possibly cyclically with time. As discussed in Ap-
pendix A, the transformation errors inV should be smaller than
some 0m. 02. Therefore, the differences up to 0m. 05 inV at max-
imum might be real. The possibility of a secular light variation
should be kept in mind and tested by future accurate observa-
tions.
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4. RV measurements and orbital solutions

All spectra were measured for radial velocities using two tech-
niques: cross–correlation (e.g., Holmgren et al. 1997) and dis-
entangling via the KOREL program (Hadrava, 1997). The latter
was used to see if a secondary spectrum could be extracted,
and to obtain a set of RVs independent of the ccf measure-
ments. Moreover, KOREL allows a separation of the telluric
lines which are present in many of the stellar lines studied here.

4.1. Cross-correlation RVs

The cross–correlation function (ccf hereafter) measurements
were initially limited to the Hei 667.8 nm line since this line
shows obvious LPV, and because the Siii 634.0–637.0 nm lines
have a telluric contribution. A spectrum of the slowly rotating
B2V starζ Cas (B2IV, HR 153, HD 21566,v sin i = 18 km s−1)
was used as a template for the cross–correlation measurements.
A radial velocity of1.8 km s−1 was adopted for this star on the
basis of line–by–line measurements. The wavelength limits for
these ccf measurements were 666.5–669.0 nm. Radial veloci-
ties of the primary star of AR Cas were measured by fitting a
parabola to each ccf peak. These measurements are summarized
in Table 6. Note that these data are arranged first according to
dataset and then by Julian date; the first column of Table 6 is the
file number for each spectrum. Telluric line corrections were
employed to bring the Ondřejov and DAO RVs onto effectively
the same instrumental system (see Horn et al. 1996 for details).
Note that the phases in Table 6 have been computed with respect
to the time of periastron passage, using the anomalistic period
Pa = 6.0663801 d.

An attempt was made to detect the secondary component
of AR Cas directly by cross-correlation of the weak metal lines
in the region 633.0–641.0 nm (Nei 633.4 nm, Siii 634.7 nm,
Si ii637.1 nm, Nii637.4 nm, Nei638.3 nm, Nei640.2 nm). For
these measurements, the whole segment of spectrum between
633.0 nm and 641.0 nm was used. However, the telluric lines
are strong enough in relation to the weak secondary spectrum
to effectively mask it out. The only plausible alternative is to
decompose these lines using KOREL.

4.2. Disentangling, orbital solution
and detection of the secondary

Disentangling orbital solutions using the KOREL program were
computed for a number of different spectral lines: Siii634.7 nm,
Siii637.1-Nei638.3 nm, Nei640.2 nm, Hα, and Hei667.8 nm.
The orbital period from our final light-curve solution was kept
fixed in all these solutions. Note that apsidal motion hasnotbeen
included in the KOREL solutions since the new data cover only
a very small part of the apsidal period (hence the difference in
phases between Tables 6 and 7). Not all spectra were used in the
solution due to internal limitations of KOREL, and also because
a few spectra were of relatively poor quality when compared to
the others. Moreover, in some datasets many spectra were taken
at the same or similar phases for the purpose of detecting LPV,
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Fig. 3. The normalized Hα line profile for AR Cas reconstructed by
KOREL. Profiles of the secondary (middle) and telluric lines (top) have
been shifted upward for clarity

so to use all of the spectra available at a given phase would
have resulted in some points being given an unjustifiably large
weight.

A weak secondary spectrum was recovered for all lines ex-
cept for Hei 667.8 nm and Nei 640.2 nm. The corresponding
velocity curves for the secondary have varying degrees of scat-
ter, but KOREL did produce plausible secondary line profiles.
The spectrum is most likely that of an A–type star, but further
discussion of this topic is deferred to Sect. 5. The KOREL so-
lution for He I 667.8 nm had the added benefit of allowing the
line profile variability to be investigated (cf. Sect. 6). For the Hα
line, binary parameters were converged simultaneously with the
telluric parameters, also allowing for the variable intensities of
the latter. The resulting decomposed line profiles for the Hα and
He i 667.8 nm lines of the primary and secondary are shown in
Figs. 3 and 4. A similar approach was used for the two Siii
lines, as these show a telluric component. We have also decom-
posed but not computed a solution for the Mgii 448.1 nm line,
as the latter is present on the echelle spectra (there are too few
echelle spectra to permit an independent solution). This line re-
veals very clear evidence of a secondary spectrum, and we will
return to it later (see Sect. 5.2). The radial velocities determined
by KOREL are too extensive to be tabulated here in full, but
the results for Hα are presented in Table 7 as they are proba-
bly the best, and also representative of the results for the other
lines. The final KOREL solutions are summarised in Table 8
(in whichσ1 denotes the rms scatter about the fit for each line).
The spectroscopic orbital elements determined from the cross–
correlation measurements were used as a guide in choosing the
starting solution for KOREL. We have presented errors for all
KOREL solutions based on inverting the covariance matrix at
the solution point. However, the differences between parameters
for eachline show the real uncertainties in these quantities.
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Fig. 4. The normalized Hei 667.8 nm line profile for AR Cas recon-
structed by KOREL. The null result for the secondary has been shifted
upward for clarity

