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ABSTRACT

V746 Cas is known to be a triple system composed of a close binary with a period of 25%4 and a distant third component in a 170 yr
(62000 d) orbit. The object was also reported to exhibit multiperiodic light variations with periods from 0983 to 2¢50 on the basis of
which it was classified as a slowly pulsating B star. Interest in further investigation of this system was raised by a recent detection of
the variable magnetic field. Analysing radial velocities from four instruments and earlier published data we arrived at the following
conclusions: (1) The optical spectrum is dominated by the lines of the B-type primary (T ~ 15850(400) K), contributing 70 % of
light in the optical region, and a slightly cooler B tertiary (7. ~ 14920(490) K). The lines of the low-mass secondary are below our
detection threshold; we estimate it could be a normal A star. (2) We resolved the ambiguity in the value of the inner binary period and
arrived at the following linear ephemeris Tgyper. conj. = HID 2443838.78(81) + 25941569(42) x E. (3) Even in the absence of binary
eclipses, we can constrain the orbital inclination of the inner orbit: 70° < i < 85°. (4) The intensity of the magnetic field undergoes a
sinusoidal variation in phase with one of the known photometric periods, namely 2¢503867(19), which we identify with the rotational
period of the tertiary; this is consistent with corresponding v sini = 72(4) km s~'. (5) The observed line profiles seem affected by
rapid line-profile variations, probably related to the dominant photometric 190649524(40) period, which we tentatively identify with
the rotational period of the broad-lined B-type primary, having v sin i = 179(6) km s~'. (6) If our interpretation of photometric periods

is confirmed, the classification of the object as a slowly pulsating B star should be revised.
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1. Introduction

While the nature of global magnetic fields in late-type stars with
convective envelopes seems to be — at least in principle — under-
stood as a consequence of the dynamo mechanism, the origin of
organized magnetic fields detected in some O and B stars is less
obvious. Given the large progress in the instrumentation allow-
ing the detection of even weak magnetic fields, it is understand-
able that a very systematic search for the presence of magnetic
fields among WR, O, B, and Be stars had recently be conducted
by a large team of collaborators. This project known as MiMES
(Magnetism in MassivE Stars) was conducted between 2008 and
2013 and the first summary report was published by Wade et al.
(2016). These authors mention that unlike the magnetic fields of
late-type stars, the magnetic fields of hot stars do not show any
clear correlations with the basic stellar properties such as their
mass or rate of rotation. We note that there has been growing re-
alisation in recent years that a large fraction of O and B stars are
binaries or even multiple systems, which must have significant
impact on the understanding of their properties (see, e.g. Chini
et al. 2012; de Mink et al. 2013). We believe that the role of mul-

* Based on observations from the Ondfejov, Haute Provence, Bernard
Lyot, ESO Hipparcos and Mercator Observatories.
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tiplicity in the magnetism of hot stars is worth of consideration.
Recently, Neiner et al. (2014) reported one preliminary result of
the MiMES survey: the discovery of magnetic field of the triple
system V746 Cas. Since the properties of this system were not
well known, it prompted us to this study.

V746 Cas (HD 1976, HR 91, BD+51°62, HIP 1921,
Boss 67) is a bright (V = 576) B5IV star. Its radial-velocity (RV)
variations were discovered by Adams (1912) and confirmed by
Plaskett & Pearce (1931). Blaauw & van Albada (1963) de-
rived RVs from a new series of McDonald spectra and published
the first orbital elements — see Table 1. Besides their spectra,
they also used the DAO spectra. Abt (1970) published six older
Mt. Wilson RVs, which partly overlap with those published by
Adams (1912). Abt et al. (1990) measured RVs of 20 new KPNO
spectra and published another set of elements, deriving a period
of 25944+0903. Their solution is based solely on the KPNO RV's
but the authors claim that it fits also the older Mt. Wilson, DAO,
and McDonald RVs. McSwain et al. (2007) analysed their 15
new KPNO RVs along with earlier published data and found two
comparable periods near 2594 and 2796. We note that these two
periods are 1 yr aliases of each other. McSwain et al. (2007) pre-
ferred the shorter period and obtained another solution, this time
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Fig. 1.  Top: The Ondfejov spectrum taken on RID 56928.3090 is

shown, with identification of several stronger spectral lines. All sharp
lines in the vicinity of Ha are telluric or weak interstellar lines. Bottom:
The Haute Provence Aurelie spectrum taken on RJD 51011.5748, again
with identification of stronger lines.

Table 1. Previously published orbital solutions.

Element 1 2 3
P 278 25.44(3)  25.4176(4)
Tperiastr.(RID)  not given  43840.3(3)  35783.5(1)
e 02 0.14(9) 0.123)
wC) 140 165(5) 172(2)
K&ms 30 234(1.9)  23.6(7)
v (km s™!) —18. —15.8(1.3) -9.7(5)
rms (kms~!)  not given 4.5 4.81
No. of RVs 16 20 15+32

Notes. All epochs are in RID=HJD-2400000.0; rms is the rms of 1
observation of unit weight.

Solutions Nos.: 1...Blaauw & van Albada (1963), 2...Abt et al. (1990),
3...McSwain et al. (2007)

based on most of previously published RVs, which is also given
in Table 1.

The first attempt to detect the spectral lines of the sec-
ondary was reported by Gémez & Abt (1982). They studied
160 A long CCD spectra in two wavelength regions: one con-
taining He1 5876 A and the Nar1 doublet at 5889 and 5895 A,
and the other containing the Siu doublet at 6347 and 6371 A,
Ne16402 A line and several Fe 1, Fe1, and Car lines, to be able
to restrict possible spectral class of the secondary. They did not
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Table 2. Journal of RV data sets

Spg. Time interval No. Source
No. of
(RID) RVs
1 19026.89-23004.70 7 A
2 24010.41-24891.13 6 B
3 35795.62-35833.55 16 C
4 43411.86-44231.62 20 D
5 53657.79-53696.79 15 E
6 50967.59-51099.45 17 F
7 52538.56-53026.28 3 F
8 56175.56-56214.42 13 F
9 56746.65-57328.69 41 F

Notes. Column “Spg. No.":  1..Mount Wilson Solar Observatory
1.52 m reflector, 3-prism spg; 2...Dominion Astrophysical Observatory
1.88 m reflector, prism spg.; 3...McDonald 2.08 m reflector, coudé grat-
ing spg. 34 A mm™'; 4..Kitt Peak 1 m coudé feed telescope, grating
spg. 16.9 A mm™'; 5...Kitt Peak 2.1 m reflector, grating spg.; 6...Haute
Provence 1.52 m reflector, Aurelie linear electronic spg.; 7...Haute
Provence 1.52 m reflector, Elodie echelle spg.; 8...Bernard Lyot 2 m
reflector, echelle spg.; 9...0ndfejov 2.0 m reflector, coudé grating spg.
17.2 A mm™.

Column “Source":  A...Adams (1912); Abt (1970); B...Plaskett &
Pearce (1931); C...Blaauw & van Albada (1963); D...Abt et al. (1990);
E...McSwain et al. (2007); F...This paper.

show the actual line profiles and published only a few comments.
They concluded that the spectral type of the secondary must be
earlier than F6, and suspected presence of a possible weak sec-
ondary component in the He1 5876 A line.

V746 Cas is also the brighter member of the visual system
ADS 328. Doboco & Andrade (in Doboco & Ling 2005) derived
the orbit of the wide pair with a period of 169.29 yrs (61832 d),
semimajor axis 07214, eccentricity 0.163, inclination 648, ar-
gument of periastron 31128 and periastron passage at 1955.06
(JD 2435130). The distant component B is for some 0™9 fainter
than V746 Cas.

The light variability of V746 Cas in the range from 5754
to 556 was discovered by the Hipparcos team (Perryman &
ESA 1997) and several investigators reported the presence of two
principal periods, 19065 and 29504 and alternatively also a few
additional ones (for instance Waelkens et al. 1998; Andrews &
Dukes 2000; De Cat et al. 2007; Dukes et al. 2009, see sect. 4 for
more detailed account). They all classified the object as a slowly
pulsating B-type star (SPB).

