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Abstract:

Context: Binaries and multiple systems are very frequent and form large fraction of all stellar
systems. In contrast to their single counterparts, studying binaries provides the possibility to
accurately determine fundamental properties of their components that are needed for testing
models of stellar structure and evolution. On top of that, binaries can be used for accurate
distance determinations. The mass exchange in close binaries remains the only mechanism,
which completely alters their evolution.

Aims: The primary goal of my doctoral study was to determine orbital elements of selected
systems and properties of their components — masses, radii, and effective temperatures. — In
case of more complicated objects (e.g. interacting multiple systems, mass-transferring binaries,
...) the secondary goal was to confront our results with predictions of theoretical models.
Methods: Studies that I co-authored were based on three different types of observations, each
sensitive to partly different properties of studied systems — photometry, spectroscopy, and
spectro-interferometry. The analysis was carried out through several “observation-specific”
models, whose outcome was critically compared to each other and to previous studies of the
object in question.

Results: Throughout my study I contributed to: (i) Determination of sizes and orientations of all
orbits of quadruple system ¢ Tau and properties of its components. (ii) confirmation of duplicity
of two Be stars BU Tau, and v Cas, (iii) determination of orbital elements and fundamental
properties of binary undergoing mass-transfer BR CMi, close triple system HD 152246, binary
containing a pair of massive stars Y Cyg, binary with apsidal motion V346 Cen, a member of
the putative cluster 6 Lyr — BD+363317, and (iv) resolving the distance ambiguity of the
eclipsing binary containing large dusty disk e Aur.
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1. Introduction

“Tell me how you behave and I tell you who you are.”, could be a motto of binary research,
because through the mutual (almost exclusively gravitational) interaction of two binary com-
ponents, their properties, evolutionary status and structure can be inferred.

Here 1 provide introduction into the field. First the orbital motion is introduced, which is
what makes two nearby stars a binary. It is followed by an overview of principal motivations
for the binary research. Then I proceed to introduce more complicated objects — hierarchical
multiple systems, and systems undergoing the mass transfer. Finally I briefly introduce Be stars,
as their behaviour might be partially determined by binary interaction.

1.1 Binaries

A binary is a system of two gravitationally bound stars revolving around a common barycentre.
In order to separate binary components and study their properties, their orbits have to be
determined first. This is often not a simple task, because the orbital motion can be masked
by various processes, but to introduce the subject 1 start with the simplest binary possible —
a pair of gravitationally bound point masses.

1.1.1 Orbital elements

The trajectory of a binary resulting from the Newton’s two body problem is an ellipse. The
trajectory of secondary (less massive) component with respect to the primary (more massive)
component is given by six parameters called orbital elements. The relative position of j-th
component with respect to the barycentre of the binary is given by the Kepler’s first law

R aj (1 — 62)

7| (t) = ————— 1.1

751 (¢) 1+ecosv(t)’ (L1.1)
where |F] is the distance between j-th component and the barycentre, a the semimajor axis, e
the eccentricity, and v the true anomaly. Index j € {1,2}, where 1 denotes primary, 2 secondary.
True anomaly is given by the following equation:

v 1—e FE

tan — = tan — 1.2
an Tt (1.2)
where F is the eccentric anomaly given by the Kepler’s equation

E=M+esinE, (1.3)

M denoting the mean anomaly given by M = 27 (¢t — 1},,) /P. Transformation from the reference
frame tied to the binary orbit, where the z-axis is perpendicular to the orbital plane, and x-axis
goes through the periastron, to an arbitrary reference frame is carried out by the following
transformation:

Taj = Rs (=Q) Ry (—1) R, (—wj) 77, (1.4)

where 774 are barycentric Cartesian coordinates in an arbitrary reference frame, R, (R,) denotes
the rotation matrix, around the z-axis (x-axis),  is the longitude of ascending node, i the
inclination, w the argument of periastron, and i are Cartesian barycentric coordinates in the
reference frame tied to the binary. The arguments of periastron of individual binary components
are not independent but related through wy = wy + 7 (in radians).

In order to determine positions of both components with respect to the barycentre the
following eight orbital elements have to be determined: a1, ao, €, i, w, , T}, and P. They
also determine the masses of both components through the third Kepler’s law (Eq. 7 and
definition of the barycentre (Eq. [L.6).

(a1 + as)? (my + ms)
_ 1.
77 G (1.5)
miaz = moay, (1.6)



where m denotes the masses, and G Newton’s gravitational constant.

This is not the only possible set of orbital elements, because any combination of orbital
elements is also an orbital element, e.g. for the description of radial-velocity curve it is beneficial
to introduce semiamplitude of the RV-curve K; = f (a,,e, P).

Orbital elements of this simplified model are constant, but realistic systems are not point
masses, therefore in reality the orbits are not closed ellipses. For the majority of systems, the
difference between the model and realistic stars is very small and does not produce an effect
that would be observable on a human timescale. A list of common departures from the two-
point-mass model is the following:

(i) Stars cannot be reduced to point masses: Tidal interaction between components is
non-negligible and higher moments of the multi-pole expansion have to be included. This
effect is typical for very close binaries and manifests itself as an apsidal advance.

(i) The system consists of more components: Already three-body problem does not
have an analytic solution, and orbital elements of systems consisting of three or more
stars are not constant. Multiple systems are introduced in greater detail in Sect.

(ili) Component masses are not constant: Mass of a star can significantly change due to
mass-transfer in semi-detached and over-contact binaries, or due to strong stellar wind in
O-type stars and Wolf-Rayet stars or late-type giant stars. Mass transfer is discussed in
greater detail in Sect.

(iv) Newton’s gravitational law is invalid: In binary stars (excluding neutron stars and
white dwarfs), the departures are usually very small and they demonstrate themselves
by an advance of the argument of periastron. Another consequence of general relativity
theory — the invariable speed of light — demonstrates itself by the light time travel effect.

1.1.2 How do we categorise binaries?

It is in the human nature to sort and label the surrounding universe as the first step to its
(sometimes only apparent) understanding. Binaries are not an exception to this rule and various
binaries were assigned different labels. There are two most common ways of their classification.

The first division is based on the observational method, through which the binary nature of
a studied system is detectable.

1. Spectroscopic binaries: A Doppler shift of spectral lines of at least one component due
to orbital motion is observed. Amplitude of this effect is proportional to orbital period
~ P~1/3 hence the number of spectroscopic binaries drops significantly for orbital periods
>103d.

2. Eclipsing binaries: The favourable orbital inclination causes that the components
eclipse each other at certain orbital phase. These binaries are most common among
very close systems with period P < 10! — 10%d.

3. Visual/Astrometric binaries: Orbit of at least one component is resolved. Binaries
with orbital periods P > 10*d typically belong to this group, but this estimate depends
on the distance of the system from us and on the spatial resolution of the instrument
used.

The former two groups are much more numerous, because their observations are limited by
magnitude only, while the latter is also limited by the spatial resolution. Note that the numbers
given in the previous list serve only for orientation, because there are freaks, that fall outside any
box. Also one binary can easily fit into all of these boxes thanks to high resolution observation
techniques.

The second division was introduced by [Kuiper| (1941) and more systematically by [Kopal
(1955) and is based on the shape of the equipotential that the components are filling.

1. Detached systems: Both components are smaller then the last equipotential (the Roche
limit) able to separate mass of individual stars.



2. Semi-detached systems: One component fills the Roche limit, while the other is below
it. Mass from the Roche-lobe filling component may escape through Lagrange point Ly,
and be attracted by the second component.

3. (Over)contact systems: Both components overfill their Roche limits and share a com-
mon envelope.

The latter two types are common only among close binaries, i.e. those whose separation is
comparable to their radii.

1.1.3 Why are binaries important?

The principal motivation for the binary research is summarised here. The list is certainly
incomplete as binaries provide much more insights into astrophysical processes starting with
individual stars and ending with galaxies.

The binary frequency

Binary and multiple systems are very common — they are even more common than single stars,
at least for some spectral types. |Abt|(1983) concluded that among normal stars the multiplicity
fractions are 49:39:9:4% for B-type stars, and 45:46:8:1% for F-type to G-type stars, where the
numbers denote percentage of single, binary, triple and quadruple systems. Later his findings
for low mass stars were challenged by several authors (see, e.g. Duquennoy and Mayor| [1991)).
The currently accepted binary frequency among low-mass stars is 54:33:8:5 by [Tokovinin| (2014]).

The frequency of multiplicity among massive stars was revised as well. Mason et al.| (2009))
studied a sample of ~ 300 O-type/early B-type stars through speckle-interferometry and spec-
troscopy and found that the multiplicity frequency in his sample is reaching up to 75% in open
clusters and OB associations. |Chini et al.| (2012) studied a sample of 250 O-type stars, and
540 B-type stars spectroscopically. Their findings for O-type stars agree very well with those of
Mason et al.| (2009)), but they found that the binary fraction drops significantly for less-massive
down to ~ 20% among B9V stars. |Sana et al.| (2014)) conducted an interferometric survey
of O-type stars and reported de-biased multiplicity fraction 91% among all O-type stars, and
100% among main-sequence O-type stars. They also found high companion fraction (~ 2.2) for
these objects, suggesting that the majority of massive stars forms in multiple systems. Finally
Aldoretta et al.| (2015]) studied 224 O-type and B-type stars with the Hubble Space Telescope,
they arrived at results consistent with previous studies (Mason et al., 2009; |Chini et al., 2012)).

Hence the possible role of multiplicity has to be evaluated in the majority astrophysical
processes in that stars are involved, especially if those are massive stars.

Stellar masses and other fundamental parameters

Binaries provide the best source of accurate stellar masses that are free of any calibration.
Unfortunately this statement is not valid for every binary. Until quite recently the only bina-
ries providing the masses were eclipsing spectroscopic binaries (showing spectral lines of both
components), which restricted the useful systems only to those having high orbital inclination
or very low orbital period, with a handful of oddities such as e Aur.

Visual binaries can provide an estimate of the component masses if distance to the sys-
tem is known (e.g. from the parallax) but those measurements often lack precision. Speckle-
interferometric measurements can be used for the determination of the total mass only, because
they provide only separation of two binary components, but not their exact barycentric positions
needed for the determination of their mass ratio.

The advent of high-angular resolution techniques such as the optical and infrared spectro-
interferometry removed the requirement of the high inclination for sufficiently bright spectro-
scopic binaries. The number of these systems grows steadily as the technique reaches to fainter
objects and uses longer baselines.

The “other” fundamental parameters are the radius, effective temperature, and metallicity.

There are only two sources of accurate stellar radii. The first one are spectroscopic eclipsing
binaries. The second source are high resolution techniques, mainly the optical and infrared
spectro-interferometry, which has to be coupled with distance estimate or the studied system
has to be a spectroscopic binary.



The effective temperature of both components can be estimated through multi-passband
photometry for eclipsing binaries. A single-passband photometry constrains only the ratio
between the effective temperature of the primary and secondary. A more effective approach is
to study stellar spectra, but in case of binaries a special attention must be given to the line
blending. Probably the safest approach is to find an appropriate synthetic spectrum for each
binary component. However this approach may be also a source of an error, as for close or
rapidly rotating binaries the output flux varies from the equator to the pole and the effective
temperature estimated this way will depend on the aspect angle.

The situation is very much similar for the metallicity. A common approach is to estimate
abundance of individual elements from the equivalent widths of prominent spectral lines. This
approach can be falsified by the line blending of binary components. The problem can be again
solved by finding a suitable synthetic spectrum for each component.

Why did I chose to discuss these particular properties? Because they together are compa-
rable to the outcome of models of stellar structure and evolution.

Tests of stellar evolution

Binary components are born in the same molecular cloud and have the same age, and initial
chemical composition. Binary formation due to N-body interaction is extremely unlikely (maybe
with the exception of globular clusters).

Evolution of a single star depends mainly on its initial mass and chemical composition.
Further it is also affected by rotation, magnetic activity, mass-loss due to stellar wind, and
turbulent mixing, but the impact of these effects on the evolution is minor compared to that
of the mass and chemical composition, although their cumulative effect over the lifespan of
a star can be significant. Detached binaries unaffected by the mass transfer provide a test of
the stellar evolutionary models through a comparison of the measured and predicted position
of the binary in the Hertzsprung-Russel diagram or radius-effective temperature diagram.

Such tests using high precision binary data spanning from O-type to M-type stars (AR,
Am < 3%) were carried out by [Andersen (1991) and later using a larger set of binaries by
Torres et al.| (2010). Both authors emphasise the need for such accuracy if any deficiencies of
evolutionary models are to be discovered. This is the primary motivation to re-visit already
investigated binaries every time the observational and analytic methods improve enough to yield
more accurate fundamental properties. High quality binary data can be used to refine models
of stellar structure, e.g. to estimate the helium abundance, to asses role of the convective
overshooting, etc.. |[Andersen| (1991) demonstrates that the full set of parameters (mass m,
radius R, metallicity Z, and effective temperature Teg) is needed to test the models of stellar
structure and evolution. All of them cannot be obtained through one type of observation, hence
it is necessary to observe binaries through several observational methods.

Determination of reliable properties of all components was one of the goals of all studies
that I participated in.

Binaries as probes

Not every member of a binary is a dull detached main-sequence star. On the contrary, pulsating
stars, Be stars, spotted stars, giants, super-giants, young stars, white dwarfs and others can be
(and often are) members of a binary, which offers opportunity to get fundamental properties
of these “rascals” and better estimate their evolutionary status and help in understanding of
processes that shape them.

Close eccentric binaries probe the internal structure of stars, because the classical apsidal
motion is a function of radial density profile of a star. Nonetheless the effect scales as ~ 1,
where 7 is the ratio between stellar radius and the semimajor axis. Hence the effect is observable
on a human timescale only for very close systems. Such test was carried out, for instance by
Claret and Gimenez| (1993)).

Distance determination

Binaries offer two methods for distance determination. The first method is very simple: If one
is able to resolve orbit of a spectroscopic binary, the distance to it is given by the ratio of the



angular and physical size of the semimajor axis. Unfortunately these two requirements reduce
greatly the number of so far available binaries.

The second is based on the estimation of the distance modulus. This approach is not free of
calibration, because each star has to be dereddened, i.e. corrected for the interstellar extinction.
This effect has only minor impact on near objects, but can be a source of significant uncertainty
for very distant objects, because the interstellar extinction is not homogeneous and isotropic
(Fitzpatrickl 2004]).

Binaries can also be used to measure distances indirectly. For example the spectroscopic
parallax, which is a calibration between the gravitational acceleration and effective tempera-
ture (in other words spectral type), and the absolute magnitude M = f (Teg,logg). Another
example is the calibration between the distance and the strength of certain interstellar lines
derived by |Guinan et al| (2012)) to estimate distance of € Aur.

1.2 Multiple systems

The vast majority of multiple stellar systems is organised hierarchically, because this configura-
tion is stable on a long timescale. The hierarchical structure implies that the influence of outer
orbit on the inner (and vice versa) has the form of a small perturbation.

This “small perturbation” may play role in the formation of close binaries. [Tokovinin et al.
(2006)) reported that the majority (96 %) of close binaries with periods P < 3d have a third
companion. Close binaries could not form only few solar radii from each other, because the
stellar radius decreases significantly (by factor from 10 to 100) as the star moves from the
Hayashi line to the zero-age main sequence. The fact that every such binary has a third
companion suggests that its presence plays a role in their formation.