Systemic radial velocities for the various lines were deter-
mined by measuring the positions of the centres of the line
profiles recovered by KOREL. In the case of the Siii 637.1
line, the secondary spectrum is most probably due to a different
element, hence the more negativeγ for this line.

The radial velocity curve for Hα is shown in Fig. 5.
The peculiar shape of the secondary’s Hα profile is most

likely due to small, unavoidable continuum rectification errors
in this spectral region. Also, errors in the elements can affect
the shape of a reconstructed profile by effectively combining
adjacent radial velocity bins. In the present case, even small
unavoidable errors in the elements can influence the shape of
the secondary’s line profile, and for very broad lines such as Hα
this effect is particularly noticeable. However, what is important
is that the secondary has been detected at all. It is clear from the
reconstructed profiles for He I 667.8 nm that the same “wave”
effect is not present in this line and thus does not affect our
ability to detect LPV (in fact, KOREL would ignore the LPV as
just high frequency noise).

At this point, the skeptical reader may well be wondering
about the reality of the secondary spectrum recovered by KO-
REL. As this component’s spectrum is most sensitive to the
mass ratio determined by KOREL, we let the program calcu-
late another solution of the Hα line, starting at a value of the
mass ratio slightly different from the original value used. All
other parameters were left unchanged. Moreover, KOREL was
allowed initially to use a relatively large search interval (0.01)
for the mass ratio. KOREL did indeed return to a value of the
mass ratio very close to that found in the original solution, and
hence we are fairly certain that the program did not find a lo-
cal minimum in the parameter space of the orbital elements. It
should also be appreciated that this is quite a stringent test, since
the initial solution for Hα was rather difficult on account of the
presence of the telluric lines.
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Fig. 5. The Hα radial velocity curve for both components of AR Cas
as determined by KOREL. The squares and triangles denote primary
and secondary star data respectively

4.3. Spectroscopic orbit of the primary based on all RVs

In addition to the KOREL results, a new orbital solution for
the primary of AR Cas has been computed, based on both new
(cross–correlation, i.e. zero-point calibrated) and published data
(cf. Table 2). In total, there are 245 primary’s RVs available. A
series of solutions was computed, each incorporating different
assumptions. These solutions are denoted as A, B, C, D, and E.
Solution A: all parameters were solved for except the sidereal
periodP . Solution B:P , Tperi, ande were fixed. Solution C:
P ande were fixed. Solution D: Uniform weighting withP ,
Tperi, ande fixed. Solution E: Uniform weighting with only
one systemic velocity andP , Tperi, ande fixed. These solu-
tions were computed using FOTEL (Hadrava, 1990), allowing
each data set to have its own systemic velocity (solutions A–D)
and relative weight (solutions A–C, with the understanding that
our new observations for which the RV zero points were cali-
brated through the use of the set of telluric lines were treated
as originating from the same instrument). The weights were as-
signed according to the inverse squares of the rms residuals for
each data set, computed during a prior run of FOTEL on the
combined data set. They are also given in Table 2. Note that the
numbering of the systemic velocities corresponds directly to the
dataset number of Table 2. The orbital period and the rate of ap-
sidal motion were kept fixed at values derived from photometry.
For those solutions in whichTperi was fixed, we have used the
value from the light curve solution, as it lies within the range
of times covered by the published radial velocity data. Note the
good agreement of the epoch of periastron with that derived
from photometry. The orbital solutions are given in Table 9, and
the corresponding phase diagram is shown in Fig. 6.