Neiner et al. (2014) reported the discovery that the line spec-
tra of V746 Cas are composed of a narrow component, for which
they found clear signatures of a magnetic field, and a broad com-
ponent, much more variable in RV. They identified the narrow
lines and the magnetic field with the primary and the broad-line
component with the secondary of the 2594 binary, concluding
that the lines of the distant tertiary are not seen in the spectra.
They admitted, however, that the narrow-lined star could also be
the visual tertiary or a combination of the primary and tertiary.

Our initial motivation to this study was to resolve the re-
maining ambiguity in the value of the orbital period. We started
to collect new CCD spectra in the red spectral region. Their
subsequent analysis led us to a more complex investigation and,
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hopefully a better understanding of this remarkable triple sys-
tem, which we report here.

2. Available observational data and their initial
reductions

2.1. Spectroscopy

Our observational material consists of 41 Ondfejov CCD spectra
secured in the years 2014 — 2015 (S/N 160-300; three under-
exposed spectra with 27, 37, and 100), 17 OHP Aurelie spectra
with S/N 130-230, the first one of 36 only (Gillet et al. 1994),
which were obtained and studied by Mathias et al. (2001), 3
archival OHP Elodie spectra with S/N 270-280 in the red parts
of the spectra (Moultaka et al. 2004), and 13 publicly available
echelle spectra from the Bernard Lyot telescope with S/N greater
than 200 in the red parts of the spectra (Petit et al. 2014). The
initial reduction of all Ondfejov spectra (bias subtraction, flat-
fielding, creation of 1-D spectra, and wavelength calibration)
was carried out in IRAF. For the Bernard Lyot and OHP Elodie
spectra, extracted from public databases, we adopted the original
reductions, verifying that the zero point of the wavelength scale
was corrected via telluric lines as it was the case for the Ondfe-
jov spectra. The story was a more complicated with the Aurelie
spectra, which are not available from public archives. Dr. P.
Mathias kindly provided us with the old DAT tapes, which were
reconstructed in Prague. Their new reduction was carried out
with the help of simple dedicated programs, the wavelength cal-
ibration being carried out with the program SPEFO (Horn et al.
1996; Skoda 1996), namely the latest version 2.63 developed by
Mr. J. Krpata. Median values of each corresponding sets of off-
sets and flat spectra were used.

Rectification and removal of residual cosmics and flaws for
all sets of spectra were carried out in SPEFO.

We first extracted the red parts of the Elodie and Bernard
Lyot spectra (~6360 — 6740 A) to have the same spectral region
as that covered by the Ondfejov spectra. One Ondiejov spectrum
is shown in Fig. 1. One can see — as it has already be noted by
Neiner et al. (2014) — that the line profiles are not symmetric but
contain broad and narrow components, the broad one varying in
RV over a large velocity range. To this, we mention the possibil-
ity that the profiles could also be affected by subfeatures, related
to rapid light and line-profile variations and moving across the
line profiles due to stellar rotation. For all Elodie and Bernard
Lyot spectra, we also extracted the blue, green, and yellow parts
of the spectra over the wavelength range from 4000 to 6360 A.
We also extracted the Aurelie spectra, which cover the wave-
length range from 4095 to 4155 A.

Finally, we also collected radial-velocity (RV) measurements
obtained by several investigators and published in the literature.
The journal of all available RVs is in Table 2 and all individual
RVs are in Tab. A.1 for the data from the literature. Whenever
not available in the original source, we converted the dates of
observations to HIDs. For brevity, we use reduced Julian dates

RJD = HID - 240000.0
everywhere in this paper. Abt (1970) published 6 RVs from
Mount Wilson secured between December 1910 and November
1921. They include RVs published by Adams (1912) with the
exception of the very first observation secured on 1910 Dec. 21.
We therefore adopted the first RV from Adams (1912) and all
remaining Mount Wilson RVs (spg. 1) from Abt (1970).

Table 3. Improved visual orbit of V746 Cas.

Element Value with rms error
P (d/yr) 62004 +1202/169.76 + 3.29
Tperiaser.(RID) 34613 + 820
e 0.176 + 0.023
w (°) 308.2 + 9.4
Q(°) 29+ 12
i(°) 64 + 16
a (mas) 211+ 97

M, + M, + M3 (M) 9.34(range 5.50-17.8)*

Notes. *) Assuming a revised Hipparcos parallax of 0700326000063
after van Leeuwen (2007a,b). **) The argument of periastron refers to
the visual tertiary. For the close binary it would be 1282, of course.

2.2. Standard RV measurements

In effort to resolve the problem of the true orbital period and to
obtain reliable orbital elements, we first tested several techniques
of RV measurements. For the most numerous set of the red spec-
tra, we measured the two strongest lines, Ho and He1 6678 Ain
SPEFO. This program displays direct and flipped traces of the
line profiles superimposed on the computer screen that the user
can slide to achieve a precise overlapping of the parts of the pro-
file of whose RV one wants to measure. We separately mea-
sured the line cores and outer line wings. We note that two of
the Ondrejov spectra (RJDs 56920 and 57228) are underexposed
and we could only measure the RVs of the wings of Ha. Alter-
natively, the RVs of He 16678 A line were also measured via a fit
with two Gaussian profiles. These RV measurements are listed
in Table A.2. For the Aurelie spectra, we also measured RVs
of the broad wings of the He1 4144 A line and these measure-
ments are in Tab. A.3 in Appendix A. To estimate the errors of
SPEFO measurements of individual lines, we repeated these
measurements independently three times and used the mean
RVs and the rms of the mean.

For the Elodie and Bernard Lyot spectra, we also measured
RVs of the following stronger lines in SPEFO: He1 4009, 4143,
4471, 4713, 4922, 5016, 5047, and 5876 A, Cn 4267 A, and
Mg 4481 A. We have not used the Her 4026 A, 4120 A, and
4387 A lines, since the first is affected by an inter-order jump in
all Bernard Lyot spectra, while the profiles of the other two are
affected by strong blends in their neighbourhood. Finally, for
Aurelie spectra we measured RVs of Ho and He1 4143 A. Al
these RVs were used for exploratory purposes and determination
of a new ephemeris. The final set of Elodie and Bernard Lyot
RVs was obtained from the comparison of observed and syn-
thetic spectra with the program PYTERPOL — see sect. 3.3 below
— and these RVs are in Table A.4 in Appendix A.

2.3. Photoelectric observations and their homogenisation

There are three principal sets of photoelectric observations suit-
able for period analyses:

1. The Hipparcos H, observations (Perryman & ESA 1997),

2. the uvby observations from the Four-College APT secured
by one of us; a subset of these observations had already been
analysed by Dukes et al. (2009), and
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Fig. 2.  Dynamical spectra plotted vs. orbital phase of the 259416
period with phase zero at superior conjunction. Lines of He (top panel)
and He1 6678 A (bottom panel) are shown. The white dots denote the
RV position of the deepest point of each line profile to show that the
position of line cores does not vary with the 259416 period.

3. Geneva 7-C observations obtained and studied by De Cat
et al. (2004) and De Cat et al. (2007).

One of us, R.J. Dukes, was able to recover the APT uvby ob-
servations, actually a more numerous data set than that used in
his published studies. It was deemed useful to repeat the period
analysis with a complete and homogenised set of the data. The
yellow observations (H, and Geneva V magnitudes converted to
Johnson V, and Stromgren y), are the most numerous and repre-
sent the best set for the analysis. More details on the data pro-
cessing and their homogenisation can be found in Appendix C,
where also the journal of these observations is in Tab. C.1. Af-
ter the removal of data from non-photometric nights, we are left
with 2060 individual yellow observations spanning an interval
of nearly 9800 d.
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2.4. Speckle interferometry and the visual orbit

Adding one additional speckle-interferometric observation from
2007 (Mason et al. 2009) to the existing body of visual observa-
tions of V746 Cas, we derived an improved visual orbit of the
third body. Our solution confirmed and only slightly improved
the orbit published by Docobo and Andrade (see Doboco & Ling
2005). It is summarised in Table 3.

3. Properties of the triple system

Figure 2 shows dynamical spectra for the Ho and Her 6678 A
line vs. phase of the 259416 period. One can see the orbital
motion in the line wings of both lines. In contrast to it, the line
cores indicate a more or less constant RV. We also note that there
is no indication of an antiphase RV variation expected for the
secondary in the 259416 orbit. This means that the bulk of the
line cores is not associated with the primary as suggested by
Neiner et al. (2014) but with the tertiary of the visual orbit.