Dynamical interaction between inner and outer orbit in a triple system will cause precession
of both orbital planes around the total angular momentum vector and rotation of the outer orbit
if it has a non-zero eccentricity (Soderhjelm), 1975} |Breiter and Vokrouhlicky} 2015]). Periods of
these effects are proportional to the mutual inclination angle, and the ratio Py /P;, where Py
(Py) is the orbital period of the outer (inner) orbit. These effects occur on a human timescale
only for close triple systems. They are unable to change semimajor axes of the two orbits.

The situation changes completely if the mutual orbital inclination is j 2 40 deg. In this case
the three-body interaction excites oscillation of the eccentricity of the inner orbit and the mutual
inclination of both orbits known as Kozai cycles (Kozai, 1962) The amplitude is independent
of the strength of the perturbation, but depends only on the initial eccentricity of the inner
body and the initial mutual inclination. For very high initial inclinations, the amplitude of
the oscillation of eccentricity is reaching up to one, bringing the members of the inner binary
very close to each other. If the periastron separation is only a few stellar radii, tides can
partially dissipate the orbital energy and decrease the semimajor axis of the inner system. This
mechanism is called Kozai cycle with tides (Harrington, [1968; [Eggleton and Kiseleva-Eggleton)
2001)). [Fabrycky and Tremaine| (2007) found through a synthetic population of triple systems,
that the final distribution of inner orbital periods has a peak at P ~ 3d and the distribution
of the mutual inclination has peaks at j € {39.2,140.8} deg, which are limiting angles. Kozai
cycles occur only in between these limits. This prediction was observationally confirmed by
Rappaport et al| (2013]) whose sample consisted of 39 triple systems, and by |Borkovits et al.
(2015) who analysed 26 triple systems.

Close binaries represent the richest source of fundamental stellar parameters. Understand-
ing their formation is very important and theoretical works such as [Fabrycky and Tremaine
(2007)) present strong motivation to re-investigate close binaries to observationally asses the
true importance of Kozai cycle with tides. For a complete comparison one needs to determine
the mutual inclination of the inner and outer orbit j. It can be determined either if both
orbits are resolved, or from the perturbation of the inner orbit by the third body. Resolution
of close binaries requires a very high spatial resolution and is a task for modern long baseline
interferometry.

In my doctoral study I investigated a hierarchical quadruple system & Tau. The inner triple
subsystem is close (the ratio of semimajor axes is ~ 10), but its orbits are aligned (j ~ 0deg).
Such configuration probably results from the dynamical interaction of the triple with the pri-
mordial nebula (see [Fabrycky and Tremaine| [2007; (Tokovininl 2008)).



Finally, a complete statistics of the frequency of more bodies in binaries is desirable since
it can be used to constrain various possible models of the binary formation. A catalogue of
multiple stars founded by [Tokovinin| (1997) had been growing steadily. [Tokovinin| (2008) offers
a comparative statistics of the catalogue. One of his findings is that the distribution of periods
of the inner orbit is bi-modal. The scarcity of binaries with inner orbit periods P ~ 103 — 10*
is a selection effect due to observational bias. Radial-velocity variations of these binaries are
low and difficult to detect, but the angular separation of these binaries is low for standard
imaging techniques. This should be overcome with high angular observation techniques, such
as interferometry, hence the scarcity is called “the interferometric gap”.

The outer bodies are discovered either directly, if they are bright enough, or through observed
perturbations of the inner pair. An isolated eclipsing binary is a very accurate clock ticking
twice each orbital period. If the clock is not strictly periodical, presence of a third body might
be the cause for the irregularity. If it is so, a part of the eclipse timing variations results
from the light time travel effect, which is a purely geometrical effect, or from the dynamical
interaction of its components if the triple system is close enough (Borkovits et al.l [2003; Breiter
and Vokrouhlicky, 2015)). The latter approach is powerful since it requires only a good series
of photometric observations, which can be carried out even for very distant and faint objects.
This was observationally demonstrated by [Rappaport et al.| (2013), who investigated eclipse
timings of 2157 binaries observed by the Kepler satellite (Koch et al., |2010]).

1.3 DMass transfer

The mass transfer remains the only physical process in a binary, which completely alters the
evolution of its components, as it interchanges the initial binary mass ratio. The reversal
occurs shortly after the beginning of the process and this fact explains the long-standing Algol
paradox, i.e. why the mass-losing component is the less massive component |Crawtford| (1955)) in
the majority of semi-detached binaries. The existence of the large-scale mass exchange was first
numerically modelled by Kippenhahn and Weigert| (1967)) and the results of early evolutionary
model calculations were summarised by [Plavec| (1970); Paczynski (1971) and compared to the
observed binaries undergoing the mass transfer.

In a typical semi-detached binary the mass ratio has been already reversed. The mass
transfer rate is low m ~ 1078 Mg, yr~ ', and it is conservative, i.e. all mass leaving the mass-
losing component (donor) is accreted by the mass-gaining component (gainer). The donor is
over-luminous — resembling an earlier-type star then it should according to its mass, because
inner layers were exposed by the mass transfer. The gainer is partially or fully embedded
within an accretion disk, which is partially opaque (forming a pseudo-photosphere) and partially
transparent. The mass of the accretion disk is negligible in comparison to the mass of the gainer
(see Hubeny and Plavec, [1991} [Linnell et al., 1998, for the 5 Lyr system). Spectral lines of the
gainer usually have an emission component, which makes the determination of the RV of the
gainer difficult. In favourable cases the RV can be measured by comparison of direct and
mirrored profiles of the steep wings of the emission lines (Bozi¢ et al., {1995, see application of
the method to ¢ Per).

The phase of the rapid mass transfer is significantly shorter than the rest of the process
but the mass transfer rates are much higher mm ~ 107°Mgyr~'. This phase of the mass
transfer is probably non-conservative (i.e. a part of the mass and angular momentum leaves
the system). At the site of interaction of the mass stream with the accretion disk and/or the
stream with itself, when it encircles the gainer, the material is heated forming a hot spot and
partially expelled from the system either due to radiative shielding of the hotspot as proposed
by [Deschamps et al. (2013), and/or due to hydro-dynamical interaction of the mass stream
with itself as proposed by Bisikalo et al.| (1998)).

Mass transfer is the inevitable fate of many close binaries. A post mass transfer binary
components are not comparable to models of stellar evolution of single stars. A definitive
model of the process of mass transfer has not been found yet, and especially the total mass lost
from the system during the process remains very uncertain. Hence description of binaries at
various stages of the mass transfer, preferably its rapid phase is much needed to understand
the process. During my doctoral studies I studied two stars undergoing the mass transfer:
BR CMi probably undergoing already rather slow later phase of the mass transfer, and g Lyr,
which is still in the rapid phase, although already after the initial mass ratio reversal.



1.4 Be stars

The most conservative definition of a Be star is that it is a B-type star whose Balmer lines
have exhibited an emission component at least once during its recorded spectroscopic history.
There is a general agreement that the emission arises from an optically thin circumstellar
envelope around the object (a single star or a binary). Nonetheless, the stars having an emission
component in their Balmer lines can also be found from M-type to O-type stars.

This conservative definition is too general, because in many cases we are aware of the process
responsible for the presence of circumstellar mass. Those processes are: (i) the mass transfer
between binary components, when one component overflows its Roche-lobe, (ii) stellar wind,
(iii) remnants of primordial nebula in young Herbig stars, (iv) stars at the end of their life —
asymptotic giant branch stars, or super giant stars.

I shall adopt the definition of a “Classical Be star”: a rapidly rotating (80 — 90% of the
break-up velocity) B-type star that forms a Keplerian gaseous disk and does not belong into
any of the above-mentioned categories. They vary on timescale starting from few seconds to
tens of years.

The Be phenomenon was not the primary subject of my thesiﬁﬂ hence only basics are
provided here. A more detailed overview of the subject is in [Harmanec| (2000); |[Porter and
Rivinius (2003); Rivinius et al.| (2013]).

Be stars vary on timescales starting from few seconds up to the whole observational time
span. A basic overview of their observational properties is the following:

(i) The emission lines of Be stars are double-peaked. In some Be stars, cyclic variations of
their ratio were observed. Emission lines of some Be stars have a shell line — a deep and
narrow absorption core. For example BU Tauri cyclically varies between a pure emission-
line phase and a shell-line phase (see Fig. 1 in [Nemravova et al., |2010|). Balmer lines are
not the only emission lines in their spectra. A number of metallic lines also have emission
components. The ultra violet spectra do not differ from standard B-type stars, and some
Be stars have an excess of radiation in the far infrared.

(ii) The objects also show photometric variability, not necessarily cyclic. (Harmanec, [1983])
recognised three time scales of variability and for the long-term ones explained the positive
and negative correlation between the colour and magnitude during onset of an emission
phase as an effect of different aspect angle.

(iii) Continuum visible radiation of Be stars is significantly polarised (e.g. Wood et al.l [1997).

(iv) Spectro-interferometric studies (e.g. [Meilland et al 2012)) proved that Be stars are sur-
rounded by a disk-like structure, whose opaque parts span several stellar diameters in the
infrared. The disks are all Keplerian and the central star rotates at high velocity, but
probably below the break-up velocity (= 15% according to [Meilland et al., |2012]).

(v) X-ray radiation was detected for some Be stars (e.g. y Cas, [Smith et al., |2012]).

Several formation mechanisms were proposed. They are the following: (i) Compression of
the stellar wind to the equatorial plane. (ii) Ejection of material from the equatorial plane of
the rapidly rotation star. The former mechanism was originally proposed by Bjorkman and
Cassinellil (1993)) and has already been ruled out as it was not able to produce accretion disks
with the observed properties. The properties of the latter agree better with the observations
and it is currently widely accepted formation model.

This finding raised a question, what kind of process leads to ejection of material? The orig-
inal idea by [Struve| (1931)) was that the star rotates at the break-up velocity is not supported
by observations. The following explanations were proposed: (i) binary interaction, (ii) mag-
netism, (iii) non-radial pulsations.

The last mechanism proposed by [Baade| (1988) is widely accepted and seen as the most
probable explanation of the Be phenomenon. The latest photometric ground-based and space-
borne surveys detect multi-periodicity of the objects. For example Semaan et al.| (2013) analysed
CoRoT observation of 13 Be stars and concluded that all of them are pulsators.

1 participated in studies of two Classical Be stars BU Tauri (Nemravova et al.,|2010)), and v Cas (Nemravova
et al., |2012b)), but those studies were both submitted before the beginning of my doctoral study.



A mass transfer (or episodic mass transfer during a periastron passage) has been proposed
as the mechanism for the formation of accretion disks in Be stars by |Kriz and Harmanec| (1975)).
This hypothesis has been ruled out by infrared observations. A Roche-lobe filling donor was
not found in Classical Be stars. Also the binary frequency among Be stars does not deviate
much from that estimated for (regular) B-type stars (~ 40%).

Later the binary hypothesis was re-visited by [Harmanec et al.[(2002). The authors proposed
that the mass is ejected from a rapidly rotating component due to tidal interaction during the
periastron passage (i.e. non-zero eccentricity is required). Nonetheless the authors found that
the mechanism requires equatorial rotational velocity very close to the break up velocity, which
is not supported by the observations (Frémat et al., |2005; [Meilland et al.l 2012)). However,
there are still authors (e.g. Townsend et alJ, 2004) who point at possible bias of the measured
rotational velocities of Be stars, and at possibility that these objects are actually closer to
the break-up velocity. Also at the high rotational velocity required by their hypothesis other
instabilities may also lead to the ejection of the matter.

Detection of duplicity was the primary goal of our studies about BU Tauri (Nemravova et al.|
2010) and v Cas (Nemravova et al., [2012b)). We were able to prove duplicity of these objects,
but a direct link between an onset of emission phase and the duplicity was not found in both
systems. In v Cas it is also ruled out by the zero eccentricity of its orbit. Although duplicity
probably plays only minor role in the formation of the accretion disk, it may partially cause its
variations. Hence duplicity should should be evaluated in any Be star.

During my doctoral study I have participated in the investigation of ¢ Aur, S Lyr, and
BR CMi. Balmer lines of all these stars have an emission component, but the latter two are
binaries undergoing mass transfer and the former contains large dusty disk, hence none belongs
to the group of Classical Be stars.

1.5 Outline of the thesis

The structure of the thesis is the following:

1. The acquisition, and reduction of spectroscopic, photometric and spectro-interferometric
observations are summarised Chap. 2] The key benefits for binary research of different
observational techniques are also discussed. A special attention is given to introduc-
tion of the CHARA/VEGA spectro-interferometer, and to reduction of its observations,
because the observations from this instrument play a key role in the investigation of
& Tau and B Lyr. An overview of contemporary techniques for radial-velocity measure-
ment is provided, along with their critical comparison. I refer back to my studies about
BU Tauri (Nemravova et al., 2010), and « Cas (Nemravova et all |2012bf), because our
research was aimed at confirming the duplicity of these objects through radial-velocity
measurements. Both studies are attached to the thesis.

2. Semi-analytic models that I used in the study of various binary and multiple systems
are described in Chap. [3] All the presented models are tailored to one observation type.
There is a model for interpretation of radial velocities of multiple systems, light curves of
binary systems, complex visibility and closure phase of interferometric fringes of multiple
systems and binaries showing traces of circumstellar matter, and normalised spectra of
multiple systems. The majority of models described in this chapter were forged into
a program, which is described in Chap. [0} Special attention is given to the comparison of
the observed and synthetic spectra. I applied this method in studies of several binaries
and developed a robust program for the task Pyterpol. Application, and limits of each
model are discussed.

3. An overview of my research on the quadruple hierarchical eclipsing binary & Tau is pre-
sented in Chap.[d] The study is based on series of spectroscopic, photometric, and spectro-
interferometric observations, which were analysed using “observation-specific” models de-
scribed in Chap. [3|and a N-body model by [Broz (2016, submitted to ApJL). The results
of the investigation are confronted with predictions of the perturbation theory, and were
published in a preliminary study by [Nemravova et al| (2013) and a complex final study
by (Nemravova et al., [2016). Both articles are attached to the thesis.
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4. Progress in the study of a binary undergoing rapid mass-transfer phase §Lyr is pre-
sented in Chap. The study is based on large number of visible and infrared spectro-
interferometric observations. I carried out a preliminary analysis of the continuum and
arrived at conclusion, that the observations are inconsistent with an accretion disk rep-
resented by an uniform cylinder. To progress further with the analysis I need to develop
a more physically sound model. Preliminary results were published at the conference
Physics Of Evolved stars in Nice (Nemravova et al., [2015)).

5. A user’s manual for three programs, that I developed during my doctoral study is pro-
vided in Chap @ (i) The program ERV for the measurement of radial-velocities through
comparison of observed and template spectra. (ii) The program FRV for the interpre-
tation of radial-velocities of multiple hierarchical systems. (iii) The program F'V for the
interpretation of squared visibility and closure phase of binary and triple systems. All
these programs are also available at the enclosed DVD.
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2. Observations and reductions

In the first part of this chapter acquisition, reduction and benefits for the binary research
of the spectroscopy, photometry and the spectro-interferometry, is summarised. A special
attention is given to the spectro-interferometry, because it is still “a rather young technique”,
and the instrument CHARA /VEGA, because I studied primarily observations from it.