The various systemic velocities show differences which are
formally significant, and this deserves some comment. Given
that different workers used different instruments operating at
various resolutions, and that in most cases they measured dif-
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Table 8.AR Cas KOREL solutions.

Parameter Hα Hei 667.8 nm Nei 640.2 nm Siii 634.7 nm Siii 637.1 nm

γpri (km s−1) −14.5 ± 0.6 −10.6 ± 1.4 −15.5 ± 3.4 −15.2 ± 1.5 −9.67 ± 1.7
γsec (km s−1) −12.0 ± 2.2 −15.2 ± 1.7 −29.4 ± 2.0
Tperi 50278.662 ± 0.036 50278.667 ± 0.103 50278.647 ± 0.216 50278.708 ± 0.101 50278.694 ± 0.121
e 0.242 ± 0.009 0.243 ± 0.023 0.259 ± 0.051 0.255 ± 0.021 0.243 ± 0.025
ω (deg) 35.0 ± 2.2 35.3 ± 6.1 35.3 ± 12.7 35.1 ± 5.9 35.6 ± 7.1
Kpri (km s−1) 56.8 ± 0.5 56.4 ± 1.4 56.3 ± 3.1 56.7 ± 1.4 58.5 ± 1.6
q (sec/pri) 0.315 ± 0.014 0.3046 ± 0.0080 0.2757 ± 0.0079
Period (days) 6.0663170 6.0663170 6.0663170 6.0663170 6.0663170
±σ1 (pri) (km s−1) 1.93 6.03 10.7 4.80 5.60
±σ1 (sec) (km s−1) 8.13 5.50 6.50
m1 sin3 i (M�) 5.83 ± 0.20 6.25 ± 0.32 8.94 ± 0.51
m2 sin3 i (M�) 1.84 ± 0.06 1.90 ± 0.10 2.46 ± 0.14
a1 sin i (R�) 6.60 ± 0.06 6.57 ± 0.17 6.80 ± 0.19
a2 sin i (R�) 20.96 ± 0.93 21.56 ± 0.22 24.66 ± 0.27

ferent lines, one should not assign any physical interpretation to
the differences in the systemic velocities. Indeed, a plot of these
data as a function of epoch does not reveal any clear trend in-
dicative of the influence of a third body, for example. The large
negative value forγ10 is due to the fact that there are relatively
few echelle data, and because of the low signal–to–noise ratio
for the Hei 667.8 nm line in this dataset. It is clear from Table 9
that the various assumptions make little difference in the solu-
tions, so we have therefore adopted solution B. This solution
also shows good agreement with the KOREL results.

4.4. Independent estimates of the mass ratio

To carry out further checks on the mass ratio derived directly
by KOREL, we did the following independent estimates:

4.4.1. Mass ratio from the mass function and spectral type

It is possible to use the orbital solution based on the primary RVs
only to obtain an estimate of the mass ratio which is independent
of the results from KOREL. Adopting the orbital inclination
of 85◦ 34 from the light-curve solution and the mass function
which follows from the orbital solution for the primary only,
one getsq = 0.325, hencem2 = 1.66 M�. A primary mass of
5.1 m� was assumed, based on this star’s spectral type and the
tables of Harmanec (1988).

4.4.2. Mass ratio from the Hipparcos parallax

Another way to obtain an independent estimate of the mass
ratio is to adopt the Hipparcos parallax of AR Cas (Perryman
et al. 1997). Ideally, one should also proceed using estimates
of the stellar parameters independent of the photometric and
spectroscopic orbits presented here.

The Hipparcos parallax for AR Cas is5.67±0.56mas, which
translates to the distance modulus of 6m. 23± 0m. 21. The mag-
nitude difference between the components is well–defined from
the light curve and also from the Hα line profiles reconstructed

−0.1 0.1 0.3 0.5 0.7 0.9 1.1
Phase (periastron)

−100

−50

0

50

100

R
ad

ia
l V

el
oc

ity
 (

km
/s

)

Fig. 6.The radial-velocity curve of the primary component of AR Cas
based on all available data. The phase shift due to apsidal motion is
apparent here

by KOREL. Both of these show that the primary effectively
dominates the combined light at the wavelengths for which data
are available. Therefore, the observed colours can be taken as
representative for the radiative properties of the primary. The
photometric colors of AR Cas may be used to estimate the effec-
tive temperature and logarithmic surface gravity of the primary
component. For this purpose, the Strömgren colors collected in
the SIMBAD listing for AR Cas, and the calibrations of Napi-
wotzki et al. (1993) are the most suitable. Table 10 summarizes
these results.