3.1. Period analysis of RVs

As mentioned earlier, we measured separately RVs of the broad
and narrow parts of He and He1 6678 A lines. We immediately
noted — in accord with Neiner et al. (2014) — that the range of
RV variations is smaller for the narrow parts of the lines. We
preliminary verified that the RVs of the wide parts of the lines
vary with the known ~ 25 d period. This is not so for the RVs
of the line cores. They do not exhibit any anti-phase orbital vari-
ations with the 2594 period. In fact, the SPEFO RVs of the line
cores of the Balmer lines seemingly follow the ~ 25 d RV curve
of the wide parts of the lines, in phase with the wide wings but
with a strongly reduced amplitude. This implies that they do not
belong to the secondary in the 25 d orbit but to the distant ter-
tiary, with nearly constant RV. Their apparent RV changes are
caused only by the strong line blending of the lines of the pri-
mary and tertiary.

To resolve the question of the true value of the orbital period
of closer pair, we calculated PDM periodograms (Stellingwerf
1978) for individual data subsets. They are shown in Fig. 3. It is
immediately seen that neither Blaauw & van Albada (1963) not
McSwain et al. (2007) RVs alone are able to restrict the value of
the orbital period. Blaauw & van Albada (1963) were obviously
aware of the limitations of their data set since they estimated
that the uncertainty of the 2798 period does not exceed 1 day.
The time interval covered by their own observations is shorter
than two orbital periods. We also note that the first data set from
spectrograph 1, though spanning a long time interval, is probably
of limited accuracy and cannot be used to the determination of
a unique period.
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Only observations by Abt (1970) and our new RVs are nu-
merous enough to identify the true orbital period. Their peri-
odograms are mutually similar. One can see the dominant period
of 259416 (f = 0.0393 cd™!) and its first harmonics. A smaller
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Fig. 4. Top: A phase plot of the earliest spectrograph 1 (Mount

Wilson) RVs. Middle: A phase plot of all file 2 to file 5 RVs (i.e. data
from the literature. Bottom: A phase plot of all our new file 6 to file 9
RVs. SPEFO Her and Ho RVs were used for the new spg. 6 to 9 spectra.
Small dots denote the O—C residuals from the orbital solution. All RVs
in the two lower panels were corrected for the difference in y velocities,
adopting y of the most numerous file 9 as the reference. In all plots,
the orbital period of 25941569 and the reference epoch of the periastron
passge RID = 43838.5 from the first solution of Table 4 were used. The
rms errors of individual RVs are shown whenever available.

minimum at 0.0360 cd~' corresponds to a 1 yr alias of the
259416 period.

3.2. Trial orbital solutions

To investigate the RV variations in a quantitative way, we derived
some trial orbital solutions with the program FOTEL (Hadrava
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Table 4. Exploratory FOTEL orbital solutions for RVs from the literature
and from our red spectra.

Element Files 2 -8 Gauss He1 SPEFO He1
P(d) 2541569(42) 25.41569 fix. 25.41569 fix.
Tperiaste.  43838.5(1.0)  54386.63(80)  54385.16(84)
Tsuper.c. 43836.1 54384.28 54383.92
TRVmax. 43829.9 54378.04 54378.33
e 0.104(23) 0.181(31) 0.162(28)
w (°) 131(15) 137(12) 115(12)
K; (kms™h) 24.0(1.2) 38.0(1.7) 41.6(1.5)
v> (kms™h) -29.3(4.8) - -
v3 (kms™h) —-15.9(1.7) - -
vs (kms™h) -16.5(1.2) - -
vs (km s™1) -8.4(1.0) - -
ve (km s™1) -16.4(1.1) —6.0(1.8) —15.0(1.7)
y7 (kms™h) -8.4(1.3) -9.5(1.5) —-10.8(4.7)
vs (kms™1) -12.1(1.3) -6.1(1.9) -9.1(2.1)
vo (kms™h) —12.35(0.75) —12.9(1.3) —13.7(1.3)
rms (kms™!) 4.45 7.03 7.41
No. of RVs 131 72 72

Notes. All epochs are in RID; rms is the rms of 1 observation of unit
weight. Error of epoch is smaller if one uses a reference epoch close
to the centre of the interval covered by data. For an easier compari-
son of the first solution with the remaining two we also provide cor-
responding recalculated epochs: RJD 54386.0, RJD 54383.6, and
RJD 54377.4.

1990, 2004a). We first calculated an orbital solution based on
our new SPEFO RVs. It turned out that the semiamplitude for
the He1 6678 A RVs is higher than that obtained from the Ha
RVs. This is a well-known effect for early-type stars that the
lines with appreciably Stark-broadened wings like the Balmer
lines give lower RV amplitudes and are not suitable for the deter-
mination of true orbital elements (e.g. Andersen 1975; Andersen
et al. 1983). This clearly represents another complication on the
way to obtaining realistic binary properties.

Since our first task is, however, to derive the correct value
of the orbital period, we adopted the SPEFO Ha RVs and Ho
RVs for the Aurelie spectra, which give a semiamplitude closer
to those found by previous investigators — cf. Tab. 1. We com-
bined them with all RVs from the literature and run a solution, in
which we allowed calculation of individual systemic velocities
(y’s) for individual datasets. Using the rms errors of individ-
ual sets, we derived their weights inversely proportional to the
squares of the corresponding rms errors. Investigating the phase
plots, we found that RVs of spectrograph 1 (Mt. Wilson) refer
probably to a combination of the broad and narrow parts of the
line profiles and cannot contribute meaningfully to constrain the
orbital period — see the top panel of Fig. 4.

We therefore restricted our period analyses only to weighted
RVs of spectrographs 2 to 9. Splitting the data into two slightly
overlapping subsets, RID 24010 — 53026, and RJD 50967 —
57329, we derived two trial solutions to check on possible secu-
lar changes. We obtained

P =25941710(94), e = 0.131(45), and w = 165(18)°,
and
P =2594127(12), ¢ = 0.132(25), and w = 137(12)°
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for the first and second subset, respectively. For the time being,
there is no compelling evidence for either a period change or a
slow apsidal advance within the limits of respective errors.

We then calculated a joint solution for all weighted RVs from
files 2 — 8 (see the first solution in Tab. 4) and we shall adopt the
orbital period from this solution, P = 25941569 + 0900042,
throughout the rest of this paper. Phase plots for this joint
solution are shown in Fig. 4, separately for the RVs from the
literature and for our new Ha and Ho RVs.

Keeping the orbital period fixed, we then derived two other
solutions, this time based on our new He 16678 A RVs from files
6 — 9 and using alternatively the RV set based on the Gaussian
fits, and on the SPEFO RVs. The results are also in Tab. 4. The
elements show that it is not easy at the present stage of research
to choose the correct values of K; and the mass function. The
semi-amplitude and eccentricity differ for the individual solu-
tions, depending on the line(s) measured and also on the mea-
suring technique. A part of the problem is also the fact that
almost all spectral lines are to some extent affected by neigh-
bouring blends. To obtain a more realistic estimate of the true
orbital elements of the 2594 orbit, we used SPEFO RVs of all
stronger metallic lines in the blue, yellow and red parts of the
spectra and derived another orbital solution, allowing for indi-
vidual ‘systemic’ velocities for RVs from each ion to eliminate
the effects of the line blending. This exploratory solution in-
deed confirmed a higher semi-amplitude of 40.1(2.1) km s~!
and very pronounced effects of the line blending on the in-
dividual RV zero points (a range from —39.6(2.1) km s~! for
the Her1 4472 A line to +16.8(2.7) km s! for the He1 5016 A
line).