In the second part an overview and critical comparison of methods of radial-velocity mea-
surement is given.

2.1 Overview of standard observational methods

Basics regarding the acquisition, reduction and benefits for binary research of the spectroscopy,
photometry, and spectro-interferometry are provided in this section.

2.1.1 The photometry

The photometry is the most common observational method, due to its simplicity, since it
studies the integral flux F' coming from the observed system. The photometric observations are
currently acquired in a wide range of wavelengths from the gamma radiation to radio waves.
Here I deal with observations acquired in visible and near infrared wavelengths only.

Instead of absolute linear flux scale, relative logarithmic scale is generally preferred

F
mg —my = —2.5log (;) , (2.1)
1

where m denotes magnitude of an object. The photometry can be used to study binaries, if the
flux (or light) variations are caused by the binary interaction. The two most common cases are
eclipses (one star is passing in front of the other from observer’s point of view), and ellipsoidal
variations caused by changes of the projected flux from a binary component that is deformed
by the gravitational force of the secondary.

Acquisition and reduction of optical and near-IR observations

The photometry became popular with the use of photoelectric detectors along with photo-
multipliers due to their high sensitivity and broad dynamical range (compared to photographic
plates). Nowadays these detectors are slowly being replaced by charged coupled devices (CCDs),
which offer higher sensitivity in near-IR region and allow simultaneous observations of a large
number of scientific and calibration stars, although they still suffer from discrepancies, which
are generally more important, for bright objects (small FOV, non-zero shutter closing time,
readout time). A detailed summary of the history of photometry is in [Hearnshaw| (1996).

The photometric observations are affected by the atmospheric and the instrumental ex-
tinction. The first one is varies significantly with the air mass X, and cannot be considered
constant over time larger than a few minutes. This problem can be overcome if an non-variable
star having similar colour properties and position on the sky (called comparison star), is ob-
served along with the variable star. Some observers are satisfied with such measurements and
use them for estimation of epochs of minima, but the measurements could not be compared to
any absolute-calibrated model, because they are still affected by the instrumental and atmo-
spheric extinction, meaning also that comparison to measurements from any other instrument
is impossible.

To overcome this and also to sample the spectral energy distribution function of stars,
standard photometric systems were devised. A standard photometric system consists of a set
of magnitudes measured for a large sample of stars spread over the whole sky at specific well
defined spectral filters with known transmission curves. Two very popular systems are the
Johnson’s broad-band UBVRIJKL (Johnson et all [1966) and the Strémgren’s narrow-band
ubvy (Stromgren, [1966). More details on the photometric systems were reviewed by Bessell
(2005).
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A brief summary of steps necessary to transform instrumental magnitudes m to a standard
system follows. CCD plates have to be corrected for the bias, the dark current, and divided by
flat-field first, similarly as it is described in section [2.1.2}

e Atmospheric extinction: It is caused by the absorption and scattering of the incoming
flux in the atmosphere of the Earth. The extinction is decreasing with the wavelength in
visible (due to Rayleigh scattering). The degree of the extinction is strongly influenced
by the air mass X between the object and the observer. The instrumental magnitude
(outside the atmosphere of the Earth) myg is given by

m=mgy+ k(t,\)X, (2.2)

where k the atmospheric extinction coefficient, ¢ the time and A wavelength. In their
reduction package HECZﬂ Harmanec et al.| (1994); Harmanec and Horn| (1998) use poly-
nomials up to the fifth order to model nightly variations of the atmospheric extinction.

e Drift of the zero-point of the magnitude scale: It may be caused by temperature
variations of the instrument or changes of the voltage of the photo-multiplier. In HEC22
it is modelled with polynomials up to second order. The Eq. (2.2)) has to be modified to

m=mg+ k(t,\) X + c(t), (2.3)

where the term c represents time dependent zero-point drift. The zero-point drift behave
the same in all photometric filters, which makes it distinguishable from the extinction
variations, which behaves differently in each filter.

e The seasonal transformations: The true magnitude m(A) (for an ideal instrument
with flat transmission R(A) = 1) as a function of wavelength A can be expanded to the
Taylor series:

N AW,
mo(A) = m(\) + Z i (A ), (2.4)

where the derivative d(¥m is usually approximated with a colour index or their (non-
)linear combination, and mg is the instrumental magnitude. Finding a transformation
between an instrumental and a standard one means to find transformation formulae be-
tween two such series. |Hardie| (1966|) suggested a transformation including only linear
coefficient of the Eq. , which was later challenged by several authors (e.g. [Young,
1992), who have shown that higher order terms (up to fourth order) in the expansion
are still relevant and their negligence leads to systematic errors in the transformation. It
depends on the colour of stars and cannot be derived until a representative sample of both
cool and hot stars was measured. Therefore it is carried out after longer period of time
(i.e. season). In case of the most widespread Johnson UBVR system the transformations
are given by Eqs. (7) and (8) in [Harmanec et al. (1994).

The necessity to remove atmospheric extinction is not valid for space telescopes, but the
transformation to a standard system is often complicated, either because of limited FOV of
the telescope (e.g. Kepler mission [Koch et all 2010), meaning that the FOV does not contain
enough standards to successfully transform the observations, or because the mission was focused
at stars, which lie outside the standard systems (e.g. Spitzer mission [Werner et al.l 2004) or
due to absence of the zero-point correction (e.g. MOST mission [Walker et al.l |2003).

Successful transformation formulae of the Hipparcos photometric observations to Johnson’s
UBYV system were carried out by [Harmanec| (1998). [Harmanec and Bozi¢| (2001) argued that
similar transformations can be carried out for arbitrary instrument, if there are stars, among
those observed with the instrument, for which well-established colour indices in the desired
standard system exist.

On the other hand, the transmission of these instruments is usually well known and if
the observations are corrected for it, the observations are directly comparable to absolutely
calibrated models of stars and binary systems.

At wavelengths shorter than near-UV and longer than far-IR, there are not any standard
widespread photometric systems.

IThe program is available at: http://astro.troja.mff.cuni.cz/ftp/hec/PHOT/
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Benefits of the photometry

Photometry provides insight into many astrophysical phenomena. These are pulsations, erup-
tions, rotation, binaries, tides, multi-body dynamic interactions, relativistic effects, and distance
estimates.

Eclipsing binaries are the most important for binary research, their photometric observations
(or light curves) yield following parameters:

e Ratio of effective temperatures Tog1/Tomo: Prsa and Zwitter| (2006) argued that it is
not possible to correctly disentangle temperatures of two stars unless colour-constraining
(described therein) is employed. The authors show that neglecting this may lead to
an error in the temperature up to few hundreds of Kelvins and is more pronounced for
eclipsing binaries with similar components. The common practice how to circumvent this
problem is to estimate one effective temperature with another method and fix it.

o Relative radii r1 2 = Ry 2/a: They are strongly constrained if the eclipses are total.
There is a degeneracy in relative radii 71 » and the inclination ¢, which is more pronounced
if the eclipses are partial only.

e The orbital inclination i: The inclination is strongly constrained by the eclipses. The
interval of the inclination is given by the size of the semimajor-axis and component radii.

e The orbital eccentricity ¢ and the periastron argument w: These two parameters
are constrained by the relative position of the primary and secondary eclipse.

Apart from these, an eclipsing binary is an excellent stopwatch. Uneven time difference
between two pairs of consequent minima may point to tidal variations between components
(Cowling} [1938; Eggleton et al.|[1998)), the mass transfer (e.g. 8 Lyr,Kuiper} 1941), the relativis-
tic apsidal motion (Levi-Civita 1937), the dynamic interaction (i.e. eclipse-timing variations)
between the binary and additional components of the system (e.g. Harrington, [1968).

Total flux variations do not have to be necessarily connected with duplicity. They can
be caused by pulsations changing temperature and/or total projected surface on the sky (e.g.
Cepheids |Goodricke and Englefield, (1785} |Coxl, [1974)), spots (e.g. some chemically peculiar
stars [Preston, [1974)), and circumstellar matter (e.g. some Be stars [Secchi, |1866; Rivinius et al.)
2013)).

Photometric observations used in this thesis

The easier-to-acquire ground-based observations, studied within this thesis, were taken in some
standard photometric system (usually Johnson’s UBVR). All ground-based observations were
given to me fully reduced and I did not partake in their reduction, but I partook in the acqui-
sition of photometric observations at the Hvar Observatory in Croatia.

Space-borne observations studied within these thesis are: 1) Observations of £ Tau acquired
with satellite MOST (Walker et al., 2003), and 2) archival observations from satellite Hipparcos
(Perryman et al., [1997; van Leeuwen) [2007). The observations from MOST were almost fully
reduced, I had to filter the signal caused by stray light from the atmosphere of the Earth.
Hipparcos archive data were fully reduced.

2.1.2 The spectroscopy

The spectroscopy is an observational method, which can be used to probe kinematics of a binary
and its components, their radiative properties, and their chemical composition. The information
contained in a spectrum is so complex that even the classification of stars is based on the
incidence and shape of various spectral lines. Currently available spectra of stars cover the
gamma, X-ray, UV, visible, IR and radio regions. In my doctoral study, I worked only with
spectra from visible and near IR regions. Therefore following sections deal with the spectra
from these regions only, although some information may be universally valid.
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Acquisition and reduction of optical and near-infrared spectroscopic observations

A spectroscopic observation is obtained by inserting a dispersion element (usually a grating)
before the detector. The resulting flux as a function of the wavelength F(\) is affected by
the instrumental and the atmospheric transmittance. The most important characteristics of
a spectrograph is its spectral resolution R given by

R = \AM, (2.5)

where A is the wavelength, and AM the difference between two pixels of the detector. The
resolution limits the precision with which we are able to measure properties such as radial
velocities, line shapes, equivalent widths, etc.. Another key parameter determining possibility
and accuracy of measurements is the signal-to-noise ratio (SNR).

Spectrographs come in many flavours based on their purpose. The simplest ones are those
producing slit spectra such as the one at the Ondiejov observatoryﬂ which record only one
spectral order. More advanced are echelle spectrographs, such as FEROS (Kaufer et al.| [1999)
which disperse the orders with an additional grating and record them simultaneously, or multi-
object spectrographs, such as FLAMES (Pasquini et all 2002)), which benefit from aperture
masks and optical fibres, and are able to record spectra of several objects simultaneously.

Spectrum recorded on a CCD is affected by the transmittance of the instrument and the
atmosphere (unless the observation was carried from outside the Earth’s atmosphere). Reduc-
tion of a spectrum is a series of steps during which these effects are (partially) removed. The
basic procedure is following:

e Bias subtraction: FEach pixel of a CCD is connected to some basic voltage, which
generates a small signal. This signal is estimated either by taking image with zero exposure
time or from part of a chip (called the over-scan region) where no light is recorded during
exposure. This image has to be subtracted from the science and remaining calibration
images.

e Dark subtraction: Unless the CCD chip is cooled, it is necessary to obtain one image
with closed shutter and with the same exposure as the science target, because the de-
tector emits thermal electrons. This image has to be subtracted from every science and
calibration image.

e Flat-fielding: Each instrument suffers from inhomogeneities in the optical path of the
beam and in the sensitivity of the CCD chip pixels. Flat field is an image of equally
lit surface (e.g. dome-flat), sky at the dawn or a lamp with a flat field, by which the
spectrum of a science target is divided.

e Wavelength calibration: The spectrum of science target has to be transformed from
the pixel scale to the wavelength scale. For this task a calibration spectrum is recorded
using a source with known and well defined sets of spectral lines (e.g. ThAr lamp, iodine
cell). The spectral dispersion is estimated over the calibration image and transferred to
the scientific one. If present, measurements of RV on telluric lines can be used to correct
the zero-point of the RV scale.

e Continuum normalisation: If colour dependent transmittance of the instrument and
the atmosphere cannot be removed, the continua of the spectrum are fitted by a low-order
polynomials, and then divided by it, so the continuum flux F. = 1.

The true reduction procedure depends on the properties of each individual instrument. Nowa-
days the reduction of cutting edge instruments became very difficult, hence it is often carried
out by the staff operating the instrument and the astronomer is given reduced data. A more
detailed description of acquisition and reduction of spectroscopic observations is given in [Ev-
ersberg and Vollmann| (2015)).

2see http://stelweb.asu.cas.cz/web/index.php?pg=2m_telescope&subpg=2m_telescope_coude_

spectrograph
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Benefits of spectroscopy

The stellar spectra come packed with a large amount of information. Many binary researchers
are satisfied with the radial velocities (RVs), which are then used to estimate the orbital elements
of a binary. A description of RV measurements is given in Sect.

Additional properties can be estimated with the help of synthetic spectra, which were com-
puted from a stellar atmosphere model. Although these models are computed under several ap-
proximation (limited lists of species and transitions, one-dimensional models, simplified opacity
treatment), they provide a good representation of the observations, especially for the main-
sequence stars. During my doctoral study, I worked only with pre-computed grids of synthetic
spectra based on 1D atmosphere models, which are described by a subset of following parame-

ters:

The effective temperature Tog: The population of atomic levels is given by the Boltz-
mann equation and the degree of ionisation by the Saha equation, which are both functions
of temperature. Hence the effective temperature is strongly constrained by the strength
of spectral lines.

The gravitational acceleration logg(.g: It is strongly constrained by the shape of
lines which are broadened by Stark effect, these are usually hydrogen and some helium
lines (see Kallrath and Milone} 2009, p.56).

The metallicity Z: It is given by incidence and depth of spectral lines. The influence
of the metallicity on the line depth is a second-order effect compared to the influence of
Teg in a sense, that a small variation of the temperature leads to larger difference in the
resulting spectrum, than the same relative change of the metallicity.

The a-element abundance Z, : It is the ratio between the iron abundance and the
abundance of a-elements [a/Fe|] The a-elements are light elements (proton number Z <
22), whose most abundant isotopes are multiples of a-particle: C, O, Ne, Mg, Si, S, Ar,
Ca, and Ti. This ratio is an age indicator, since a-elements are produced especially in
SNII explosions, but less (compared to iron) in SNIa explosions, therefore the ratio is
maximal for metal-poor stars and is decreasing with the metallicity (see |Gratton et al.,
2004, p.395-396).

The micro-turbulence vyc: It acts similarly to the thermal broadening, but the cause
is not the motion of individual particles, but the motion of photospheric cells, which are
smaller than the mean free path of a photon. The micro-turbulent broadening is small
vvic = 1 — 2km.s™L. (see |Gray} [2005, p.430).

The synthetic spectra given by preceding parameters do not match the observed ones well,
because the synthetic spectra account only for the collisional broadening, the Stark broadening,
the micro-turbulent broadening, and the thermal broadening. Real spectra are broadened by
additional effects. The most common ones are following:

The macro-turbulence vyac: It is caused by the relative motion of turbulent cells, in
which a photon is created and those from which it escapes the photosphere. Each cell
provides a Doppler-shifted stellar spectrum, which is broadened by the micro-turbulence.
A radial-tangential model of the macro-turbulence assumes, that the turbulent cells move
in both radial and tangential direction relative to the stellar surface with Gaussian ve-
locity distribution. The model is described in |Gray| (1975)). Some authors (Lucy, |1976;
Aerts et al., [2009) suggest that the physical phenomenon standing behind are high-order
pulsations.