The calibration of Napiwotzki et al. gives an effective tem-
perature of17200 K and log g = 4.10 which translates into
a spectral type of B4V for the primary of AR Cas. (Note that
this is consistent with the most frequent spectral classification
of B3V). Adopting these values, we havelog Teff = 4.235 and
BC = −1.69 from Popper’s (1980) calibration. Estimating the
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Table 9.AR Cas single-lined orbits.̇ω = 5.80 × 10−4 deg day−1 has been assumed

Solution
Parameter A B C D E

Period (d) 6.0663170 6.0663170 6.0663170 6.0663170 6.0663170
Tperi 36847.807 ± 0.039 36847.9381 36847.811 ± 0.034 36847.9381 36847.9381
e 0.219 ± 0.008 0.240 0.240 0.240 0.240
ω (deg) 32.9 ± 2.3 40.5 ± 5.0 32.8 ± 2.1 42.8 ± 0.8 42.0 ± 0.9
K (km s−1) 55.5 ± 0.5 55.6 ± 0.5 55.9 ± 0.5 55.8 ± 1.0 54.7 ± 1.0

γ1 (km s−1) −17.8 ± 5.3 −18.2 ± 5.5 −17.8 ± 5.5 −18.6 ± 5.1 −13.1 ± 0.6
γ2 (km s−1) −17.4 ± 1.5 −17.3 ± 1.6 −17.2 ± 1.5 −17.2 ± 1.3
γ3 (km s−1) −10.0 ± 1.0 −10.2 ± 1.0 −10.0 ± 1.1 −10.0 ± 1.1
γ4 (km s−1) −12.9 ± 0.6 −12.9 ± 0.6 −12.9 ± 0.6 −13.1 ± 0.7
γ5 (km s−1) −11.7 ± 1.1 −11.8 ± 1.1 −11.4 ± 1.1 −11.8 ± 1.2
γ6 (km s−1) −8.7 ± 0.9 −8.9 ± 0.9 −8.7 ± 0.9 −8.33 ± 1.0
γ7 (km s−1) −14.3 ± 1.3 −15.0 ± 1.1 −14.6 ± 1.1 −15.0 ± 1.3
γ8 (km s−1) −14.2 ± 1.0 −14.5 ± 1.0 −14.2 ± 1.0 −15.2 ± 1.1
γ9 (km s−1) −11.3 ± 0.7 −11.3 ± 0.8 −11.3 ± 0.8 −10.5 ± 1.1
γ10 (km s−1) −32.6 ± 4.2 −32.5 ± 3.9 −32.7 ± 4.3 −32.2 ± 4.2

f(M) (M�) 0.100 ± 0.003 0.099 ± 0.003 0.101 ± 0.003 0.100 ± 0.005 0.094 ± 0.005
a sin i (R�) 6.49 ± 0.06 6.47 ± 0.06 6.50 ± 0.06 6.49 ± 0.12 6.36 ± 0.12
±σ1 (km s−1) 8.52 8.76 8.70 8.62 9.70

Table 10.uvby photometric colors of AR Cas

Parameter Observed Intrinsic

V 4m. 91 4m. 73
b − y −0m. 045 −0m. 084
u − b 0m. 389 0m. 330
[u − b] – 0m. 458
m1 0m. 086 0m. 099
c1 0m. 307 0m. 300
β 2m. 681 –
E(b − y) – 0m. 039
E(B − V ) – 0m. 054

mass of the primary to be 5.1 M�, we can use the parallax,
the primary radius from the light curve solution, and Kepler’s
third law to derive a mass ratio ofq = 0.383. When one takes
into account the errors in all of the quantities contributing toq,
the resulting error is greater thanq itself: q = 0.383 ± 0.450.
Nevertheless, one can conclude that the mass ratio of AR Cas
implied by its observed parallax and radiative properties is con-
sistent with that derived from the spectroscopic orbit. The con-
tributions of the different parameters to the error in the mass
ratio are summarised in Table 11 (these are the different terms
which, when added in quadrature, give the error in the mass ra-
tio). Thus, the error in the mass ratio is dominated by the errors
in the parallax and effective temperature.

5. Basic physical parameters

5.1. Masses and radii

The masses of the components of AR Cas may be determined
from the KOREL orbital solutions. For this purpose, we have

Table 11.Error contributions to the estimated mass ratio.