As further discussed in sect. 4, a substantial part of the prob-
lem lies in the fact that the instantaneous shape of the line pro-
files is also affected by the rapid physical changes, first detected
from photometry. Since the broad-line star is rapidly rotating,
one can expect from analogy with other known line-profile vari-
ables (like their prototype ¢ Oph: Walker et al. 1979) that the
profile disturbances travel from one wing of the profiles to an-
other brought by rotation. One can conjecture that the RV mea-
surements in SPEFO, i.e. setting on the outer wings of the line
profiles, will be more sensitive to such disturbances than when
one measures RVs with the help of two Gaussians. We there-
fore measured RVs of all other spectral lines in the blue and yel-
low parts of the Aurelie, Elodie and Bernard Lyot spectra with
SPEFO. Also the rms errors are quite large: For instance, the
rms errors of a vast majority of He1 6678 A RVs from the re-
peated measurements is below 2 km s~ ! (see Table A.2), which
is much smaller than the RV deviations from the orbital RV
curves. That is why we consider the large scatter around the
orbital RV curves to be another indirect indication of the distur-
bance of these RVs by physical changes of the line profiles.

Concerning the visual 62000 d orbit, it is true that the sys-
temic velocities from the first solution of Tab. 4 seem to indicate
some secular trend with time. However, their heterogeneity and
the fact that the semi-amplitudes of RV curves for different stel-
lar lines differ, and the systemic velocities depend on the lines
measured due to blends prevent us from using the systemic ve-
locities to constrain the motion in the long orbit. Only continuing
observations and analyses based on the same, unblended spectral
lines could help in this respect in the future.



P. Harmanec et al.: Multiple system V746 Cas

Table 5. Parameters of the primary and tertiary derived from a compari-
son of selected wavelength segments of the observed and interpolated
synthetic spectra of the primary and tertiary.

Element Primary Tertiary
T (K)  15850(400)  14920(490)
log g [cgs] 3.68(12) 3.80(15)
Lsoo0-4280  0.709(54) 0.295(54)
Lazog-aa90  0.700(48) 0.302(48)
Ly700-5025  0.701(65) 0.305(64)
Les70-6600  0.704(60) 0.295(60)
vsin i (kms™!) 179(6) 72(4)

3.3. RVs measured with the help of synthetic spectra

We tried to disentangle the lines of the system components us-
ing the KOREL program (Hadrava 1995, 1997, 2004b). However,
since the spectra at our disposal cover only one tenth of the vi-
sual orbit for the Her 4143 A line, and even less for the other
spectral lines, the semi-amplitudes of the bodies in the outer or-
bit could not be meaningfully converged and one has, a priori,
no firm clue how to fix them. We only verified that no trace of
the secondary could be found. This in our experience implies
that the secondary must be for more than 3 mags. fainter than
the combined light of the primary and tertiary.

To overcome the problem of severe line blending, we used
the Python program PYTERPOL, which interpolates in a pre-
calculated grid of synthetic spectra. Using a set of observed
spectra it tries to find the optimal fit between the observed and
interpolated model spectra with the help of a simplex minimiza-
tion technique. It returns the radiative properties of the system
components such as Tt , v sin i, or log g , but also the relative
luminosities of the system components and RVs of individual
spectra.! The function of the program is described in detail in
Nemravova et al. (2016).

In our particular application, two grids of synthetic spectra,
Lanz & Hubeny (2007) for T.>15000 K, and Palacios et al.
(2010) for Teg <15000 K, were used to estimate basic properties
of the primary and tertiary and to derive RVs of all 16 Aurelie,
3 Elodie and 13 Bernard Lyot high-S/N spectra. The following
spectral regions containing numerous spectral lines but avoiding
the inter-order transitions and regions with stronger telluric lines
were modelled simultaneously:

40004025 A, 4097-4155 A, 4260-4280 A,
4308-4405 A, 4450-4490 A, 4700-4725 A,
4817-4935 A, 5008-5025 A, and 6670-6690 A.

Relative component luminosities were fitted separately in
four spectral bands: 4000-4280 A, 4308-4490 A, 4700-5025 A,
and 6670-6690 A.

Uncertainties of kinematic and radiative properties were ob-
tained through Markov chain Monte Carlo (MCMC) simulation
implemented within emcee? Python library by Foreman-Mackey
et al. (2013). They are summarised in Tab. 5. The individual RVs
are listed in Table A.4.

! The program PYTERPOL is available with a tutorial at
https://github.com/chrysante87/pyterpol/wiki .

2 The library is available through GitHub https://github.com/
dfm/emcee.git and its thorough description is at http://dan.iel.
fm/emcee/current/.
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Fig. 5. Final RV curve of V746 Cas based on RVs derived with the

help of the program PYTERPOL. Small dots denote the O—C deviations
of individual RVs from the orbital solution.

Table 6. Final FOTEL orbital solution for RVs from high-resolution
spectra derived with the help of the program PYTERPOL.

Element Value with error
P(d) 25.41569 fixed
Tperiastr. 54387.05(44)
Tuperc. 54384.65
TRVmax. 54378.17
e 0.249(26)
w (deg.) 145.0(7.3)
K; (kms™) 44.5(1.4)
v (kms™) —17.37(85)
f(M) Mp) 0.2113
rms (km s~!) 4.15
No. of RVs 32

Notes. All epochs are in RJD; rms is the rms of 1 observation of unit
weight.

3.4. Final orbital solution

Using the RVs derived with the help of PYTERPOL (their errors
estimated from the MCMC simulation being a few km s7h), we
derive the final orbital solution to be used to estimate the proper-
ties of the inner binary system. This solution is in Tab. 6 and the
corresponding RV curve is shown in Fig. 5. It is reassuring to
note that when we allowed for a free convergence of the orbital
period, we arrived at a value of 2594156(13), which agrees with
the value adopted here. We therefore recommend to adopt
the linear ephemeris

Tguper.conj. = HID 2454384.65(44) + 25941569(42) (1)

as currently the best one.

4. The spectral signatures and nature of rapid
variations

4.1. Overview and analysis of previous results

Table 7 provides an overview of various frequencies of light
variations of V746 Cas reported by several investigators. There
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Table 7. Frequencies and periods of light variations of V746 Cas found
by various investigators.

Frequency Period  Source Identification
(cd™) (d
0.94 1.06 1 fi
0.939 1.06 2 il
0.399 2.51 2 b
0.93914(3)  1.06480 3 fi
0.39934(4) 2.50413 3 H
0.39923(4) 2.50413 4 H
0.93895(4)  1.06502 4 i
0.79906(9)  1.25147 4 2f
0.96630(9)  1.03488 4
0.39946(4)  2.50338 5 h
0.93895(4)  1.06502 5 fi
1.20346(6) 0.830937 5 3fi?
0.9390 1.065 6 fi
0.3994 2.504 6 h
0.9309 1.074 6
0.7988 1.252 6 2f

Notes. Column “Source”: 1..Waelkens et al. (1998), H, photometry;
2...Andrews & Dukes (2000), Four College APT and H, photome-
try; 3...Mathias et al. (2001), H, photometry; 4...De Cat et al. (2004),
Geneva 7C and H, photometry; 5...De Cat et al. (2007), Geneva 7C
photometry; 6...Dukes et al. (2009), Four College APT, Geneva 7C and
H,, photometry.

seems to be no doubt about the presence of two principal fre-
quencies, detected by all investigators, 0.939 and 0.399 cd~'.
Notably, Mathias et al. (2001) were unable to find any spectro-
scopic signatures of these two frequencies in their Aurelie spec-
tra covering the wavelength interval from 4085 to 4155 A. The
authors admit, however, that all their spectra have S/N’s lower
than 140. Two groups, De Cat et al. (2004) and Dukes et al.
(2009) reported another frequency, 0.799 cd™'. De Cat et al.
(2004) denoted it as a possible alias. We note that it is ac-
tually an exact harmonics of the 0.399 cd™! frequency. This,
in our opinion simply indicates that the light curve with the
0.399 cd™! frequency deviates from a sinusoidal shape. There-
fore, the 0.799 cd~! frequency is not an independent frequency.
Another weak frequency of 1.20346 cd™! reported by De Cat
et al. (2007) (which in our opinion could be the second har-
monics of 0.399 cd™!) could not be confirmed by Dukes et al.
(2009), who analysed their own Stromgen uvby photometry from
the Four College Automatic Photoelectric telescope (APT) along
with the H}, and Geneva 7-C photometries. They found, however,
a frequency of 0.9309 cd~!, quite close to f; = 0.939 cd™'.
We note that the 0.9390 and 0.9309 cd~! mutually differ for
1/3 of the frequency of a sidereal year, so we suspect that the
0.9309 cd~! frequency is an alias. The above facts led us to sus-
pect that the light changes of V746 Cas are modulated only by
two independent periods.
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4.2. New period analysis of available photometry

For the purpose of the period analysis, we subtracted seasonal
mean values from all data to remove possible slight secular vari-
ations of either instrumental systems of the telescopes or true
small secular changes (see Appendix C for details). We used the
programs PERIOD04 (Lenz & Breger 2005) and FOTEL for the
modelling and fits. We found that the longer, non-sinusoidal pe-
riod of 2.5 d has larger amplitudes also for the second and fifth
harmonics (periods 1925194, and 0950077), which were then in-
cluded into fits. Inspecting cases with more observations within
short time intervals like 0.03 d, we conclude that in all three data
sets there are cases when the rms error of single observations
exceed 0M007. The rms error of the fit is only slowly decreas-
ing when one adds more frequencies and remains on the 0007
level.