The rotation vsini: All stars rotate, e.g. early-type stars, which are the main concern of
this thesis, often rotate with velocities exceeding several hundreds of km.s~'. The rotation
may be very complicated and due to limited resolution of observed spectra and time span
of the observations rigid body rotation is often assumed. In that case the spectrum of
a rotating star can be obtained by a simple convolution of normalised spectra with the
flux-weighted rotational profile (see Eq. 18.12 |Grayl 2005, p.464). Note that this model
does not take the gravity brightening into account and may lead to underestimation of
the rotational velocity for rapidly rotating stars (see [Townsend et al.l |2004]).
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e The instrumental broadening: It is a degradation introduced by the instrument due
to finite width of the entrance slit, CCD pixel size and optical aberrations. Therefore
the recorded spectrum is a convolution of an “unspoiled” image and the instrumental
profile. The instrumental profile is accounted for either by deconvolution of the two, or
by broadening of the synthetic spectra with an instrumental profile. The instrumental
broadening kernel is often simplified to a Gaussian, although its can be more complicated.

Estimation of stellar properties through comparison of the synthetic and observed spectra
was one of the main goals of my doctoral work and is presented in Sect. [3.1.4}

Line-profile profile variations indicate inhomogeneities in the flux or velocity distributions
over the stellar surface. The velocity variations (usually caused by pulsations and rotation) can
be described either by direct line-profile modelling or by studying variations of their moments
(see |Aerts et all, [1992, for a detailed description of the method). The properties of pulsations
(modes, frequencies, amplitudes) are studied by asteroseismology, who uses these measurements
to infer properties of stellar interior (see|Aerts et al.,|2010} for a complete description of the field
and its achievements). Inhomogeneities of the flux (or spots) can be mapped by the Doppler
imaging (see [Rice, |1996). The idea behind the method is that any spot on the stellar surface
introduces a bump into the studied spectral line. The indeterminacy in the “mapping of the
bump back on the stellar surface” is removed by studying several observations with different
phase, although in case of a unfavourable inclination of the rotational axis (i = {0,£90}) the
indeterminacy cannot be overcome.

Spectrophotometry

Spectrophotometric observations are additionally corrected for the atmospheric and the instru-
mental extinction. This allows recovery of the spectra energy distribution (or SED), which
provides an additional constraint on the effective temperature of binary components. The cor-
rection for atmospheric extinction is difficult, because there is a lack of comparison stars, hence
the observations are usually carried out by space telescopes.

Studied spectroscopic observations

In this thesis I worked mainly with medium resolution slit spectra (R = 12000) acquired at
the Ondfejov observatory and with high resolution echelle spectra acquired with instruments
FEROS, HERMES (Raskin et all [2011), ELODIE (Moultaka et al., 2004), and BESO (Steiner
et all 2008) and with slit spectra from other observatories. I had to fully reduce only slit
spectra of ¢ Tauacquired at the David Dunlap Observatory and took part in preparation of
a full reduction procedure for echelle spectra acquired at the Ondfejov observatory. Both
reductions were carried out in IRAF (Tody, (1986, 1993)). The remaining spectra, that I used
in my work required only the continuum normalisation, which I carried out using Hermite
polynomials through suitably chosen normal points.

2.1.3 The optical interferometry

The main advantage of the (optical) interferometry is that it achieves very high spatial resolu-
tion, which allows to resolve various objects. A common telescope has its resolution governed
by the following equation:

Or = = (2.6)

where Ot is the limiting resolution of a telescope with an aperture with diameter D operating
at the wavelength A. Any ground-based optical telescope would, however have an effective
resolution of an instrument with aperture size D = 0.2 m due to atmospheric turbulence, unless
some kind of adaptive optics or speckle imaging is employed. The resolution of an interferometer
is given by the following formula:

A
(—:)I:Ea

where B is the separation of the two telescopes (also called baseline). The resolution achieved
by contemporary optical interferometers is © = 0.1 mas.

(2.7)
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Such spatial resolution allows the investigation of various objects and phenomena, but for
the binary research the most important is the ability to resolve the orbit of close binaries (with
short semimajor axes) and binaries distant from the observer.

Brief historical overview of the optical interferometry

Hippolyte Fizeau came up with the idea behind interferometry (i.e. interferometric fringes
are smeared by the size of the studied object, hence its angular size can be estimated from
the degree of smearing called the visibility), and is followed by the most of the contemporary
interferometer designs.

The first optical interferometer (called Michelson stellar interferometer) was constructed by
A. A. Michelson, who first measured diameters of Galilean moons (Michelson, |1891) and later
a Ori (Michelson and Pease, [1921)). In following years researchers used Michelson’s technical
design of an interferometer, which limited the baselines to several meters and was useful for
measurements of close stars only. A new impulse came in the field, when (Hanbury Brownl
1956)) developed the intensity interferometer. The instrument was used to measure diameters
of bright stars (Hanbury Brown et al.l [1974)), which provided empirical estimates of the effective
temperature of these stars (Code et al., [1976]).

The Fizeau’s amplitude interferometry was revived by Antoine Labeyrie, who devised the
method of speckle-interferometry. It uses the randomness of atmospheric turbulence to obtain
diffraction-limited images (Labeyrie), [1970). Later (Labeyrie, [1975) coherently combined the
light from two telescopes separated by 13.8m. The majority of contemporary optical and
infrared interferometers follows his construction design. A more detailed history of optical
interferometry is in [Labeyrie et al.| (2006} p.1-7).

The optical interferometer

An optical interferometer consists of two (or more) apertures (telescopes). The monochromatic
wavefronts from each telescope (denoted 1 and 2) propagate to the beam combiner, where they
interfere with each other. The wavefronts are given by the following equations:

El _ Evoef’i(A.diffl_e‘“r‘_‘)7
Ey = Ege iwt—k@+B) (2.8)

where, Fy is the amplitude of the electric intensity, w the angular frequency, k the wave vector,
7 the position of the first telescope and 7+ B the position of the second telescope. The baseline
vector is then B and path difference between two telescopes D = § - B where § is direction to
the observed star. The superposition of the two wavefronts, assuming lg and 7 are parallel, is
the following:

E=Ey + By = Epe™ @t (e“" + ei’f”gﬁ) : (2.9)
and the intensity I is
[ = E\E} = 2E, {1 + cos(kg- é)] , (2.10)

where the asterisk denotes the complex conjugation. The intensity given by Eq. varies
with the spatial frequency and is producing interference stripes called fringes. The optical
path differences (OPD) introduced by the different distances of telescopes from the source is
compensated with delay lines. These compensations are necessary, because each instrument
works with a polychromatic light of a finite bandwidth A)X an the total intensity integrated
over the bandwidth is the following:

AN/2

I(Xg, AN) = / 2Ey(1 + cos(2wkD))dA. (2.11)
0—AN/2

The integration of Eq. yields

sin(mrAAD/)3)

TAAD/ N2 os(2rD/Xg) | , (2.12)
0

I(Xo, AN) = 2EgAN [1 +
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where

sin(rAAD/A3)

M (X, AX) = )
TAND /A3

(2.13)

is the attenuation term, and characteristic attenuation scale A = A\2/A\ is called the coherence
length.

The van Cittert-Zernike theorem

Each source projected on the sky is characterised by a certain intensity distribution I = I(3),
where vector pointing to the direction to an object can be written as follows § = sj + Ks,
where s( points to the centre of the studied object and As is a displacement of each point of
the source relative to its centre.

Assuming that the delay lines have compensated the optical path delay introduced by ksy-B ,
the total measured power P is given by integration of Eq. over the whole projected surface
of the source 2:

P(o, AN) = / I(o, AN, Q)dQ
RZ

/ Io(Q) [1 + M(No, AN) cos(kAs - é)] o, (2.14)
Rz

where Iy = 2EoAX and M (Ao, AX) is the attenuation term from Eq. (2.13). Assuming that
decoherence introduced by the use of polychromatic light is negligible, one can rewrite the last
equation as follows:

P(Xo,AN) = P0+Re{/ Io(Q)e~*Bqq}. (2.15)
R2

The total power from an extended source will be modulated by the second term. If one assumes
that the source is very small and that the displacement As is perpendicular to sj, then As =
(ar, 8,0), and one can write the second term:

Py (u,v) = /2 Io(a, B)e~ 2 watvB) qadp, (2.16)
R

where (u,v) = (Bx/A, By/\) are spatial frequencies, and («, 3) are Cartesian coordinates on the
sky measured along the east-west (), and north-south (/) direction. The van Cittert-Zernike
theorem is obtained by normalisation of Eq. (2.16]):

 Jie Tole, Be= a9 dad g
B Jp2 o(a, B)dadp ’
where V is called the complex visibility of interference fringes. This relation links the projected

source intensity Iy(a, 8) with the visibility modulus (i.e. the fringe contrast) and its phase.
The main obstacles of the imaging (i.e. the inversion of Eq.[2.17) are the following:

V(u,v)

(2.17)

e Filling the Fourier plane: One has to sample V(u,v) densely enough to make the
inversion non-degenerate. There is no definitive number, because it depends highly on
the complexity of the studied object and the desired accuracy of the resulting image.
To increase the number of V(u,v) measurements one has either to increase the number
of telescopes in an array or to observe in more spectral filters (the simplest option), or
observer at more configurations of the system instrument-object. The last option is not
valid if the object varies on timescale shorter than the typical observation time needed to
sample the Fourier plane.

e The visibility phase: The atmospheric turbulence introduces phase shifts, which vary
on timescale 7 = 1o /v, where r¢ is the Fried parameter (Fried} [1966]), and v the typical
wind velocity. The Fried parameter scales as A% and is ~ 0.2m in the Johnson V band.
The turbulence: (i) prevents completely direct measurements of the intrinsic (i.e. source)

20



visibility phase, (ii) limits the exposure times T, to T, < 7. The former can be overcome
with the closure phase ¢, which is the argument of the complex triple product T3:

Ty = ViVaVy' = V4| [V [V| €91 0209, (2.18)

where V; (i € {1,2,3}) is the complex visibility for each baseline within a closing triangle
and the closure phase is ¢. = ¢1+@2—¢p3. The closure phase is independent of atmospheric
phase. For an array of N telescopes there are N(N — 1)/2 independent phases and
(N — 1)(N — 2)/2 independent closure phases, meaning that the phase can be recovered
only partially, but the recoverable fraction of the phase information grows with the number
of co-phased telescopes.

In most situations the Fourier plane is not filled enough to permit direct inversion of Eq.
and more sophisticated methods, like CLEAN (Hogbom, [1974)) or MEM (Cornwell and Evans|,
1985)) have to be used.

It is quite common (especially in the optical interferometry) that one is unable to measure
the closure phase and/or sample sufficiently the Fourier plane, hence the usage of the imaging
yields no result. In those cases one often adopts “an opposite approach”: (i) creates a model
of the studied object and transforms it into the Fourier space, and (ii) one compares it directly
to the observed visibility. I used this approach in case of £ Tau and §Lyr, whose spectro-
interferometric observations sampled the Fourier space sparsely and/or lacked closure phase
measurements.

Benefits of the optical interferometry

Optical interferometry can be beneficial to any study, where images of the object are needed
and the object (or the effect) is resolvable with the instrument. The main achievements in
the field were: (i) Measurements of stellar diameters along with limb darkening are used to
test models of the stellar evolution and of stellar atmospheres (e.g. Wittkowski et al., [2001)),
(ii) measurements of radii of pulsating stars such as Cepheids (e.g. [Kervella et al., [2004]) or
Miras , (iii) resolving the circumstellar environment of young stellar objects, Be stars, evolved
stars, and planetary nebulae. One of the key objects of this thesis — S Lyr— belongs to this
group, (iv) resolving of binary orbits, which — if complemented with a distance estimate or
with an orbital solution — can be used to estimate masses of the binary components, and the
distance of the system. Another key object of this thesis — £ Tau— belongs to this group, and
(v) astrometry in a sense of relative measurements of the star position and their proper motion
with precision reaching to one mas, which can be used to measure parallax of an object or to
detect binary companions from the motion of the primary.

Caveats of the optical interferometry

The main problem of the method is its restriction to bright objects. There are mainly two
reasons for that:

e Complexity of the instrument: In each interferometer the flux is diluted due to a large
number of reflections and/or refractions.

e The atmospheric turbulence: The rapid variability of the atmosphere at optical wave-
lengths introduce a need for short exposure times ~ 10ms.

Both problems are limiting the contemporary instruments to magnitudes lower than ~ 8 mag.
This situation should improve greatly with the installation of adaptive optics, which will allow
to use longer exposure times.

The optical interferometers are not widespread especially due to high demands on the pre-
cision and stability of the instrument. The OPD between two arms of an interferometer has to
be equal with the precision of few microns and the delay lines have to able to compensate for
phase shifts introduced by the atmosphere.

Decoherence is also introduced if the flux and the polarisation properties are not equal
between the two arms. This requires precise alignment of individual parts of the instrument
and homogeneity of the two arms.

The last caveat is innate to any imaging technique — any image is in the angular scale,
hence the observations have to be complemented with a distance estimate to convert the image
into the physical scale.
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2.2 The spectro-interferometer VEGA /CHARA

The Visible spEctroGraph and polArimeter (Mourard et al., [2009) is attached to the interfer-
ometer at the Center for High Angular Resolution Astronomy (ten Brummelaar et al.l [2005) at
the Mount Wilson, the USA. The instrument works in the optical region and is able to reach
spatial resolution up to 0.03 mas, which is not matched by any other contemporary instrument.
It is given a special attention in this work, because observations acquired with VEGA/CHARA
were used in the study of the multiple system £ Tau (Nemravova et al.; [2016]) and in the study
of the binary system [ Lyr.

2.2.1 Characterisation of the instrument

A brief description of the interferometric array CHARA and the spectrograph VEGA is given
here.

The interferometric array CHARA

The array consisting of six telescopes is located on the Mount Wilson, CA, USA. A sketch
of the array is shown in Figure [2.1] The telescopes are built in an Y-shaped non-redundant
configuration. The non-redundancy ensures that each baseline draws an almost unique curve
in the Fourier space (with minimal number of intersections) as the telescopes follow an object
on the sky. The baseline lengths are ranging from 34 m to 331 m.

Each telescope has a 1 m primary mirror. The mount of telescopes is very stiff and massive
and the positions of their foci are stable. The secondary mirror is equipped with an adap-
tive tip-tilt control, which is the first-order adaptive opticsﬂ The movable secondary mirror
compensates for the motion of the distant target image in the focal plane introduced by the
atmospheric turbulence. The light from the telescope goes through its pedestal to evacuated
beam-lines, which bring it into a beam combiner. Seven mirrors are necessary to transfer the
light and one or two additional to preserve its original polarisation.

The beam combiner contains delay lines, which maintain zero optical path difference (or
OPD) between the beams. They consist of a fixed and movable part. The fixed part, which
removes the bulk of the OPD called 'Pipes of Pan’ or 'PoPs’, is a set of parallel tubes with
different length. The movable part is a mirror on a rail, which is able to compensate the OPD
in real time up to 92m with the precision of 20nm. The beam combiner is able to use light
from all six telescopes. VEGA is able to combine light from up to four telescopesﬂ

The spectrograph VEGA

The instrument is a successor to the previous spectrograph that was installed at the GI2T
(Mourard et al., [1994). After decommissioning of the GI2T it was adapted for use with the
CHARA interferometer.