Parameter value error

V (mag) 4.739 0.02
Teff (K) 17200 0.2
rpri 0.1826 0.04
π (arcsec) 0.00567 0.4
M (M�) 5.1 0.03

adopted the orbit based on Hα, as the secondary parameters
were deemed to be determined better than for the other lines.
However, similar results are obtained with the Siii 634.7 nm
line. The inclination is well–determined from the light curve,
and the resulting masses are given in Table 12. To determine
the errors inTeff for both components, we have varied each
component’s mass and radius by their respective errors, and then
used the tables of Harmanec (1988) to see what range inTeff such
errors correspond to. In the case of the primary star, this error
is probably underestimated since we do not know the precision
of the photometric colors used to derive its temperature.

The effective temperature of the secondary in Table 12 is
based on the spectral type of A5V implied by its mass, once
again using the calibration data of Harmanec (1988). However,
this star’s radius indicates a spectral type of A9–F0 from the
same calibration. A spectral type of A7–8V is implied byMbol
for the secondary using the same calibration. On this basis, and
considering the uncertainties in the mass, radius, andMbol, we
adopt a spectral type of A6–7V for this star. It should be men-
tioned here that the discrepancy between mass, radius and tem-
perature is due to the weak dependence of these parameters on
spectral type combined with observational errors. We also ten-
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Table 12.Basic physical quantities of AR Cas

Parameter Primary Secondary

M (M�) 5.90 ± 0.20 1.86 ± 0.06
R (R�) 5.05 ± 0.06 1.60 ± 0.03
Teff (K) 17200 ± 500 8150 ± 200
log g (cgs) 3.80 ± 0.02 4.30 ± 0.02
Mbol (mag) −3.56 ± 0.13 2.18 ± 0.11
BC (mag) −1.69 −0.020
MV (mag) −1.87 ± 0.13 2.20 ± 0.11

tatively suggest that the secondary may be an Am star, as these
objects display this kind of behaviour (Conti 1970).

The stellar radii follow from the total semi–major axis from
the KOREL orbit and the relative radii from the final light-curve
solution. They are also given in Table 12.

5.2. Projected rotational velocities

Different values ofv sin i for the primary star have been pre-
sented in the literature. Gaida and Seggewiss (1981) give
v sin i = 120 ± 30 km s−1. We have used the SYNSPEC pro-
gram of Hubeny et al. (1994) to generate model atmosphere
fluxes to compare with the line profiles recovered by KOREL.
We have used the Kurucz (1993b) grid of solar composition
LTE line blanketed models and the line list of Kurucz (1993a)
as input for SYNSPEC. A plane parallel geometry has been as-
sumed in these calculations, as have hydrostatic and radiative
equilibria. An LTE model atmosphere spectrum correspond-
ing to the parameters of the primary star (Teff = 17000 K,
log g = 4.0) was convolved with a rotational line profile hav-
ing v sini = 120 km s−1. This theoretical spectrum agrees very
well with the primary Hα line profile recovered by KOREL, and
in particular the Cii lines in the red wing of Hα are fitted quite
well (Fig. 7). The light ratio from the light curve solution was
used to correct the component Hα line profile for the magnitude
difference between the components. However, the agreement is
not as good for the other metal line profiles and Hei 667.8 nm.
A large non–LTE effect is expected for the latter, but the ob-
served disagreement by about a factor of 2 in terms of line
depth with the primary’s Siii 634.7–7.1 nm and Nei 640.2 nm
lines is unexpected. The projected rotational velocityv sin i of
the primary was also computed independently using the three
He i 667.8 nm line profiles obtained at 0.48 nm mm−1. For this
purpose the Fourier–Bessel transform method (Deeming, 1977,
and Piters et al. 1996) was used. A meanv sin i = 129.3 km s−1

was found, in good agreement with the value presented by Gaida
and Seggewiss. From its radius, the orbital period, and the in-
clination, a synchronous rotational velocity for the primary star
of 43 km s−1 was determined, which is exactly one–third of the
measuredv sin i. Following Pan (1997), the synchronous rota-
tional velocity at periastron is then70 km s−1, which is a factor
of about1.8 lower than the measuredv sin i.