We arrive at the following ephemerides for the 19065, and
24504 periods:

RID 52540.2866(61) + 190649524(40) 2)
RID 52242.585(32) + 29503867(19). A3)

Taxi ght =

Tmax.lighl =

4.3. Periodic variations of the magnetic field

We tried to see whether the observed variations of the magnetic
field found by Neiner et al. (2014) could not be related to the
known photometric changes. We quickly found that the mag-
netic field indeed varies with the longer of the photometric peri-
ods, 2950387 — see Fig. 6.

It is usual that a sinusoidal variation of the intensity of mag-
netic field is interpreted as a dipole field inclined to the rotational
axis of the star and varying with the stellar rotational period.
Neiner et al. (2014) associated the magnetic field with the nar-
row lined component, which they considered to be the primary
but which is — as we have shown here — the distant tertiary com-
ponent moving in the long orbit with the 2594 binary.

4.4. Rapid line-profile changes?

We inspected the O—C RV residuals from the 2594 orbit for
the SPEFO He1 6678 A RVs. We used the SPEFO RVs based
on repeated settings on the outer line wings, which are pre-
sumably more sensitive to the profile disturbances than the
RVs based on the fits of the Gaussian profiles. In Fig. 7 we
compare the plot of these RV residuals with the plot of yel-
low photometry prewhitened for the 2450387 period. There
is some indication of phase changes with the photometric pe-
riod of 19065 but the scatter around the mean curve is un-
comfortably large and the result certainly needs verification
with the help of whole-night series of high-S/N spectra. How-
ever, in our opinion, there is a reason to identify the 19065
period with the rotational period of the primary. The modu-
lation of measured RVs could be caused by some structures on
the surface of the primary, moving across the stellar disk as the
star rotates. We note that there is growing evidence for rotational
modulation for a number of B stars from the photometry ob-
tained by the Kepler satellite and by ground-based surveys (see,
e.g. McNamara et al. 2012; Nielsen et al. 2013; Kourniotis et al.
2014; Balona et al. 2015; Balona 2016).

We also tried to detect the line-profile changes in the resid-
uals from PYTERPOL solution for high-S/N spectra. It must be
kept in mind that all these spectra available to us were obtained
with a frequency of one spectrum per night and their number is
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Fig. 6.  Top panel: A phase plot of the magnetic field observations

from measurements of Neiner et al. (2014) from spectra not affected
by technical problems and for the mean values from all lines. The rms
errors of measurements are shown by error bars. Botfom panel: A phase
plot of all yellow photometric observations prewhitened for the 1906495
period. In both panels, the data are plotted vs. phase of the 294503867
period given by ephemeris 3.

low. We show an example of dynamical spectra for the 4450 —
4490 A region plotted vs. phase of the 19065 period. Some sinu-
soidal variation in the wings of He14472 A, Mgu 4481 A, and
several weaker lines can be suspected but we admit that with the
spectra at hand, the evidence is not compelling.

5. Towards a model of the system

We have demonstrated that V746 Cas is a challenging triple sys-
tem with a broad-lined B-type primary, a low-mass secondary
(as yet undetected in the optical spectra) and a tertiary, known al-
ready from visual and speckle-interferometric observations. Our
dynamical spectra (cf. Fig. 2) as well as the line profiles of
the He14713 A shown by Neiner et al. (2014) demonstrate that
the tertiary must also be of spectral type B. Obvious presence
of rapid light and line-profile variations and the absence of the
spectral lines of the secondary in the optical spectra prevents us
from a direct determination of all component masses and radii,
however, some of the system properties can be estimated from
already known facts and a consistent picture of the system can
be obtained.
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Fig. 7. Phase plots for the 1906495 period calculated us-

ing ephemeris 2. Top: All yellow photometry O—C residuals
prewhitened for the 2.5 d period and its harmonics. Bottom: A plot
of the residuals from the orbital solution for the SPEFO He1 6678 A
RVs for the subsets of Aurelie and Bernard Lyot spectra.

5.1. Properties of the close 2594 binary

The facts, which must be taken into account are as follows:

— All available MKK spectral classifications of V746 Cas sum-
marized in the SIMBAD bibliography, including a recent one
by Tamazian et al. (2006) based on high-resolution spectra,
agree on the spectral type BSIV. Dereddening of the mean
all-sky standard UBV magnitudes from Hvar (see Tab. C.1)
gives Vp =5743, (B-V)y = -07170, (U-B)y = -07635,
and E(B-V) = 0055, which corresponds to a B4-5IV star
after the calibration by Golay (1974).

— We calculated evolutionary tracks for the system components

using the Mesastar program (Paxton et al. 2015) and com-
pared them with the observed range of the values of T and
log g , deduced from the line-profile fits, in Fig. 9. From this
comparison one can estimate the mass of the primary to be
M; = 6.2 Mg, (range from 5.6 to 6.7).
We verified that the evolutionary tracks in the considered re-
gion close to the terminal main sequence (TAMS) are not
sensitive to the value of metallicity (we checked tracks for
Z = 0.04), or the mixing-length parameter « (for instance,
a = 1.6 leads to essentially the same results) since both stars
are in a radiative equilibrium.

— One can safely exclude the presence of binary eclipses from
available photometry (see Fig. 10). Our simulations of the
light curve for the 2594 orbit with the program PHOEBE 1
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Table 8. Range of masses M, of the unseen secondary component of
V746 Cas estimated from the mass function f(M) of Tab. 6, and a plau-
sible range of the primary star mass M, according to Fig. 9, for a range
of inclinations i of the 259416 orbit. The case i = 50° seems already
excluded, because the resulting M, value is too large with respect to
Fig. 11.

M] = 56 MO = 62 M@ Ml = 65 M@
i M, MMy M, MM\ M, My/M;
") M) Mo) Mo)

85.0 2.39 0.427 2.54 0.409 2.61 0.401
80.0 2.42 0.433 2.57 0.415 2.64 0.407
70.0 2.57 0.459 2.73 0.440 2.80 0.431
640 272 0.486 2.89 0.465 2.97 0.456
50.0 3.35 0.599 3.55 0.572 3.64 0.560

(Prsa & Zwitter 2005) for plausible values of the stellar radii
(see below) then show there is a rather strict upper limit for
the orbital inclination, i < 85°.

— The final orbital solution for all PYTERPOL RVs from Tab. 6
gives the mass function f(M) = 0.2113 Mg, Using this value
and the plausible range of the primary mass, one can estimate
possible secondary masses for different orbital inclinations
(see Tab. 8).

We can also use the observed Hipparcos parallax p of
V746 Cas to further constrain possible properties of the system.
According to the improved reduction (van Leeuwen 2007a,b)
p = 0700326(63). Assuming the above mentioned Vy = 5743
for the whole system, the observed magnitude difference be-
tween the primary and tertiary and neglecting the light contri-
bution from the unseen secondary, one arrives at Vé = 5m82
for the primary. Using the above-mentioned range of the pos-
sible values of the parallax, 0700263 to 0700394 one obtains
M\l, = —2708 and —1720, respectively. The bolometric cor-
rections for the considered range of the effective temperature of
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Fig. 9. Evolutionary tracks in effective temperature T.q vs surface
gravity log g plots, including pre-MS (thin line), MS and SGB phases
(thick line). Top panel shows the primary component of V746 Cas, with
the nominal value of mass M; = 6.2 M, and range 5.6 M, to 6.7 M.
The corresponding times (counted from pre-MS) to reach the uncer-
tainty intervals are 56 Myr and 43.7 Myr, respectively. If we would ac-
count for pre-MS tracks too, the range would be even larger. Bottom
panel shows the tetriary, with M, = 5.3 M, and range 4.6 M, to 6.0 M;
the times are 73 Myr and 54 Myr. In all cases we assumed the helium
abundance Y = 0.274, metallicity Z = 0.0195, mixing length parameter
a = 2.1, We also accounted element diffusion, Reimers RGB wind with
n = 0.6, Blocker AGB wind with = 0.1, even though neither is very
relevant on ZAMS. The maximum output time step was At = 10° yr to
resolve TAMS. Mesastar program, rev. 8845 (Paxton et al. 2015) was
used for these computations.

the primary are from —17433 to —1™557 so that the extreme al-
lowed values of the bolometric magnitude of the primary M,
-2763 to —3M64.