VEGA operates in the visible region (from 4500 A to 8500A) and offers three different
spectral resolutions R € {1700, 5000, 30000}. The signal is recorded with two photon-counting
cameras that can operate simultaneously in medium and high spectral resolution regimes. The
spectral range covered by each camera is only a few tens (a few nm) of nm in medium (high)
spectral region. A polarimeter following the design from Rousselet-Perraut et al.| (2006) can be
placed before the grating.

Individual frames are recorded with a frequency of 100 Hz comparable to timescale of at-
mospheric turbulence. The frames are grouped into blocks of 1000 frames. Each observation
consists of several tens of blocks.

2.2.2 Reduction of the CHARA /VEGA observations

Observations from CHARA/VEGA can be exploited for three types of observables: (i) the
squared visibility V2, (ii) the differential visibility §V and phase §¢, and (iii) the closure phase

3 An adaptive optics including a wavefront monitor and a deformable mirror is being installed (see|Che et al.)
2013).

*The successor of VEGA, FRIEND, will be able to combine light from all six telescopes in the visible region
(Berio et al.| [2014).
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Figure 2.1: A sketch of the CHARA interferometric array.

¢c. The third item can be estimated only if an observation was carried out with at least three
telescopes. The reduction of the VEGA/CHARA observations is almost fully automatised,
a user is allowed to choose a spectral region and reference stars (or calibrators). The procedure
is complex and has to deal with several GBs of data acquired during each observation. The
reduction procedure is described here.

Estimation of the squared visibility

To estimate V2 one has to select a part of the acquired spectrum. Its width is usually ~ 10 A.
While a longer segment of the spectrum contains more photons and makes the estimation V?
easier, it also introduces decoherence due to curvature of the spectrum on the plate and intrinsic
properties of the studied object. Hence one always has to compromise between these two.

The fringes recorded on individual frames are slightly shifted with respect to each other due
to atmospheric turbulence. This is not the case for their Fourier transforms. Therefore the
averaging of all frames acquired within a block is carried out in Fourier space.

Let us assume that there is only one speckle in the image, then the interferometric image
in the focal plane I(x,y) is given by following formula:

I(z,y) = Io(z,y) [1 + V cos 27 (ux + vy) — ¢)], (2.19)

where the x,y are angular coordinates on the sky with reference centre at the position of the
source, Iy is the telescope PSF (an Airy disk for one speckle), u, v the spatial frequency (ug, vg) =
(Bx, By) /A, V the fringe visibility modulus and ¢ the fringe phase including atmospheric phase
and B projection of the baseline on the sky. As a next step, we compute Fourier transform of
the previous equation:

- - V- V=
I(u,v) = Ip(u,v) + Elo(u — ug, v — Vg) — EIO(U + g, v + o), (2.20)

In cases, when the separation of the two telescopes is larger than their apertures, one can
express the Fourier transform of the interferometric image as a product of Fourier transform
of the source object O and the modulation transfer function 7', which is Eq. (2.20) for a point
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(i.e. unresolved) source

I(u,v) = O(u,v)T(u,v). (2.21)

Assuming that the source is unresolved with a single aperture, and that the source function is
real, hence O(—u, —v) = O(u,v), the Eq. (2.20) can be rewritten to

I(u,v) = O:(O,O)T(u,fu)+O(uo,v0)T(ufu0,v7vo)f

O (uo,v0)T(u + up, v + v). (2.22)

Comparison of Egs. (2.20)), and (2.22)) reveals an equation for the visibility modulus |V|:

O(UO, ’Uo)

vi=|%
(0.0

(2.23)

Eq. (2.23) shows that the energy ratio of the low-frequency (Wr,) and high-frequency part (Wy)
of the power spectrum can be used to estimate the visibility modulus. The individual parts are
following:

W (u, v)

’O(O,O)‘QTQ(U,U), (2.24)

~ 2
Wit(w,v) = 5 [Owo,v0)| [IT(u = uo,0 = vo)” + [T (u+uo, v+ w0)*] . (2:25)

1
4
The final estimator for the squared visibility V2 = |V|* is

V2 _JJ Wrdudv

— (ug,v9) = W

5 (2.26)

The Eq. is applicable only if one speckle is recorded. CHARA telescopes have 1m
apertures and therefore detect large number of specklesﬂ Each speckle is modulated by an in-
terference pattern, so Eq. has to be generalised. The derivation is carried out in|Roddier
and Lenal (1984). Estimator, which is used to extract V? from the images acquired with
CHARA/VEGA is given by Egs. (14), and (19) therein. The Egs. (2.24), and are valid
for quasi-monochromatic light. In case of polychromatic light the two equations have to be also
integrated over the studied bandwidth.

The estimated visibility is usually lower than the real one due to instrumental effects (espe-
cially uneven light loss during transfer of light from telescopes to the beam combiner). Therefore
it is necessary to calibrate the observations. The ratio between the instrumental and the real
visibility is called transfer function (TF). Calibrators are observed to estimate TF of the inter-
ferometer. A calibrator is a single star of a known diameter, which is not more than few degrees
far from the science target. TF is estimated as ratio between visibility given by calibrator model
(usually a uniform disk) Vi3 and the observed V3 of the calibrator. The calibrated visibility
V@4, of the science target is a product of the transfer function and the instrumental (or raw)
visibility Vi aw of the science target.

V2
V(J%AL = %VéAW (2.27)
0
The transfer function depends on the altitude of the target and the seeing conditions. Hence it
is not stable during a night and a calibrator has to be observed before and after each observation
of a science target.

Estimation of the differential visibility and phase

The differential visibility 0V and phase d¢ are usually studied in spectral lines, where a signif-
icant variation of visibility is expected, but the line is too narrow to sample it with a channel
several nm wide using the method described in previous section.

5Nspeckle = Spm/(ﬂrg), where Ngpeckle is the number of speckles, Spm surface of the primary mirror and ro
the Fried parameter.
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Therefore one has to choose one wide channel, outside the spectral line, over which the
visibility is approximately constant and a narrow scientific channel (shorter than the width of
the studied spectral line). A wide reference channel is chosen, since the signal to noise ratio
of the resulting differential visibility and phase is proportional to 1/S;Ss, where Ss (S;) is the
signal within the scientific (reference) channel. Then the spectral line is scanned by moving the
scientific channel over the spectral line. The differential visibility and phase are computed for
each step using the following method.

The estimator is very similar to Eq. , but instead of computing a power spectrum
given by Egs. (2:24)), and a cross power spectrum between the two channels is computed.
Assuming that the modulation transfer function 7' does not vary between the effective wave-
lengths of both channels (A1, A2) the low frequency (W7p,) and the high frequency (Wy) part of
the cross spectrum are

Wi(u,v) = |0x,04,(0,0)| T(u,v), (2.28)
11~ =~
Whu(u,v) = 1 ‘O)\10§\2(U0,UO)’ X
X [|T(u—u0,v—vo)|2 + T (u + ug, v+ vo)|*| . (2.29)

The differential visibility |6V|> = §V2 and phase d¢ are given by

V2 [ Wrdudv

57 exp(1d¢)(ug, vo) = W (2.30)

Eqgs. (2.28), (2.29)), and (2.30) are again simplified and apply to quasi-monochromatic light. An
estimator, which is used in the VEGA reduction pipeline is given by Eq. (17) in Berio et al.

(1999)).

The resulting differential visibility and phase as a function of wavelength are usually warped
due to residual atmospheric piston (or residual phase difference between two telescope intro-
duced by the atmospheric turbulence, see|Labeyrie et al., [2006, p.110) and have to be corrected
by fitting a model represented by Eq. (3) in [Mourard et al.| (2009).

Unless we are only interested in the relative change of the visibility between the reference
and scientific channels, it is necessary to calibrate the differential visibility by estimating the
squared visibility for the reference channel.

Closure phase

The number of co-phased telescopes usually does not exceed three for VEGA observations,
hence there is only one independent closing triangle. The closure phase ¢, is estimated from
a complex bi-spectrum B given by

B(uy,us,v1,v9) = f(ul,vl)f(ug,vg)f*(ul + vy, u2 + v2), (2.31)

where u; 2, v1 2 are spatial frequencies for the two projected baselines and I is Fourier transform
of the mean interferogram I, where the mean is computed from all frames for a given block.
The closure phase is the argument of the bi-spectrum given by

(bC = arg {B(Ul,’U/Q,’Ul,’UQ)}. (232)

Justification for this approach is given in the studies |Cornwell (1987) and [Woan and Duffett-
Smith| (1988).

2.3 Techniques for the radial-velocity determination

The radial velocity (RV), i.e. the projection of the velocity vector of a star into the line of
sight of an observer provide a valuable insight into the orbital motion of a star. It is measured
from the Doppler shift of spectral lines, which is in a non-relativistic case given by the following
formula:

c

RV = (A= o) 3

(2.33)
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where )\ is the measured wavelength of a spectral line, Ag its laboratory wavelength, and c is
the speed of light in vacuum.

There is a number of methods for the estimation of the RV from the shift of a spectral line,
but essentially they are all based either on the comparison of observed spectra and a suitable
template, or on the measurement of line properties. An overview of some methods and their ap-
plications is given in Sect. A special attention is given to a direct comparison of synthetic
and/or disentangled spectra in Sect. because it is potentially a source of a systematic
error if the disentangling is coupled with an orbital solution.

2.3.1 An overview of methods for the radial-velocity estimation

Here I provide a list of techniques of RV measurements, used in the studies that I participated in
(i.e. this not a complete list of all available methods) along with several remarks and an example
of their application. The techniques are the following: (i) the comparison of spectral lines
with analytic functions, (ii) the comparison of direct and mirrored line profile, (iii) the cross-
correlation, and (iv) the comparison of observed and synthetic spectra.

The last technique is given a closer look, because I developed a program based on this
technique.

The comparison of spectral lines with analytic functions

The spectral lines of stars are broadened by two mechanisms (excluding the rotation and the
macro-turbulence): (i) pressure and Stark broadening, which lead approximately to the Lorentz
profile (Grayl 2005, p.238-243), and (ii) thermal broadening, which leads to the Gaussian pro-
file (Gray, 2005, p.253-254). A convolution of these two mechanisms forms the Voigt profile.
Only hydrogen and helium spectral lines (in early-type stars) have pronounced Lorentzian
wings, which means that the majority of spectral lines can be approximated satisfactorily with
a Gaussian function.

This technique is useful for the RV determination of unblended spectral lines. Each addi-
tional spectral line, regardless of whether it comes from the same or another member of the
system, requires an additional Gaussian function (each being described by three parameters —
the central wavelength, width, and depth), which renders this method useless for long spectra
or spectra with strongly blended lines. Hence the method is used especially in case of early-type
stars such as SZ Cam (Mayer et al., 2010).

I applied this method to the measure properties of Ha  — RV, FWHM and height of the
central emission I, — of the Be star vCas (Nemravova et al| [2012b). In this application
we were primarily interested in the latter two characteristics and their variations, because we
modelled the line only with one Gaussian function, although the Ha blends with a number of
telluric lines, and suffers from additional departures from the Gaussian shape (Lorentzian wings
of the spectral lines, emission emanating from an accretion disk surrounding the central star).
Given these discrepancies it is not surprising that the method does not perform well vs. the
comparison of direct and mirrored profiles. That does not necessarily mean that the method is
not convenient for this application, but it has to be adapted (e.g. by fitting the emission wings
of Ha only, and excluding prominent telluric lines). A comparison of the RVs measured by
the fitting of a Gaussian function to the Ha profile and those obtained through the comparison
of direct and mirrored profiles is shown in Fig.

The comparison of direct and mirrored of a spectral line

A single stellar spectral line is symmetrical around the axis going through its centre, unless
there is a mechanism causing departures from this symmetry (e.g. pulsations, spots, stellar
wind, ...). Therefore it is possible to measure RV of a spectral line by sliding its direct and
mirrored profiles along each other until the best match is achieved. This technique was at first
applied to the RV measurement on photographic plates with the Grant machine (Rickard et al.
1975).

This method is superior to the fitting of the Gaussian function, because we are using “the
same spectral line” as a template. The main discrepancy of this method is its inability to deal
with line blends. If the line blends with other lines, than the mirrored profile is no longer
a correct model and its validity depends on the measure of the blending. In binary stars this
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limitation often means that we are able to measure RVs of its components around quadrature,
when the lines of the two components are separated, but we loose precision or are unable to
measure RVs at all, if the stars are near conjunctions.

I applied this method to measure RVs of two Be stars BU Tauri (Nemravova et al., [2010])
and v Cas (Nemravova et al., 2012b). In case of these two studies we measured RV on steep
wings of emission lines (Ha and HeI6678 A) in order to detect duplicity of these two objects.
In both systems only lines of the primary (brighter and more massive) component are seen in
the visible, but the measured lines partially come from the central star and partially from its
circumstellar envelope. Ha blends with a number of telluric lines. Although it may seem that
the properties of the measured spectral lines would prevent me from the usage of the comparison
of direct and mirrored profile, the opposite is true.

First the steep wings of these lines are symmetric, because they likely originate from inner
parts of the circumstellar disk, because the disk is very likely Keplerian, as it was proved in case
of v Cas (see |Stee et al.| 2012) and other Be stars (see [Meilland et all [2012)) using the spectro-
interferometry, meaning that the rotational velocity scales with the radius as »~!. Second the
emission in the He is so strong (rising up to five times above the continuum flux for both stars),
that the telluric lines cannot significantly alter the position of the steep wings. The approach
to measure RVs of Be stars on steep wings of emission lines was first used by [Bozi¢ et al.| (1995])
and a detailed justification of the approach can be found in [Ruzdjak et al.| (2009).

I carried out the measurements in program SPEFO (Horn et al., (1996; Skoda,, 1996)), in which
this method is implemented manually only. The biggest advantage of the manual approach is,
that the user can account for blends, but at the cost that he or she introduces a certain degree
of subjectivity and is unable to estimate the uncertainty from a single line. Therefore in case
of both studies PH and JN measured the RVs independently and on several spectral lines
to give more credibility to the results. Also in case of vCas A. Miroshnichenko succeeded
in the automatising of the method. Both ways manual and automatic gave similar RVs and
the consequent orbital solution similar scatter of the residuals (see Nemravova et al., 2012b)
Table 8). A comparison of automatically and manually measured RVs is also shown in Fig. [2.2

An example of RV measurements of v Cas and BU Tauri using the comparison of direct and
mirrored line profiles is shown in Figure 23] Note that RV changes are a superposition of the
orbital motion and long-term variations, we had to remove the latter first to study the former.

The cross-correlation

Strictly speaking the subtitle can refer only to the maximisation of the cross-correlation of
an observed spectrum I and a template spectrum 7' given by the following equation:

[+T (RV) = / T T (1+ RV/e)]dA, (2.34)
R

where RV denotes the radial velocity, ¢ the speed of light, and A the wavelength. It is advan-
tageous to use the following property of the cross-correlation:

F{I«T} = F{I} F{T}, (2.35)

where F denotes the Fourier transform, and the asterisk the complex conjugation, which allows
the user to exploit the Fast Fourier Transform (FFT).