From the new light curve solution, we can show that the
synchronous projected rotational velocity of the secondary is
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Fig. 7.Comparison of an LTE model (heavy line) with the primary star
normalized Hα line profile (see text, Sect. 5.2)

13 km s−1. This star’s mass indicates a spectral type of about
A6V, so that its effective temperature must be close to 7950 K,
assuming thatlog g = 4.0. A synthetic spectrum corresponding
to these values of effective temperature and surface gravity was
generated and compared with the secondary’s Mgii 448.1 nm
line profile recovered by KOREL and adjusted for the light ratio
at this wavelength. This comparison is shown in Fig. 8, and
there is remarkably good agreement between the observed and
synthetic spectra. This agreement can be taken to show that our
results for AR Cas, both photometric and spectroscopic, provide
a self–consistent model for this star.

5.3. Apsidal motion

The observed apsidal motion rate determined from the light
curve solution may be used, along with the physical param-
eters, to compute the internal structure constant (ISC)log k̄2
for AR Cas. This allows a comparison between the observed
ISC and that predicted by stellar structure theory (Claret and
Giménez 1993). In the following discussion, we have incorpo-
rated both tidal and rotational distortion terms in calculating
log k̄2. In general, the observed value oflog k̄2 is a weighted
mean value for both components. However, in the case of
AR Cas, the primary star’s mass and radius are such that it pro-
vides the dominant contribution tolog k̄2. On the basis of the
physical parameters just presented, we find an observed value of
log k̄2 = −2.622 ± 0.060. The corresponding theoretical value
is −2.380 as it follows from Table 16 of Claret and Giménez
(1992). The errors in the physical parameters do allow the lat-
ter value to change by about±0.1. At first glance, there would
appear to be some contradiction between observation and the-
ory, but given that the apsidal period isU = 1938 ± 207 yr, it
is clear that the current observations have not covered a large
fraction, only about 4 percent, of the apsidal period. Therefore,
one can say that the observed and theoreticallog k̄2 values are
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Fig. 8. Comparison of an LTE model (heavy line) with the secondary
star Mg II 4481 nm line profile

in agreement, but that further observations, particularly times
of eclipse minima, are required to confirm this agreement.

6. Line profile variability

Examination of the Reticon, CCD, and echelle data show that
line profile variability (LPV) is present in AR Cas, and is par-
ticularly obvious in the Hei 667.8 nm and Hei 492.0 nm lines.
It should be mentioned here that both DH and SY identified
the LPV in AR Cas on different occasions, and independently
of one another. To explore the LPV, we have computed a KO-
REL solution for Hei 667.8 nm and generated a set of difference
spectra (in the rest frame of the primary star) using the primary
star’s line profile as recovered by KOREL. We make use of these
difference spectra in the following discussion.

A temporal variance spectrum (TVS, Fullerton et al. 1996)
formed from all available CCD Hei 667.8 nm line profiles, with
all data being weighted according to signal–to–noise, shows that
LPV is present in this line (Fig. 9). The orbital radial velocity
shifts have been accounted for in forming this TVS. We also
show a TVS for a particular subset (dotted line in Fig. 9) obtained
by SY on a single night. Note that because data from different
detectors were used, that it was not possible to perform the
same statistical test on this TVS as described by Fullerton et al.
Moreover, it is not clear how a given CCD spectrum should be
weighted, since each one-dimensional spectrum is generated by
averaging several rows of a two-dimensional frame. A TVS for
Hei 492.0 nm also demonstrates that LPV is present.

The best documentation for LPV comes from the Hei
667.8 nm line profiles obtained at 0.48 nm mm−1, as the changes
in shape during and between successive nights are quite clear. In
Fig. 10 we present difference spectra generated from data taken
on a single night. An absorption “dip” at about 667.9 nm appears
to move redward during this time sequence of spectra. The dif-
ference spectra in this figure were generated using the primary
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Fig. 9. Temporal variance spectrum for the Hei 667.8 nm line profile
data (see text for details)
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Fig. 10. Hei 667.8 nm difference spectra generated from line profile
data obtained at 0.48 nm mm−1. Each difference spectrum is labelled
according to its heliocentric Julian date. The wavelength scale is that of
the primary star. The residual flux scale is arbitrary and each difference
spectrum has been shifted upward by a constant amount for clarity

star’s line profile recovered by KOREL, and the wavelength
scale is that of the primary star, i.e., the primary’s systemic ra-
dial velocity hasnot been subtracted. Also, the Hei 492.0 nm
profiles from the echelle data show the LPV quite well, with
difference spectra from a KOREL decomposition of this line
showing clear night–to–night changes (Fig. 11).