Fig. 11 shows that this range for Méol further restricts the
plausible range of primary mass M; = 5.6 to 6.5My. More-
over, according to synthetic spectra (Figs. B.1 to B.3) there is an
upper limit for the relative flux of the unseen secondary compo-
nent, about 0.02, which corresponds to the magnitude difference
of 4.2 mag. Consequently, there has to be a lower limit for the
orbital inclination of the 2594 orbit, about i > 70° according to
Tab. 8, otherwise M, would be too high and its spectral lines
should be definitely observable. The secondary thus should be
an A star. Our estimates predict the semi-amplitude of the RV
curve of the secondary in the range of about 100 to 110 km s~!
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Fig. 11. The Hertzsprung—Russel diagram for the primary (top) and

secondary (bottom) components of V746 Cas . These tracks corre-
spond to the following ranges of masses: M; = 6.5 M, to 5.6 M,,, and
M, = 2.55 Mg to 2.60 M. The times to reach the uncertainty inter-
vals (56 to 44 Myr) are the same for both stars. The upper limit of
M, is slightly lower than in Fig. 9 in order to match the upper limit of
the bolometric magnitude M, ; inferred from Hipparcos parallax. The
lower limit of M, is given by the mass function f(M) of the close binary
and no-eclipses condition. Finally, the upper limit of M, is estimated
from the maximum relative flux of the unseen component (about 0.02;
cf. Figs. B.1 to B.3), which corresponds to the magnitude difference of
4.2mag. Other parameters of the stellar evolution model are the same
as in Fig. 9.

Should 19065 be the rotational period of the primary, then
for vsini = 179km s™!, derived from the PYTERPOL solution for
the primary, R; > 2z vsini/P = 3.77 Re,. For instance, if i = 70°
one gets R; = 4.01 Ry. For the expected range of the primary
mass this would imply log g = 3.98 to 4.04 [cgs] for the primary
which is slightly offset at the 2.5-0 level with respect the range
deduced from the fit by synthetic spectra (Tab. 5). On the other
hand, should the true rotational period be a photometric double-
wave curve with a period twice longer, i.e. 29130, one would
obtain log g = 3.38 to 3.44 [cgs]; again offset from the nom-
inal range. This would also correspond to significantly larger
radius R; = 8.02Rg and even lower upper limit of i. Given all
the uncertainties involved, however, one should still keep both
possibilities in mind in future dedicated studies.

5.2. Tetriary component

Regarding the tetriary component, the analysis of the Teg vs log g
plot led to the mass M3 = 5.3 M, (range from 4.6 to 6.0; Fig. 9).
Within the uncertainties, the primary and tetriary stars can even
be equally massive and have very similar effective temperatures.
The similarity of the primary and tertiary is also supported by the
fact that their relative luminosities over the whole optical range
seem to be the same — see Tab. 5.

The more recent estimates of the magnitude difference be-
tween the close binary and tertiary from astrometry (Perryman
& ESA 1997; Mason et al. 2009) agree on m3vy —m42)y ~ 079.
The relative luminosities of the primary and tertiary estimated
with PYTERPOL (see Tab. 5) imply m3v — m+2)v = 0792, in a
remarkable agreement with the astrometric estimates. This once
more confirms our identification of the narrow-line component
seen in the spectra with the tertiary.

Using the v sin i = 72 km s~! estimated from the PYTERPOL
solution for the tertiary and adopting the 24504 period as its pe-
riod of rotation, we can similarly estimate the radius of the ter-
tiary R3 > 3.56Ry. Assuming that the inclination of the rota-
tional axis of the tertiary is identical with the orbital inclination
of the outer orbit 64°, one estimates log g from 3.90 to 4.01 for
it. This agrees quite well with the observed range of log g from
the line-profile modelling.

6. Conclusions
Our main findings can be finally summarised:

1. The rapidly rotating B4-B5 primary moves in the orbit with
an unseen secondary with a semi-amplitude of ~ 47 km s,
the more accurate determination being hampered by the
probable presence of line profile variations with the domi-
nant photometric period of 19065.

2. The fact that the secondary could not be detected in the op-
tical spectra, even when using the spectra disentangling, and
the observed mass function imply that it should be an A star.

3. The bipolar magnetic field, discovered by Neiner et al.
(2014), varies with the photometric period of 2450387. It
is associated with the tertiary, which is in a wide orbit with
the 2594 binary. The tertiary is a ~B5-61V star, which con-
tributes 30 % of the light in the optical region.

4. The photometric periods 19065 and 29504 are tentatively
identified with the rotational periods of the primary and ter-
tiary, respectively. However, the identification of the former
period needs a verification by future dedicated studies.

5. Very accurate systematic photometric observations relative
to some truly constant comparison star and new spectral
observations consisting of whole-night series are needed to
progress in the understanding of this system.

6. Attempts to detect faint spectral lines of the unseen sec-
ondary should probably be conducted in far-IR region.

7. The classification of V746 Cas as an SPB variable should be
critically re-examined.
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Appendix A: Details of the spectral data reduction
and measurements

All RVs collected from the astronomical literature are provided
in Tab. A.1. Whenever necessary, we derived heliocentric Ju-
lian dates (HJDs) for them. RVs derived by us are provided in
Tabs. A.2, A.3,and A 4.



P. Harmanec et al.: Multiple system V746 Cas

Table A.1. Individual RVs of V746 Cas from the astronomical literature. Observing instruments in column “Spg." are identified by the same

numbers as in Tab. 2. All RVs are in km s™'.

RID RV  Spg.
19026.8885 5.0 1
19027.6501 -35.0 1
19058.7623 4 1
193827240 19 1
19409.8989  -1.8 1
229159555 3.7 1
230047039 8.0 1
240104054 53 2
243624915 57 2
24439.1971 -18.0 2
247673810 -23.9 2
247774394 515 2
24891.1328 -16.7 2
357956197 7.0 3
35796.6027 110 3
35797.6796 120 3
35799.6366 1.0 3
35803.6214 240 3
35804.6644 240 3
35819.5897 9.0 3
35820.5586 4.0 3
35821.6155 50 3
358225385 40 3
35823.5854 40 3
35824.5884 3.0 3
35830.5580 -12.0 3
35831.5949 -160 3
35832.5589 -34.0 3
35833.5528 -40.0 3
43411.860 -36.7 4
43459731 420 4
43460.730 -443 4

RID RV  Spg.
43461.679 378 4
43462790 -21.1 4
43508.748 -328 4
43726972 +06.7 4
43808.852 -055 4
43809.896 -234 4
43810.821 -144 4
43830758 +03.1 4
43831.648 -020 4
43832.647 -042 4
44068973  -45.6 4
44116922 278 4
44187.697 +04 4
44188.666 +19 4
44189.825 -020 4
44229655 -160 4
44231618 -08 4
53657.787 -142 5
53658.833  -48 5
53658.835  -43 5
53659.720 -03 5
53659.721 -0.1 5
53660.754 30 5
53663735 137 5
53685.735 94 5
53693.635 138 5
53693.790 73 5
53694701 69 5
53695.674  -14 5
53695769  -08 5
53696.565 -49 5
53696.789 20 5

Appendix B: Fitting the spectra with interpolated
synthetic spectra.