This technique was first used to measure RVs of stellar spectra by |[Simkin| (1974)). The
Eq. represents only the simplest form — an observed spectrum is cross-correlated with
one template only (i.e. RV of one component is estimated). A generalisation of the technique
for spectra containing two sets of spectral lines was derived by [Zucker and Mazeh| (1994),
implemented within program TODCOR. In their application the cross-correlation is computed
with a composite template T' = T7 + aT», where T is the template for the primary, 75 the
template for the secondary, and « the flux ratio of these two components. The last parameter
also restricts the user to cross-correlation of spectra segments, over which a does not vary
significantly. Following a similar approach [Zucker et al.| (1995) generalised the technique for
systems with three sets of spectral lines, and (Torres et al., |2007)) for systems with four sets of
spectral lines. [Zucker and Mazeh| (1994)) showed that the cross-correlation gives incorrect RV
estimates if one cross-correlates less templates than number of detected component spectra.
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Usually synthetic spectra, or observed spectra of a similar spectral type serve as templates.
The main advantage of this technique is its ability to deal with intrinsic line blends (excluding
interstellar and atmospheric line blends).

We used this technique to measure RVs of semi-detached binary undergoing the last phase
of the mass transfer BR CMi (Harmanec et al., |2015). Authors of the study used modification
of the TODCOR written by Y. Frémat (called asTODCOR). In this particular study we used
disentangled spectra as templates. This approach turned out to be quite dangerous, since
the use of disentangled spectra acquired with program KOREL (Hadrava) 1995, 1997, [2009)
introduces a systematic error, which is very subtle and it is difficult to account for it. An
illustration of this is in Sect. 223.31

2.3.2 Radial-velocity estimation based on the comparison of observed
and synthetic spectra

The cross-correlation is a standard technique, which is widely used to determine displacement
between two matrices, but it has no statistical meaning, and in the stellar application the width
of the cross-correlation peak is related to the rotational broadening of a spectral line rather than
to statistical uncertainty of the measured velocity.
Hence I decided to carry out the RV estimation, by minimisation of y? defined by the
following equation:
Ne [7 - Ve 1 (RV)]°
2 i j=114. J
XRvV = Z o ) (2.36)

i=1

where I; denotes i-th pixel of an observed spectrum, T; ; i-th pixel of a template spectrum
representing the j-th component of the studied binary, Np the number of pixels of the observed
spectrum, Nc the number of components visible in the spectrum, and RV; the radial-velocity
of the j-th component.

The advantages of this approach are: i) Simple numerical computation of the x? compared
to cross-correlation, where computation of the Nc-dimensional Fourier transform is necessary
to estimate RV. Also observed spectra have to be over-sampled, and apodized at each end to
increase the resolution. ii) One is allowed to fit unevenly sampled spectra. FFT of unevenly
sampled spectra is not possible, meaning that one is not allowed to remove parts of spectra
affected by e.g. interstellar lines, or one has to sacrifice FFT for discrete Fourier transform
(DFT), which is significantly slower. iii) X2RV has direct statistical meaning and can be used to
evaluate goodness-of-fit, and estimate uncertainty of the RV.

The last point on the list holds only if the templates fit the observed spectra well, which is
a strong requirement on their choice. I tried to deal with that by choosing an optimal spectrum
from a grid of synthetic spectra. The technique is described in Sect.

I have written a simple Python script (named ERV), which implements this technique (rep-
resented by Eq. . The program fits N¢ component to the observed spectra. The user
has to supply the templates, so they do not necessarily have to be synthetic spectra. A brief
description of the program along with a simple tutorial are given in Sect.

2.3.3 Perils of the radial velocity estimation based on the comparison
of observed and disentangled spectra

This section demonstrates that the use of disentangled spectra as templates for any technique
discussed in previous sections can be a source of a systematic error. Unfortunately we were
not aware of this in our study of the BR CMi binary (Harmanec et al.| [2015), and it led to the
underestimation of the mass ratio, and to incorrect estimates of component masses, radii, and
the orbital inclination, and their uncertainties.

BR CMi is a binary undergoing a slow mass-transfer phase. The primary is a A0 type star,
partially obscured by a circumstellar envelope made from gas drained from the Roche-lobe
filling K type secondary. In the spectrum of BR CMi we can see large number of sharp lines
coming from the cool secondary and broad lines of the fast-rotating primary. Balmer lines have
an emission component coming from the circumstellar gas. It is most prominent in Hea, but
almost missing in Hvy and H§.
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To obtain RV curve we used the following approach: (i) We measured RV variations of
the secondary by the comparison of the direct and mirrored line profiles. The precision was
very high, because secondary lines are very sharp and easy to measure. (ii) We fitted the RV
measurements with an orbital model and obtained precise estimates of the eccentricity, the
period, the periastron epoch, the semiamplitude of the RV curve, and the periastron argument.
(iii) The same technique was not applicable to the lines of primary, which are broad, blend
with lines of secondary and the strongest primary lines — the Balmer lines — have an emission
component, which obscures the true motion of primary. Therefore we disentangled the spectra
(using program KOREL) in the spectral region AX = [4397; 4608] A, in which the spectral lines
are likely unaffected by the emission from the accretion disk. (iv) We used disentangled spectra
as templates for RV measurement using the cross-correlation. This technique produced a very
fine curve for both components, which we fitted with an orbital model and obtained a mass
ratio ¢, which was used in the consequent light-curve analysis.

Unfortunately we introduced a systematic error into our analysis by using the disentangled
spectra. First we incorrectly assumed, that the dependence of the shape of disentangled line
profiles on the corresponding orbital solution is weak. There is no strong ground for this as-
sumption, because the sum of squares of minimised by KOREL (Eq. 4 in Hadravay, [1997) clearly
depends on the shape of the disentangled profiles. Typically the number of free parameters is
103 — 10°, and the degeneracy of the solution is high, i.e. one wrongly estimated parameter can
be compensated by another one. We also did not carefully analyse the uncertainty of individual
parameters — especially the mass ratio ¢, which is really the only poorly constrained parameter,
because the remaining ones are well determined from the RV curve of the secondary.

I carried out a mapping of the Eq. (4) in [Hadraval (1997), in the mass ratio ¢ = M1/M2
(valid only in this Sect.) and the semiamplitude of the RV curve K and scaled it to represent
the x2. I estimated 68%, 95%, and 99.7% confidence intervals, which represent one, two, and
three standard deviations. The map is shown in Fig. After I found the minimum I re-ran
KOREL starting from the minimal point to optimise it. The final mass ratio was g = 10.57f§:é;
the error bars represent one o. The value ¢ =~ 16.7 reported by [Harmanec et al.| (2015) is not
completely incorrect, it lies within two-o region (see Fig. yellow line), but the error estimate
of K (the primary semiamplitude) is completely wrong, because the shape of the disentangled
spectra depends on the orbital elements for which they were obtained. If the disentangled spectra
are used for RV measurement, they will give a RV curve with orbital elements very much similar
to those for which they were disentangled.

To demonstrate this I disentangled the spectra for mass ratios ¢ € {7.5;10.57;14.8} (all
within one o), used these spectra to measure RVs on the studied spectra with program ERV
described in Sect. and fitted them with an orbital model with the program FRV (see
Sect. . In all three cases the program produced a fine curve for both components. The
secondary RV curve was practically the same for all three cases, but each primary RV curve
has a clearly different amplitude. The best-fitting orbital model gave following estimates of the
mass ratios (errors were estimated locally) ¢ € {8.11 £0.14;10.79 £ 0.26;13.07 £ 0.36}. The
measured RV curves and their fits are shown in Fig. Because an incorrect value of the mass
ratio was used, the model of the light curve presented in Table 6 of our study [Harmanec et al.
(2015)), including mass and radius estimates, should be revised. This also demonstrates that
disentangled spectra are not appropriate templates for RV measurement, unless a careful error
analysis of the corresponding orbital solution was done.

A resolution of this situation would be to measure RVs of the primary with an alternative
method, which does not bind the individual RVs with an orbital model.
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Figure 2.2: A comparison of RVs measured on the Ha of v Cas. Top panel: RVs measured by
the comparison of direct and mirrored profiles of Ho manually in SPEFO are denoted by black
points; typical uncertainty of these points is ~ 1.8 km.s~!, RVs measured by the comparison of
direct and mirrored profiles of Ha: automatically by means of x? minimisation with a program
developed by Dr. Miroshnichenko are denoted by blue points; typical uncertainty of these points
is ~ 2.0 km.s~!, RVs measured by the fitting of Gaussian function to the Ha profile are denoted
with by red points; the uncertainty was not evaluated, but is very likely higher than those in
the two preceding cases, although still less than 5km.s~!. The uncertainty estimates are based
on the assumption, that the spectroscopic observations are strictly homogeneous, and that the
orbital model fitted to them (see Nemravova et al., [2012b) is correct. Middle panel: Aa vsm
denotes residuals (in km.s™!) of the manually measured RVs and automatically measured RVs
using the comparison of direct and mirrored profiles. Bottom panel: Ag denotes residuals (in
km.s~1) of the manually measured RVs and automatically measured RVs using the comparison
of direct and mirrored profiles. Note that these RV measurements are still affected by the
circumstellar envelope of v Cas and we had to remove the long-term variations first before
studying the multiplicity of the system.
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Figure 2.3: Radial-velocity measurements obtained by comparison of direct and mirrored
Ha profile. Top left: v Cas including the long-term variations. Bottom left: v Cas after re-
moval of the long-term RV variations which were estimated with a Hermite polynomial fit to
local values of the systemic () velocity (see Nemravovd et al.l [2012bl p.6-7; for details on the
approach). Top right: BU Tauri including the long-term variations. Bottom right: BU Tauri af-
ter removal of the long-term RV variations which were estimated with a Hermite polynomial
fit to local values of the systemic (y) velocity (see Nemravovd et al.l [2010} p.4-6; for details on
the approach).
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Figure 2.4: A map of the x? given by the Eq. 4 in [Hadrava (1997) for the BR CMi system
around the global minimum of Eq. (4) (see Sect. [2.3.3 for details). The number of data points
is 167935, the minimal 2 = 50131, meaning that we have overestimated the uncertainty of
studied spectra. That is not surprising, because the uncertainty was estimated from the flux
noise in the continuum, which is difficult to find given the large number of lines of the cool
secondary. The mapped parameters are the mass ratio ¢ = M; /Ms, and the semiamplitude of
the RV curve of secondary K. Remaining parameters were kept fixed at values from Table 3 in
[Harmanec et al.| (2015)).
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Figure 2.5: RVs of BR CMi components measured using comparison of observed and disentan-
gled spectra, which were obtained for different values of the mass ratio ¢ (see Sect. for
explanation). Upper panel: Measurements of the secondary RV using disentangled spectra for:
(i) ¢ = 7.50 (blue dots), (ii) ¢ = 10.57 (red dots), and (iii) ¢ = 14.80 (yellow dots). The line
denotes the best-fitting synthetic Keplerian RV curve to the RV measurements of corresponding
colour. The measurements and models are practically the same and overlap each other. Lower
panel: Measurements of the secondary RV using disentangled spectra for: (i) ¢ = 7.50 (blue
dots), (ii) ¢ = 10.57 (red dots), and (iii) ¢ = 14.80 (yellow dots). The line denotes the best-fitting
synthetic Keplerian RV curve to the RV measurements of corresponding colour. The mass ratio
given by the fit two these RV curves are qry_curve € {8.11 £+ 0.14;10.79 4 0.26; 13.07 + 0.36}.
This demonstrates that disentangled spectra are not independent of the orbital solution for
which they were obtained.
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3. Modelling of multiple systems

Each binary (or multiple system) is a very complex object, whose behaviour is determined by
many physical phenomena. In general, a researcher is unable to probe the systems and can
only study their observable behaviour using various methods and infer the physical phenomena
standing behind it. Each observation is limited by its (i) time distribution, (ii) resolution,
and (iii) signal-to-noise ratio (SNR). Generally it is not possible to study effects that occur
on a timescale that is significantly longer than the time spanned by the available data. Many
astrophysical processes take millions of years (e.g. the stellar evolution) and cannot be observed
directly. An astronomer is then forced to study different objects at different phase of the
process. The resolution along with the SNR limits number of details, that can measured on
an observation. The noise in astronomical observations is usually Poissonian, meaning that it
scales with the square root of a signal. Also there is no ultimate observational method that
extracts the whole observable behaviour. Instead each method captures its part only.

By “modelling of a multiple system” I mean an effort to create a model of the studied system,
which agrees with the observations. The last sentence says, that our model has to be complex
only to that degree, so it re-produces the observations. Unfortunately there are processes,
which are very hard to model (e.g. dynamics of the circumstellar environment). In these
situations either purely mathematical “ad hoc” models are used to describe such phenomena
and somehow to separate them from processes that can be described with a physical model, or
one just surrenders and uses an incorrect model with all dangers corresponding to this approach.

In this chapter I discuss models that I used throughout studies that I co-authored.

3.1 Models tailored for one observational method

FEach observational method provides only limited insight in the properties of a binary. Why
would anyone used models, which are comparable only to one observation type?

The main reason is their simplicity — these models rely on a smaller number of parameters,
meaning that finding the best-fitting parameters is easier. Also when one has only one kind of
observable at her or his disposal, using a complicated model may feel like “Swatting flies with
a sledgehammer”.

Usage of several models based on different types of observations independently also serves
as a self-check. It may help to identify systematic errors affecting one or more observation sets.

Nonetheless data from one observational method are generally insufficient to constrain the
size, and position of a binary orbit and properties of its components. Hence one is obliged
either to use one model for more kinds of observations, or to apply iteratively models for one
observation type.

In the following sections I go through “traditional models” which are tailored to spectro-
scopic, photometric and spectro-interferometric observations. These models were applied in
various studies, especially in the & Tau study (Nemravovi et al., [2016)).

3.1.1 The radial velocity curve

RV variations are a valuable source of information about binary orbital elements, because they
can be accurately measured from the shift of component spectral lines (Eq. . Although
RV curve alone does not constrain the size and geometric orientation of a Keplerian ellipse
completely, it constrains the majority of Keplerian orbital elements.

In the following paragraphs I construct a simple model to interpret RVs of members of
a multiple system. Usually these equations turned out to be sufficient representation of observed
RV curves of binaries, that I studied.

A list of methods for the RV measurements, which I used in studies, that I participated in,
along with comments and their application is in Sect.
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The simplest case - a binary

A direct consequence of Kepler’s first law (Egs. and is the following formula:
RV; (t) = K; [cos (w; + v (¢, P,e,T},)) + ecosw;] + 7, (3.1)

where K is the semi-amplitude of the RV curve, w the periastron argument, v the true anomaly,
P the period, e, the eccentricity, T;, the epoch of the periastron passage, and 7 the relative
velocity of the barycentre of Solar system, and the barycentre of the studied binary. The index
1 denotes a component of the binary (1 = primary, 2 = secondary). Parameters without the
index ¢ in Eq. are the same for both components. The semi-amplitude of the RV curve
depends on the period, eccentricity, semimajor axis a, and inclination ¢ by the relation:

2ma; sint

K, = TS
P(1—e?)?