The difference spectra generated by KOREL were used as
input for a Fourier–Doppler imaging (FDI) program (Telting and
Schrijvers, 1997). Essentially, for each radial velocity bin across
the line, a Lomb–Scargle periodogram was computed, for the
frequency range 0–5 c d−1. No clear periodicity was revealed
by this calculation, but it is apparent that most of the spectral
power lies in the interval from 1.5 c d−1 to 2.5 c d−1 . However,
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Fig. 11.Hei 492.0 nm difference spectra, obtained with the San Pedro
Mártir echelle spectrograph. The spectra are organized according to
HJD. In each panel, the vertical scale corresponds to residual flux,
with the difference spectra being shifted vertically for clarity. Each
panel has the same wavelength scale, which is that of the primary star,
i.e., no correction for the systemic radial velocity has been applied.
The “bumps” indicate the presence of LPV in this line.

we should caution that with the FDI method it is perhaps better
to have a longercontinuousdata set than that which we have at
present.

Further support for the presence of LPV in AR Cas comes
from examining the mode radial velocity of Hei 667.8 nm. The
mode radial velocity is defined (L.A. Balona, priv. comm.) as
the velocity corresponding to the line minimum. This was mea-
sured on each spectrum by fitting a parabola to the 10 points
bracketing the line minimum. After removing the orbital ra-
dial velocity variation, the residuals were subject to a Lomb–
Scargle periodogram analysis. A frequency range of 0 c d−1 up
to 12 c d−1 was scanned. The maximum spectral power was
found at a frequency of1.96 c d−1, with a false alarm probabil-
ity of 6.72 × 10−3, indicating a highly significant peak (Horne
and Baliunas, 1986). The number of independent frequencies
Ni = 68.8 (see Horne and Baliunas for a definition ofNi).
These results should be interpreted with some caution because
of the presence of 1-d aliases in the power spectrum.

All of the results above suggest that LPV is indeed present in
AR Cas, and that any periodic signal corresponding to the LPV
has a period of less than one day. However, to refine the LPV
period will require a longercontinuoustime series of line profile
data, preferably obtained over several consecutive nights.

7. Summary

New spectroscopic and photometric data are presented which,
together with published data, have allowed us to derive new
physical parameters for AR Cas. Application of the KOREL
spectral disentangling program has allowed us to recover the
spectrum of the secondary star, and to identify its spectral type

as A6V. For the primary and secondary, respectively, we find:
m1 = (5.90 ± 0.20) M�, m2 = (1.86 ± 0.06) M�, r1 =
(5.05±0.06)R�, r2 = (1.60±0.03) R�, T1 = 17200±500 K,
andT2 = 8150 ± 200 K. We suggest as well that the secondary
may be an Am-type star. Furthermore, we have demonstrated the
existence of apsidal motion. Analyses of a set of Hei 667.8 nm
line profiles has shown that line profile variability is present, but
we are unable to identify a period for this effect.
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Appendix A: details of the reduction
and transformation of photometric data

The 1997uvby observations were secured by Hasan Ak with the
0.40-m reflector of the Turkish National Observatory, Turkey,
equipped with a SSP5A photometer. The 1998UBV observa-
tions were secured by Hrvoje Bož ić at Hvar, Croatia with a 0.65-
m reflector and an EMI6265S tube, and by Petr Harmanec with
the 0.84-m reflector of San Pedro Mártir Observatory, Mexico.
1 Cas andσ Cas served as the comparison and check star, respec-
tively. The check star was observed as frequently as the variable.
In all cases, constant stars, for which accurate all-skyUBVmag-
nitudes were derived by Harmanec, Horn & Juza (1994) were
also observed and used to the determination of nightly (linear
extinction and zero-point drifts) and seasonal (including colour
extinction) transformations to the standard system. All these re-
ductions were carried out by P. Harmanec with the help of the
reduction package HEC22/VYPAR (see Harmanec et al. 1994
and Harmanec & Horn 1998 for the detailed description and
the programs and all necessary data files). As a by-product of
these reductions, we also derived the improvedUBV magni-
tudes of the comparison star 1 Cas which were then used with
all datasets. All these observations will be later deposited at the
Strasbourg Astronomical Data Centre. We deliberately postpone
their release since our observations will continue and we shall
still slightly improve the data reduction after the season is com-
pleted. However, we encourage interested colleagues to ask for
the data via e-mail (PH at hec@sunstel.asu.cas.cz) in advance
of publication.
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Table A1. A detailed list of particular magnitude differences used to define the transformation of the Lickm500 magnitudes to theV magnitude
of the Johnson system. Note that Stebbins measured integrated light of both components ofζ Lyr. Correspondingly, we also calculated their
integratedUBV magnitudes and colours. Whenever available, the accurateUBV values derived either by Harmanec et al. (1994) or by us here
were adopted. In all other cases, Johnson et al. (1966) mean values were used to calculate the respective differences. TheO − C deviations of
the bilinear fit are also given