Using the Python program PYTERPOL and two grids of synthetic
spectra, Lanz & Hubeny (2007) for T.s>15000 K, and Palacios
et al. (2010) for Tz <15000 K, were estimated the properties of
the primary and tertiary, which are summarised in Tab. 5. Fig-
ures B.1, B.2, and B.3 show some examples of the comparison of
the observed and the best interpolated synthetic spectra in detail,
for several different spectrograms and spectral regions.

Appendix C: Details of the photometric data
reduction and homogenisation

In an effort to bring at least all yellow photometric observations
of V746 Cas on a comparable scale, we used several UBV obser-
vations of V746 Cas and its comparison stars HR 96 and HD 567
secured with the 0.65 m reflector and photoelectric photometer
at Hvar. These observations were reduced to the standard John-
son system with the help of the program HEC22, based on non-
linear transformation formulae (Harmanec et al. 1994). Extinc-
tion and its variations during observing nights were taken into

account during the data reduction.> We then used mean all-sky
Hvar values of HD 96 and added them to the magnitude differ-
ences y — yur 96 for both, V746 Cas and HD 567 Stromgren APT
observations of dataset 12.

Hipparcos H,, observations (dataset 11) were transformed to
the standard Johnson V magnitude after Harmanec (1998), using
the all-sky B—V and U-B indices of all three stars derived at
Hvar.

Finally, the Geneva 7-C all-sky observations (dataset 13)
were transformed to the standard UBV system using the trans-
formation formula devised by Harmanec & BozZi¢ (2001). All
mean UBYV values for individual datasets thus obtained are sum-
marised in Table C.1 to illustrate the accuracy, with which the
conversion to one system was possible.

In Figure C.1 we also plot all homogenised yellow observa-
tions vs. time. There are probably still some minor zero-point
differences between individual data sets (APT photometry in on
the instrumental system, which, however seems to be rather sta-
ble in time; Guinan - priv.com.). The plot in the bottom panel of
Fig. C.1 is indicative of some small secular variations but such a
statement would require verification through differential obser-
vations relative to some other comparison than HR 96.

3 The program suite with a detailed manual is available at
http://astro.troja.mff.cuni.cz/ftp/hec/PHOT/
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Table A.2. Individual SPEFO RVs of V746 Cas for Hae and He 16678 A and Gaussian RVs for the He1 6678 A line. RVs of the line cores and line

outer wings are tabulated separately. All RVs are in km s~'.

RID He 6563 A SPEFO He1 6678 A SPEFO He16678 A Gauss  Spg.
core wings core wings core wings  No.

52538.5637 —13.14+2.52 -19.65+0.54 -15.04+034 -17.02+3.07 -12. -21. 7
53025.2936 —-10.82 +0.46 296+0.77 -8.05+045 -7.01x2.17 -9. 6. 7
53026.2813  -9.05 +0.26 735+1.17 -6.99+0.90 9.70 £2.50 -9. 9. 7
56175.5586 —13.57+0.58 -636+0.84 -128+0.09 -841+1.19 1.35 -0.35 8
56176.5910 -14.05+0.11 —-4.63+0.28 -2.64+0.29 876 £246 -4.49 7.01 8
56177.5783 —-11.79 £0.27 1.81 +£0.39  -5.04 +0.87 11.77+1.14  -2.04 14.46 8
56178.5868  —8.67 +0.73 8.80+£0.43 3.22+0.33 2427 +£0.18  -4.02 24.58 8
56179.5853 —-11.32 +0.06 9.86 +0.93 387+032  28.02+0.57 -0.97 27.03 8
56182.6157 —10.95 +0.42 1417+ 135 -3.48+0.21 33,54 +£0.24 -10.93 37.97 8
56188.5120 -12.62+0.40 -28.60+1.05 -5.19+0.13 -25.18+1.09 1.00  -20.30 8
56190.5364 —-18.99 +0.15 -3292+236 —-694+0.07 -46.13+1.60 0.66 -37.74 8
56202.5101 -12.70+0.52 -1.29+0.79 2.72 +0.48 0.10+0.62 -0.51 9.39 8
56203.5069  -7.94 +0.10 3.02 £ 0.46 4.54 £1.13 7.90 +2.05 6.27 15.87 8
56204.5150 -10.05 +0.23 3.10+£0.52 5.51+£0.51 12.84 +0.82 3.75 15.95 8
56213.5446 -13.00+0.18 -8.46+0.68 -4.81=+0.14 097+0.39 -9.08 -2.38 8
56214.4187 -1690+0.24 -1645+1.62 -7.63+037 -18.19+0.70 -499 -18.69 8
56746.6501 -7.21+0.64 —-474+091 -285+046 —-6.82x0.79 11. —4. 9
56764.5933  —-4.98 +0.63 7.51 £0.61 6.80 + 0.35 20.45 + 1.87 2. 10. 9
56765.5438 7.03 +0.18 9.85+3.35 1541 +£0.75 16.45 + 1.64 20. 17. 9
56772.5422 -1423+035 -7.02+030 -475+0.62 -820=x0.79 2. -11. 9
56782.5181 -10.29 +0.77 -22.95+2.54 -233+1.83 -40.34+0.79 7. -31. 9
56810.5577  -8.21+1.68 —16.29 +0.35 1.35+1.04 -14.02+0.17 7. -22. 9
56816.5317  -1.52+1.93 6.57 £4.13 15.81 £0.52 14.13 £ 0.71 11. 21. 9
56817.4931 3.45+047 978 +£3.35 -5.16+030 35.79+1.30 -5. 18. 9
56819.4233  -0.80 +2.20 3.59 £ 6.15 16.24 + 4.58 28.33 +£1.20 12. 10. 9
56822.4782 -14.71+030 -7.68+0.63 —434+0.35 -3.65+2.58 —4. 6. 9
56826.3772 -30.03+047 -3724+1.61 -6.01+0.17 -49.38+1.67 3. -50. 9
56827.4581 -21.99 +0.53 -40.63+4.52 -11.58+1.04 -73.09+0.96 2. -55. 9
56851.3742 -2396+1.22 -39.08+4.04 -10.51=+0.52 -45.58+0.62 2. —46. 9
56852.4071 -28.71+0.18 -34.69+1.33 -21.05+0.52 -55.09+0.17 -20. —47. 9
56852.4657 -22.29+396 -3337+1.10 -31.67+0.30 -58.98+1.48 -22. —48. 9
56856.5629 -25.75+0.47 -30.15+0.81 -330x+0.46 -52.72+0.79 16. —44. 9
56861.4063 -20.57+047 -9.85+0.35 1.69+0.35 —-8.86+0.46 -3. -9. 9
56866.4436  —20.86 + 0.30 851+237 -13.05+0.35 1547 +1.21 -9. 7. 9
56889.3848 —-17.08 +0.18  —1.60 + 1.40 4.38 £0.37 8.01 £0.30 4. 1. 9
56910.3387 —-15.09+396 -19.84+2.79 -9.13+091 -26.24+1.21 -8. -18. 9
56920.3238 16.22 + 1.84 18.33 +1.23 - - —— —— 9
56928.3090 -17.42+0.13 -3575+0.83 -13.61+0.33 -54.56+0.96 —6. —47. 9
56949.2711 -10.92 +0.30 262+231  -2.68 £0.35 16.15+1.48 -16. 22. 9
56950.2946 —-15.20+0.18 -12.03+0.70 -13.94+0.69 -13.77 +3.89 -15. -9. 9
56978.2935 -14.62+035 -3326+0.53 -24.65+0.79 -34.15+1.13 -19. —-26. 9
57073.2605  —5.56 +0.47 516 +2.13  -6.07+0.17 21.75 £ 1.58 -2. 13. 9
57073.3662  -2.40 +0.52 6.57 +£1.33 10.02 + 1.05 20.56 + 0.60 9. 12. 9
57074.2706  —4.87 +0.53 6.38 £ 0.35 543+0.60  20.80+0.35 2. 9. 9
57110.2598  -9.36+2.54 -3520+0.98 -11.44+581 -47.73+1.65 -2. -53. 9
57123.6370  —4.86 +0.30 11.32+£0.77 5.53+0.75 10.71 £ 1.73 3. 11. 9
57137.6098  —-4.08 +1.23 -25.18+0.88 -14.59+0.62 -23.40+1.25 -13. -23. 9
57154.5792 -12.83+047 -18.28+0.18 -4.78+0.86 -24.82+0.79 1. -18. 9
57228.4145 10.53+£0.63 —-13.12+3.26 3.76 £ 2.17 - — — 9
57256.4904 -19.43 +0.18 -26.81+2.16 -585+0.75 -30.56+0.46 1. -7. 9
57260.5354 -22.76 +1.06 -39.29+0.88 -2031+199 -51.07+1.87 —6. —44. 9
572773647  -3.11 £2.65 16.58 +£0.77 2021 £0.60  26.43 +1.08 11. 24. 9
57295.4332 -9.01 £ 0.98 7.60+124  -7.86+0.87 21.81 +1.34 -13. 18. 9
57300.3763  -2.03 +0.47 9.22 +1.85 3.64 £0.35 14.87 + 1.99 -3. 12. 9
57308.3352 -13.20+1.76 —-19.88+230 -9.18=+1.13 -23.01 +4.22 -8. -28. 9
57328.2087  —-8.13 £3.26 6.11+047 -5.12+0.75 13.71 + 0.46 -10. 6. 9
57328.6913  —4.37 £ 0.18 8.11+1.85 234 +1.21 29.29 +1.21 -3. 20. 9
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Table C.1. Individual photometries of V746 Cas and its comparison stars transformed to the standard Johnson UBV system