(3.2)

Egs. (3.1), and imply that only RV curve model cannot be used to determine the semi-
major axis, and orbital inclination, but merely their product asin4, meaning that one of these
parameters (usually the inclination) has to be obtained elsewhere — either from the light curve
if the studied binary is eclipsing or ellipsoidal at least, or from the astrometry. The semiampli-
tude of RV curve has to be determined for each component. In my programs I do not use pair
of binary semi-amplitudes K7 and K5, but I use the first one and their ratio ¢, because clearly
from Eq. , and the definition of centre of mass, the ratio corresponds to the mass ratio of
primary and secondary

Ky M
X, M, q. (3.3)
A RV curve also does not constrain the longitude of the ascending node €.

This model is often sufficient, when the perturbations causing a shift of a whole component
(e.g. tides), or somehow obscure, or change the RV distribution over the surface of a component
(e.g. circumstellar matter, Rossitter-McLaughlin effect, ...) are negligible or their typical time-
scale is much longer than the time span of the observations.

I used this model to estimate properties of two Be stars BU Tauri and v Cas. The model
was implemented in program SPEL (Horn et al. (1994} [1996). In these two applications the
program was used to (i) estimate local systemic velocity, which turned out to give the best
description of the long term radial-velocity variation (see also Nemravova et al., 2012a)), and
(ii) and to fit the RVs from which the long-term trend was removed (Nemravova et al.l [2010]
2012b)). The model also turned out to be sufficient representation of RV variations of an eclipsing
binary BD+363317 (Kiran et al., [2016), whose RV curves are only slightly deformed by the
Rossitter-McLaughlin effect (RME).

A multiple system

The analytic RV curve is generalised for a hierarchical multiple system by summing RVs from
No orbits relevant for the motion of the i-th component.

No
RV (t) = Z K [cos (wj +vj (t, Pj,ej,Tp ;) + €j cosw;] + 7. (3.4)

j=1

The presence of more orbits also introduces significant time delay caused by the finite speed of
light called Light Time Travel Effect (LTTE) given by the following formula:

No pik; (1-e2)?
AtLTTE,i(t)ZZ K ( e])

J=1

sin [w; (t) + v, (1)]
2mc 1+ e; cosv;(t)

(3.5)

where Atprrg denotes the delay of i-th component produced by Ngo orbits relevant for its
motion. This delay has to be subtracted from ¢, hence the Eq. should be computed for
time t~: t— AtLTTEo

This model is sufficient in extended multiple systems, where the dynamical interaction
between its orbits can be neglected. The Egs. , and also hold for co-planar, compact
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hierarchical multiple systems, which are still distant enough for the tides to be negligible. They
only have to be complemented by a third formula:

w; (i) = wi(T07i) + wl (1?7 T()J') 5 (36)

which represents the apsidal motion, which results from the dynamical interaction between two
adjacent orbits in a hierarchical system (see Sect. . Here w; is constant, meaning that the
apsidal advance is linear.

The model represented by Egs. , , and was sufficient for the study of & Tau
(Nemravova et al.l 2016). T wrote a program FRV, which fits the model represented by these
equations to RVs of hierarchical systems containing maximum of three levels in the hierarchy.
The optimisation is carried out by minimisation of the following x?:

N

=1 j=1

RV”] : (3.7)

2J

where RVgo denotes the observed RV, ¢ its uncertainty, RV synthetic radial velocity given
by Eq. , corrected for the LTTE and the apsidal motion. The summation goes over Ng
components for which N observations are available. Description of the program FRV is in
Sect.

Nonetheless generally for a compact binary this model is insufficient, because the dynamical
interaction can produce plenty of effects, which are far beyond scope of this simple model.
In those cases one has to use an N-body model such as that one developed by [Broz et al.
(2010), and Broz (2016, submitted to APJL) and successfully applied to the investigation of
& Tau system.

3.1.2 The light curve

A light curve can be used to determine orbital elements of a binary and properties of its
component, if the modulation is caused by the orbital motion. The most common causes are
the eclipses and ellipsoidal variations. Less usual are the beaming (Shakura and Postnov, |{1987)),
and tidally induced oscillations (Welsh et al.l 2011]).

The light curve itself does not constrain all orbital elements, but if it is complemented with
the physical size of the semimajor axis, or the RV curve solution, all orbital elements can be
determined except for the longitude of the ascending node €2. On the other hand the light curve
provides more information about binary components — especially if it is calibrated and obtained
in several passbands — radii, effective temperatures, surface gravitational accelerations, and
absolute magnitudes.

I have not developed any light curve models, but I used the program PHOEBE (Prsa and
Zwitter, 2005, |2006)), which is an enhanced wrapper around the widespread Wilson-Devinney
code (WD) (Wilson and Devinney, [1971; [van Hamme and Wilson| 2003). Dr. Wilson and
others have been actively improving the program. One of quite recent additions to the program
is the ability to fit minima timings (see Wilson and Van Hammel [2014)).

The orbital model

In this section I briefly describe the model implemented in WD (release 2007), which is im-
plemented in PHOEBE. Only final relations are presented here and one should inspect either
Kallrath and Milone| (2009) or PHOEBE scientific referenceﬂ (PSR).

In this model binary components gravitationally interact as point masses surrounded by
mass-less atmospheres. The shape of gravitational potential in this configuration was first
described by (Rochel [1859)). The shapes of components are then identical to the shape of
equipotential they fill, i.e. this model binds the orbital properties and shapes of stars together.
Kopal| (1959) came with a representation of the gravitational potential in dimensionless form,
which is implemented WD in a slightly modified form:

1 1 PA Lo 2 2
Qx =~ + +-F*(1+ 1-v7), 3.8
K P q( 52+p2_2p/\6 52) ( q) ( ) ( )

IThe reference was written by Dr. A. Pra and is publicly available at http://phoebe-project.org/1.0/
docs/phoebe_science.pdf.
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where Qx is the Kopal potential, p = r/a the radius relative to the semimajor axis a, ¢ the mass
ratio, 6 = D/a the absolute separation of binary components at time ¢ given by the first Kepler
law (Eq. , F = wr/wo is the synchronicity ratio between the rotational wg, and orbitals
periods wp. The beginning of the coordinate system is in the centre of primary. Spherical
coordinates are employed (z = rsinfcos¢ = r\, y = rsinfsing = ru, y = rcosd = rv) with
the orbital plane lying in xy plane. Given the choice of the coordinates and the normalisation
of the Kopal potential the following transformation gives the size of the secondary potential
Qi

/ Qg q-1
K 7 + % (3.9)
(see [Kallrath and Milone, [2009, p.95-102) for the derivation of Egs. , and .

The Eq. does not constrain absolute size of radii, or semimajor axis, only their relative
values. Also the mass ratio is constrained poorly, because departures from spherical symmetry
appear only for very compact systems showing significant ellipsoidal variations.

Eclipses and ellipsoidal variations are purely geometrical effects given by the projection of
the binary components on the sky. The on-sky distance A of phase centres of binary components
is given by the following formula:

A? = D? (cos®i + sin® isin ) , (3.10)
where ¢ is the orbital inclination, and 6 the geometric phase give as follows:

9:w—|—v—g, (3.11)
where v is the true anomaly, and w the periastron argument. A detailed derivation of Eq.
is in [Kallrath and Milone| (2009, p.77-81). This relation is particularly important, because it
shows that the orbital inclination is constrained by the light curve.

The PHOEBE model also includes a linear apsidal motion w (similar to Eq. and linear
change of the orbital period P (see PSR; p.41-42).

The radiative model

The first Kepler law (Eq. established the binary orbit, Eq. the shape of its compo-
nents, and Eq. their projection on the sky, but to create a model of a light curve one
also has to set radiative properties of both components. First it is necessary to create a set
of triples {\;, i, v}, n and compute {p;}_, , for a given surface potential Qx and sample
surfaces of primary and secondary, and then set the radiative properties of each surface ele-
ment. In PHOEBE the following effects are taken into account: (i) the atmospheric radiation,
(ii) the limb-darkening, (iii) the gravity darkening, and (iv) the reflection.

e The atmospheric radiation: An atmospheric model provides the monochromatic in-
tensity for a given wavelength, effective temperature T.g, gravitational acceleration g,
metallicity z, and aspect angle . The function is then integrated over a passband, multi-
plied by its transmission function to get the passband emergent intensity. PHOEBE uses
the Kurucz’s stellar atmosphere models ((Castelli and Kurucz, |2004), but WD allows the
user to switch to the black-body radiation. A common practice is not to compute the
intensity for a given aspect angle, but to use pre-computed spectra for I (y) = I (0) and
dampen the intensity using a limb-darkening law and coefficients from a pre-calculated
grid, when computing the flux from the whole surface of a binary component.

e The limb-darkening: The limb-darkening is the attenuation of the intensity towards the
edge of a star, because we see systematically higher photospheric layers, which are cooler
and hence less bright. Instead of computing I () directly from an atmospheric model one
uses a limb-darkening law, which is an analytic mathematical function approximating the
real intensity centre-to-limb variations:

N¢
L) =1 ) _wif' (7), (3.12)
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where Iy is the intensity for v = Odeg, x; are coefficients of the limb-darkening, f?
mathematical functions defining the law, N¢ is the number of terms in the sum. In the
past several limb-darkening laws were proposed, each more suited to a different range of
effective temperatures. These were superseded with the four-parameter law proposed by
Claret| (2000):

4

I1=1 le (1 — cos? 'y) (3.13)

=1

which is applicable to effective temperatures ranging from 2000 K to 50000 K. In PHOEBE
the coefficients of the adopted limb-darkening law are obtained via interpolation in pre-
computed grids covering a wide range of effective temperatures, surface gravitational

accelerations, metallicities, and wavelengths prepared by |[van Hamme| (1993)), and Prsa
(2012; unpublished).

e The gravity brightening: The local surface temperature is proportional to the local
gravitational acceleration. The scaling of the local flux F; over the stellar surface is the
following:

«
F =F, (gl) ) (3-14)

P

where F, the polar flux, g; the local effective gravitational acceleration, g, the polar
effective gravitational acceleration, and « is an exponent depending on the state of the
surface layers. For atmospheres in radiative equilibrium « = 1.0 (von Zeipel, [1924), and
in convective equilibrium a = 0.32 (Lucy, |1967). Tables of o (Tegr) covering the two states
and providing a smooth transition between them were computed by |Claret, (1998|).

e The reflection effect: The incoming flux from one binary component to the other one
is partially reflected and partially absorbed (heating the other star). The ratio between
reflected and absorbed energy is usually modelled with a single parameter called bolo-
metric albedo A. The local temperature 7’ on an irradiated star is then modified by the

following equation:
/ F
T =T{1+ A=, (3.15)
F

where T is the temperature before inclusion of the reflection, F; the bolometric flux
coming from the irradiating star, and F; the bolometric flux on a star without reflection.
Tables showing dependence of the bolometric albedo on the effective temperature A (Teg)
were published by [Claret| (2001)). Stars whose atmospheres are in radiative equilibrium
have A =1 (Eddington} [1926). The reflection is computed iteratively in PHOEBE/WD;
several reflections have to be computed, until the 77 converges.

The last property that does not fit in the previous list, but is included in PHOEBE/WD
model, is the third light L3, which can come either from one or more components physically
bound to the studied system, or from an unrelated star lying too close to the studied star on
the sky, so it cannot be safely separated.

PHOEBE/WD is also able to model spotted stars, but I have not tested this functionality
yet, because I have never studied spotted stars. € Tau exhibits rapid light variations, which we
attributed to either spots or pulsations of the tertiary (Nemravova et al., [2016). Unfortunately
we were unable to model this system with PHOEBE, since the tertiary is treated as the main
contributor of the third light.

Applications of the model

We have seen that the PHOEBE /WD model is quite complex, the parameters defining the model
are, QK,la QK,?) 7;7 q, a, Pv Pv TOv €, ia w, U:), Z, Teﬁ,lv Teff,Qv Fla FQ? Ala A27 Zfil xifl (COS’Y)v ar,
s, and L3. Generally it is impossible to infer all these properties even if one samples the flux
F(X\) with a large number of pass-bands, and in the most favourable geometrical configuration
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— the system is eclipsing and the eclipses are total — because the inverse problem would be too
degenerate. Hence the limb-darkening coefficients, bolometric albedos, and gravity brightening
coefficients are taken from Tables (van Hammel [1993; [Claret, {1998) 2001). Parameters a, ¢,
Qk are completely correlated (see Eq. , which means that a change in one parameter is
compensated by the remaining two with no difference in the outcome. This indeterminacy
can only be broken by fixing one of those parameters (or by fitting RVs as well, but then
we get outside observation-specific models). |[Prsa and Zwitter| (2006) argues that effective
temperatures are completely correlated and (again) cannot be determined along each other
unless colour-constraining technique described by the authors is applied or one temperature
fixed. The mass ratio q is also poorly constrained unless the components are highly deformed
by the mutual gravitational interaction. Another set of highly correlated parameters is €21, o,
¢ and Ls.

These correlations always forced us to fix some parameters by using another method. This
was the case for BR CMi (Harmanec et al., [2015), where the secondary effective temperature
was obtained from the spectroscopy, and the mass ratio and asini from the RV fit (although
the error bars were underestimated significantly, see Sect. . Similar approach was adopted
in the study of £ Tau, and the semi-detached binary TW Dra (Bozi¢ et al., |2013|) that I co-
authored.

The degeneracy of the inverse problem is illustrated in Fig. [3.I] Here we can see a genetic
algorithm on its way towards the global minimum, and the sample with the best x? in a gener-
ation oscillates wildly showing that the fitted set of parameters: Qx 1, Qk 2, To, 4, Lg/lo, Tem 2,
can clearly compensate each other, even though the very accurate observations of ¢ Tau acquired
with the satellite MOST are fitted.

3.1.3 The complex visibility of interferometric fringes

The complex visibility yields information on the intensity distribution over the sky of the stud-
ied object and for binaries it should employ a model similar to the one implemented within
WD/PHOEBE or better. Unfortunately spectro-interferometric observations are often incom-
plete (they lack phase, or have poor uv-plane coverage), and they can be well explained with
variety of models.

The range of possible applications of interferometry is wide, but for binary research the
following four application are of a particular interest: (i) resolving of the orbit, (ii) resolving
of the component radii, (iii) resolving the limb-darkening, and (iv) resolving the circumstellar
matter.

During my doctoral study I created a simple analytic model to do (i), and (ii) for a hierar-
chical binary & Tau and (i), (ii), and (iv) for a binary undergoing mass transfer §Lyr. Here I
describe the models for these two objects.

A model for a hierarchical triple system

The key contribution of the interferometry is its ability to resolve the binary orbit and provide
the orbital inclination for arbitrarily inclined orbits (the eclipses are usually restricted to a lim-
ited range of angles surrounding 90 deg). It is also able to provide the longitude of ascending
node 2. Unfortunately the astrometry provides the orbit in angular scale only, meaning that
a distance estimate, or a RV curve are needed to obtain the orbit in the physical scale.