Objects used dV − dm d(B − V ) d(U − B) dm dV O − C

η Lyr − γ Lyr 0.030 −0.069 −0.608 1.124 1.154 0.025
γ Lyr − δ Her 0.064 −0.151 −0.132 0.054 0.118 0.036
γ Lyr − ζ Her 0.467 −0.721 −0.262 −0.015 0.452 0.005
η Lyr − ζ1+2 Lyr 0.269 −0.349 −0.799 0.054 0.323 −0.030
λ Aql − θ Aql 0.005 −0.020 −0.150 0.178 0.183 0.010
1 Cas− σ Cas −0.045 0.041 −0.055 −0.010 −0.055 0.019
by definition 0.000 0.000 0.000 0.000 0.000 0.000

We also attempted to transform some of the published data
sets into the standardUBVsystem. For the HipparcosHp mag-
nitudes (dataset 5 of Table 3), this problem was solved by Har-
manec (1998) and we simply used the transformation formula
derived by him andB − V andU − B derived by us to obtain
the standard JohnsonV magnitudes of AR Cas and also 1 Cas
andσ Cas.

We attempted to derive also a transformation of Stebbins
(1921) observations into the standard JohnsonV magnitude.
These Lick observations were secured with a diode having max-
imum sensitivity near 500 nm, i.e. somewhere between theB
andV bands but closer toV . Fortunately, Stebbins published
the observed magnitude difference betweenσ Cas and 1 Cas.
In his study ofβ Lyr, Stebbins (1916) also published observed
magnitude differences between several other constant stars.

Since the standard(B−V ) and(U −B) values for all these
stars are known, it is possible to define a transformation between
the JohnsonV and the old Lickm500 magnitude in the form

V − m500 = a (B − V ) + b (U − B) + c,

wherea, b andc are the transformation coefficients. In practice,
however, one has to use this transformation in a differential form
since only magnitude differences between various two stars are
available for the Lick data, i.e.

dV − dm500 = a d(B − V ) + b d(U − B),

wheredV etc. denote the respective magnitude and colour dif-
ferences between two stars. Our least-squares fit to the data
which are detailed in Table A1 resulted in the following trans-
formation formula

dV = dm500 − 0.64915 d(B − V ) − 0.01603 d(U − B).

The rms error of the fit per one observation is 0m. 021 only, a
remarkable result considering circumstances. We used the fol-
lowing standard colour differences AR Cas− 1 Cas:

d(B − V ) = −0m.083 and d(U − B) = 0m.201 .

We found no possibility how to transform also CR71 and GK73
data into the standard system. We, therefore, only added our

improved magnitudes of 1 Cas to the respective magnitude dif-
ferences AR Cas−− 1 Cas and otherwise left these observations
on their instrumental systems. However – since blue and yel-
low filters were used in both cases and since the transformation
terms in(B − V ) are always found smaller than about 0.3 in
such circumstances, we do believe that even these data sets are
on the system of Johnson’sV andB magnitudes within less
than 0m. 02 (=−0m. 083× 0.3).
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Napiwotzki R., Scḧonberner D., Wenske V., 1993, A&A 268, 653
Pan K., 1997, A&A 321, 202
Perryman M.A.C, Høg E., Kovalevsky J., Lindegren L., Turon C., 1997,

ESA SP-1200, The Hipparcos and Tycho Catalogues
Petrie R.M., 1944, AJ 51, 22
Piters A.J.M., Groot P.J., van Paradijs J., 1996, A&AS 118, 529.

Popper D.M., 1980, ARA&A 18, 115
Richardson E.H., 1968, J.R.Astron.Soc.Can. 62, 313
Stebbins J., 1916, Lick Obs. Bull. 8, No. 277, 186 & 192
Stebbins J., 1921, ApJ 54, 81
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