Dataset Star  No. of Vv B U B-V U-B  Source
obs. (mag.) (mag.) (mag.) (mag.) (mag.)
14A HR 96 23 5.748(10) 5.680(10) 5.369(21) -0.068 —0.311 D
14A HD 567 8 7.215(06) 7.188(23) 6.789(07) -0.027 -0.399 D
14A V746 Cas 6 5.601(04) 5.486(06) 4.891(05) -0.115 -0.595 D
14D HD 567 11 7.224(12) 7.194(22) 6.805(14) —0.029 -0.389 D
14D V746 Cas 6 5.606(05) 5.489(04) 4.901(05) -0.117 -0.588 D
11 HR 96 157  5.737(05) - - - A
11 HD 567 8 7.206(09) - - - A
11 V746 Cas 6 5.590(10) - - - A
12 V746 Cas 1635 5.606(01) - - - B
12 HD 567 847 7.235(01) - - - B
13 V746 Cas 251 5.586(09) 5.475(11) 4.879(13) -0.111 -0.596 E

Notes. Column “Dataset”:  11...All-sky Hipparcos H, observations, transformed to Johnson V after Harmanec (1998); 12...Differential uvby
observations secured with the Four College Automatic Reflector relative to HR 96 = HD 2054. Also the check star HD 567 = BD+51°12 was
regularly observed.; 13...All-sky Geneva 7-C observations secured with the Mercator Telescope at LaPalma; 14A...Hvar all-sky photometry; 14D..

Hyvar differential photometry relative to HR 96.

Column “Source": A...Perryman & ESA (1997); B...Dukes et al. (2009) and this paper; C...De Cat et al. (2004); D...this paper.

The reason for the above statement is that the primary com-
parison HR 96 = HD 2054 is suspected to be a CP star and
it was found to be a spectroscopic binary with a 48942905 pe-
riod (Hube 1983). Using the program FOTEL, we re-analysed
available radial velocities, namely 2 RVs from old David Dunlap
Observatory (DDO) prismatic 33 A mm™! spectra (Hube 1983),
4 RVs from the DDO 40 A mm™" grating-spectrograph spectra
(Hube 1970), 5 RVs from Herstmonceux (HRM) Yapp-reflector
prismatic 70-173 A mm™" spectra (Palmer et al. 1968), and
25 RVs from the Dominion Astrophysical Observatory (DAO)
15 A mm~' grating spectra (Hube 1983). We weighted individual
RVs by the weights inversely proportional to their rms errors and
then also applied similar external weights for individual spectro-
graphs. Unlike Hube (1983) we allowed for the determination
of individual systemic y velocities for the four individual spec-
trographs. Our solution is compared with that of Hube (1983) in
Table C.2

In Figure C.2 we show a plot of the Hipparcos H,, photome-
try transformed to Johnson V magnitude vs. phase of the 48929
orbital period of HR 96. One can suspect the presence of a small-
amplitude variation with a minimum near the superior conjunc-
tion of the binary. This can naturally further complicate the pe-
riod analysis of the photometry of V746 Cas.
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Fig. B.1. The fit of several observed spectra (dots) by interpolated syn-
thetic spectra (lines) for the region covered also by the Aurelie spectra is
shown. The residuals from the fits are also shown below each spectrum
Guwieltheiembegeaohgealdwsed for the flux units).

Table A.4. RVs of all high-resolution spectra of V746 Cas derived with
the help of PYTERPOL program. The RVs and their errors were esti-
mated with the help of the MCMC silulation.

RID RV (kms™')  Spg.
51005.5778 —44.08 £5.28 6
51006.5970 —65.14 +7.46 6
51007.5940 —69.06 + 7.30 6
51009.5946 —61.16 +4.96 6
51010.5765 —63.94 +6.48 6
51011.5748 —52.72 £ 5.65 6
51012.5773  -36.68 + 2.90 6
51036.6214 —47.29 +4.06 6
51038.4965 —-33.29 +2.61 6
51040.5680 -20.27 +2.36 6
51042.6335  -1.75+2.89 6
51094.4222 0.95 +2.44 6
51096.5979 6.86 +2.07 6
51097.5923 16.16 £ 1.81 6
51098.4748 18.41 +2.84 6
51099.4536 15.20 £3.48 6
52538.5637 —18.88 +0.81 7
53025.2936 6.95 + 1.34 7
53026.2813 14.11 + 1.74 7
56175.5586  —6.88 +£0.49 8
56176.5910  -3.13+0.72 8
56177.5783 4.25+0091 8
56178.5868 13.33 £ 1.16 8
56179.5853 15.20 £ 1.35 8
56182.6157 23.57+1.64 8
56188.5120 -18.24+1.79 8
56190.5364 —45.88 +£1.93 8
56202.5101 -3.22+£0.85 8
56203.5069 1.68 + 1.51 8
56204.5150 7.50 +1.03 8
56213.5446 —-11.10+1.06 8
56214.4187 -25.50+1.13 8
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Fig. B.2. The same as Fig. B.1 for the neighbourhood of the Hy line.  Fig. B.3. The same as Fig. B.1 for the neighbourhood of the H14472 A
and Mg 1 4481 A lines.
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Fig. C.1. Top: A time plot of V photometry of V746 Cas vs. time for

the four datasets available. They are distinguished as follows: blue...
all-sky H, magnitudes transformed to Johnson V; red... differential
Stromgren y magnitude relative to the Hvar all-sky V magnitude of
57748 for HR 96; green... Johnson V magnitude transformed from the
all-sky Geneva 7-C observations; grey... standard differential Johnson V
magnitude relative to HR 96 secured at Hvar. Bottom: An enlarged part
of the plot for the time interval, where the y and Geneva transformed V
magnitudes overlap.
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Fig. C.2.  The light curve of Hipparcos photometry of HR 96 trans-
formed to Johnson V plotted for the ephemeris of the spectroscopic bi-
nary orbit Tuper.conj. = RID 45260.24 + 4892884.
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Table C.2. Orbital solutions for the comparison star HR 96.

Element Hube (1983) Our new
P (d) 48.2905(42) 48.2884(15)
Tperiastr.  45248.12(60)*)  45248.29(35)
Tsuperec. 45260.12 45260.24
TRVmax. 45250.43 45250.58
e 0.384(29) 0.376(25)
w (deg.) 320.0(6.8) 321.0(2.9)
K; (kms™) 30.1(1.0) 29.02(74)
¥ppOold (kms™h) - +9.37(56)
YHRM (km S_l) - +1.8(2.6)
YDDO new (km S_l) - _023(39)
voao (km s71) +3.41(74) +3.22(73)
rms (km s~!) not given 2.10
No. of RVs 25 36

Notes. *) The epoch given by Hube (1983), 45240.60(60) is an obvious
misprint and cannot reproduce the phase plot in his Fig. 1. We quote
his period with error derived also from all 36 RVs, which he fixed in the
above reproduced solution based on the DAO RVs only.

All epochs are in RJD; rms is the rms of 1 observation of unit weight.