In Nemravova et al.|(2016) I created a simple analytic model of the inner triple subsystem
of £ Tau. The stars move in standard Keplerian ellipses given by the first Kepler law (Eq. 7
their on-sky positions are the following:

()= ) () 10

where z is the on-sky position in the east-west direction, y the on-sky position in the north-south
direction, (zg,yg) the position in the orbital plane given by the following equations:

TR\ - cosk —e
(yE> - (\/1 — Zsin E> : (8.17)
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Figure 3.1: Convergence of a genetic algorithm towards a minimum. Light curve of £ Tau ac-
quired by the satellite MOST was fitted. Each panel represents the evolution of one parameter.
Black points represent the mean value in a generation, blue error bars the parameter interval
span by the samples in a generation, and red points value for the sample having the least 2.
The bottom panel shows behaviour of the x2. The slow convergence is caused by unrealisti-
cally low convergence criterion, and the large fraction of mutations, which prevented the whole
generation from degenerating, and also the degeneracy of the task; the mutations were not
producing samples “wrong enough” to be immediately removed.
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where F is the eccentric anomaly given by the Kepler equation (Eq.[1.3), e the eccentricity, and
a the angular semimajor axis. The elements of the transformation matrix are the following:

A cosw sin €2 + sin w cos {2 cos i

B _ cosw cos {2 — sinwsin {2 cos 4 (3.18)
C —sinwsin Q + cosw cos Q cosi |’ ’

D —sinw cos ) — coswsin Q cosi

where w is the periastron argument, €2 the longitude of the ascending node, and ¢ the inclination.
In my model the third component moving in the outer orbit along with the inner binary is
placed at the beginning of the reference frame, because the Fourier transform is invariant to
the position of the system as whole. Due to significant apsidal motion of the outer orbit in
& Tau the model contains apsidal motion of both orbits given by Eq. (3.6]).

The next step is to represent the components of the hierarchical triple. For £ Tau uniform
disks turned out to be a sufficient representation of its components, because we had insufficient
resolution, and all components remained only partially resolved. The complex visibility V' for
this model is given by the following formula:

23—1 i 2J1(m0;B/X) 6727ri(u:c+vy)
V(u,v) = == B/ , (3.19)
Zj:l L

where (u,v) = (By, By)/\ are spatial frequencies, B = /B2 + BZ the length of the projected

baseline, L the relative luminosity, J; the first-order Bessel function, 6 the uniform disk radius,
and A the wavelength. This model is implemented within the program F'V, that I wrote (see
Sect. .

The radiative model is very simple and contains two very strong simplifications: (i) Stellar
disks are uniform. — The error introduced by not using the limb-darkened disks is =~ 5%
for a A-type/B-type main-sequence star (see Eq. 13 in [Davis et alJ, 2000). (ii) L and 6 are
constant. — In reality they are both functions of the wavelength A. Variations of the former
will be higher if the two binary components have significantly different effective temperatures.
The latter dependence is weak and the difference between V and K diameters is ~ 5% for
a main-sequence star.

In program F'V the latter assumption is partly circumvented. The user can split the data
into subsets and derive separate relative luminosities L for each subset. This approach is
efficient only for a small number of such subsets, because each subset introduces Nc — 1 new
parameters, where N¢ is the number of components. If the observations span long spectral
ranges, one should use a more physical radiative model.

The former assumption can be accounted for by introducing the limb-darkening. The com-
plex visibility of a circular limb-darkened disk, resulting from the van Cittert-Zernike theorem

(see Eq. , is the following:

Jo () Jo (:v\/ 1- uz) pdp
V= - , (3.20)
Jo I (1) pdpe

where [ is the intensity, p the cosine of the aspect angle «y, Jy the zero-order Bessel function,
and x is defined as follows:

B
s B0 321)

where B = /B2 + Bg is the length of the projected baseline, fyp the limb-darkened disk

diameter, and \ the wavelength.

A model for binaries surrounded with circumstellar matter

The spectro-interferometry can be used to study the distribution of the circumstellar matter
in various objects. This task is more difficult than building a hierarchical triple, because the
shape and radiative properties of circumstellar matter can be very complicated — even more
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in binaries, where the distribution is shaped by the binary potential and/or the dynamical
interaction between the mass stream and an accretion disk in semi-detached and over-contact
binaries.

The circumstellar matter can contribute to both continuum and line flux. The stars them-
selves contribute to the line and continuum flux.

If the observations are numerous enough one can do the imaging and then properties of the
studied system can be carried out by the comparison of the resulting image and a model image.
The observations of 8 Lyr are not numerous enough and lack phase measurements, hence the
imaging is not possible. Therefore we have to create a model, compute synthetic visibilities for
it and compare them to the squared visibility |V|27 differential visibility 6V, and differential
phase d¢. The latter two yield interesting results only for spectral lines. A similar approach
was adopted by A. Meilland, who developed a program for modelling of a star surrounded with
a disk, which he applied in several studies of Be stars (Meilland et al.l 2007} [2011} |Stee et al.|

2012).
I would like to expand his model to make it applicable to eclipsing binaries surrounded by
circumstellar matter (e.g. Algol-type binaries, S Lyr, ...). This is not a simple task, because

it has to be constructed in three dimensions (3D) to account for the eclipses and the Roche
geometry. The main intensity altering effects — the limb-darkening, and the gravity brightening
— have to be included, and the dependence of radiation intensity in spectral lines on RV has
to be accounted for.

The program (called DV) is being developed mainly for the interpretation of interferometric
observables of 8 Lyr system, but I am trying to make it modular and easily extendable for
additional applications in the future.

A preliminary version of the program was presented by Nemravova et al.| (2015]), but I have
not been developing it since then. I will not provide a description of the program in Sect. [6]
because the program is still far from being finished, and anything written down will likely be
changed. Hence I only outline the program and discuss some possible extensions.

e The geometric layout: The playground is a 3D array. The resolution of an object is
given by the number of cells at each side and their angular difference. The coordinate
system is Cartesian. The line of sight of an observer is parallel to the z-axis. The xy
plane is identical to the plane of sky under the assumption of a small field of view (FOV),
meaning that sind ~ ¢ for an angle spanning over the whole FOV. The z-axis is oriented
in the east-west direction, and y-axis in the north-south direction.

e The object: Each object is represented by the position of its centre xg, yg, 20, Euler
angles «, 8, 7, and a volume it fills, given its shape. To all cells lying in this volume
intensity, opacity, and RV is assigned. Then the object is translated given its centre
position, and rotated.

e The opacity: The cell opacity is given by the attenuation factor v € [0, 1], which defines
the fraction of the flux coming from neighbouring cell along the line of sight that will be
absorbed. For opaque objects v = 1, meaning that light can escape only the surface cells.
All invisible cells are excluded from a further computation.

e The intensity: Currently only a relative intensity can be assigned to an object. This
means that flux of a single visible cell I; will be:

I = (3.22)

N7
where L is the relative luminosity, and N the number of visible cells of an object.

e The velocity: Each visible cell is assigned a velocity vector v = (vg,vy,v.) given by
the adopted law. Currently two models of the velocity distribution are implemented:
(i) the power law, and (ii) the expanding shell. The former is given by the following
formulae:

8
[ = o (T ; (3.23)

v = | (—%,%,0), (3.24)



where vy is the absolute rotational velocity at the radius rg, r = y/x2 + y2 the radius,
and [ the exponent of the power law. Clearly for 8 = 1 one has the rigid-body rotation
and for 5 = —1 the Keplerian rotation. The expanding shell is given by the following

formulae:
ol = v, (3.25)
To
v = | ‘ (_£7g?5>;r<7a07 (326)
r r
V.o = U (_£7gvf);r2r07 (327)
rrr

where v; is the terminal velocity, which is reached at radius rg, and r = /22 + y2 + 22.
The velocity is rising linearly with the radius until a terminal velocity is reached and then
for r > rq it remains constant.

e The image: Each object is build separately. It is first rotated and then placed within the
intensity cube, that is common for all objects. The same transformation undergoes the
velocity vector v which is then projected into the direction of the observer p = (0,0, 1).
Optionally a velocity channel ARV can be selected, meaning that all cells whose projected
velocity does not lie within ARV are excluded from further computation. The 3D cube
is then flattened along the direction to the observer, starting with the cells most distant
from the observer. The opacity is evaluated along each column. Final product is a 2D
image of the system. The scale of the final image is angular. The units is radians.

e The observables: A power spectrum of the image is computed using the 2D Fast Fourier
Transform (FFT; seelJames W. Cooley, (1965} Press et al.,2002)). The image is zero-padded
to increase the sampling of the power spectrum (this does not increase the true resolution
- i.e. the ability to resolve two neighbouring frequencies of course). Then the bi-cubic
interpolation (see |Press et al.l |2002, p.136-138) is used to obtain the complex visibility V'
for a certain spatial frequency f = (u,v) from the power spectrum. The squared visibility
modulus |V|?, differential visibility 6V, and differential phase d¢ can be computed from
the complex visibility quite straightforwardly.

A demonstration of the program is given Fig. A simple model consisting of an opaque
uniform sphere, and a transparent disk is shown for three velocity channels ARV = [—140; —90],
[—24;24], [90;140] km.s~!. The luminosities were assigned by assigning an absorption profile
for the sphere and an emission profile for the disk. The joint line profile and the observables
IV|?, 8¢ are also plotted.

Nonetheless the program is still far from being finished, because:

e The program is slow: Currently the computation of a single image of the simple
toy model from the previous paragraph takes ~ 10s in low resolution — each panel in
Fig.[3:2] has 128 x 128 points. To sample a spectral line, one should compute ~ 20 images.
Hence computations of one simple model takes 3 minutes. This makes automatic fitting
of a model very difficult, because for 1000 iterations the whole procedure will take 2.1d.

e The radiative model is far too simple: A more physical model is needed. A relative
luminosity is not a satisfactory model for opaque objects and should be replaced by black-
body radiation at least. Modelling of transparent parts is even more difficult, because
their radiation can not be modelled as a black-body radiation.

e A binary model is missing: Roche model for stars, and Keplerian orbit are not im-
plemented.

Hence the program is not ready for an application in the analysis of objects with complicated
distribution of circumstellar matter such as g Lyr.

3.1.4 The normalised spectra

In Sect. [2:3] I discussed only the measurement of RVs, but a stellar spectrum provides much
more information about the studied object. Here I describe a method for the determination of
basic radiative properties of binary components from their spectra.
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Figure 3.2: A demonstration of the program DV. Observables are computed for a simple model
consisting of an opaque uniform sphere, whose relative luminosity is given by an absorption
profile and a transparent disk, whose relative luminosity is given by an emission profile. Con-
tents of individual panels are the following: Top-left: Black line denotes the squared visibil-
ity V2 variations over the spectral line for a baseline oriented in the north-south direction.
Middle-left: Black line denotes the differential phase d¢ variations over the spectral line for
a baseline oriented in the north-south direction. Top-right: Black line denotes the squared
visibility V2 variations over the spectral line for a baseline oriented in the east-west direc-
tion. Middle-right: Black line denotes the differential phase d¢ variations over the spectral
line for a baseline oriented in the east-west direction. Middle-middle: A joint line profile of
the sphere and the disk. Blue band denotes the velocity channel ARV = [—140; —90] km.s ™!,
green band the velocity channel ARV = [—24;24]km.s~!, and red band the velocity channel
ARV = [90;140] km.s~!. Bottom: An image of the toy model as it would on the sky appear
in the three velocity channels. Left panel corresponds to ARV = [—140; —90] km.s~!, middle
panel to ARV = [-24;24] km.s~!, and right panel to ARV = [90;140] km.s~!. Big points in
the first four panels denote observables for the three velocity channels.
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A spectrum of a well-behaved star can be satisfactorily approximated by a synthetic spec-
trum based on contemporary one-dimensional models of stellar atmospheres. These models
depend on a relatively small number of parameters: the effective temperature Teg, the gravita-
tional acceleration log g, the metallicity Z, and the micro-turbulent velocity vyic. The spectra
are also broadened by various mechanisms. The most common ones are: the rotation v, and
the macro-turbulence characterised by macro-turbulent velocity vyac. A brief description of
the parameters is given Sect. A well-behaved star does not pulsate, has no spots, or
strong magnetic fields, is not significantly deformed by either the rotation, or the presence of
a companion, is not surrounded by any circumstellar matter, and is not evolved beyond the
giant branch. A spectrum of a stellar misfit falling into one of the above-mentioned categories
requires either a better atmospheric model or a better model of surface kinematics.

I have written a Python program (called Pyterpol), which interpolates in a pre-calculated
grid of synthetic spectra and compares them to observed and/or disentangled ones to estimate
parameters listed in the previous paragraph (or their subset). The search for the best-fitting
model is carried out by minimisation of 2. Pyterpol is publicly available at https://github.
com/chrysante87/pyterpoll Description of the program, its installation, basic tutorial, and
demonstrations are at https://github.com/chrysante87/pyterpol/wiki,

The interpolation in a grid of synthetic spectra

Computation of a full-fledged one-dimensional model of a stellar atmosphere (including maximal
possible number of species and their transitions) and the consecutive derivation of a synthetic
spectrum still takes hours or even days. A simple minimisation routine such as simplex (Nelder
and Mead, 1965) evaluates the x? 102 — 103 times before it converges. Hence it would be
impossible to carry out fitting if a new atmospheric model was computed every time the routine
evaluates the x2. Therefore I interpolate in a pre-computed rectangular grids of normalised
synthetic spectra instead. Currently I am interpolating in four rectangular grids of synthetic

spectraﬂ

e AMBRE (de Laverny et al., |2012)) for effective temperatures from 4000 K to 8000 K.
e POLLUX (Palacios et al., [2010) for effective temperatures from 8000 K to 15000 K.
e BSTAR (Lanz and Hubeny, [2007) for effective temperatures from 15000 K to 30000 K.
e OSTAR (Lanz and Hubeny), 2003) for effective temperatures from 30000 K to 55000 K.

Each synthetic spectrum is characterised by a gravitational acceleration, metallicity and
a micro-turbulent velocity. The step and range of values covered by each parameter differs from
grid to grid, and for OSTAR and BSTAR grids it even differs from one effective temperature to
another one. The parametric space covered by the grids implemented in the program Pyterpol
is shown in Fig. [3:3] It is not as wide as the listed grids of synthetic spectra. This negligence
is caused by a very difficult handling of grids in the old version of Pyterpol. This has been
resolved in the new version and I plan to implement all spectra from listed grids.

The interpolation in the grid is carried out as a series of consecutive one-dimensional in-
terpolations in one parameter (see [Press et all 2002, p.118-124). To illustrated it — say one
wants to interpolate the relative intensity I linearly at I (Teg,log g) = I (10500, 3.8): The linear
interpolation is the simplest method and requires only two points surrounding the value at
which one interpolates. Therefore the program finds the smallest square, whose vertices sur-
round the point at which we interpolate, e.g. I (10000,3.5), I (10000, 4.0), I (11000,3.5), and
1(11000,4.0). The program interpolates in the former two vertices in the gravitational accel-
eration to obtain 7 (10000, 3.8), and in the latter two vertices to obtain I (11000, 3.8). Then
it interpolates in these two new points in the effective temperature to obtain I (10500, 3.8).
The algorithm is the same for more parameters and higher order interpolation methods. All
grids that I implemented within Pyterpol have the same sampling in the wavelength (currently
0.01 A) hence it is not necessary to interpolate in it as well. Even if they did not have the same
sampling, the program changes the sampling of each spectrum before starting the interpolation.

2 Although the authors of the listed grids of synthetic spectra made them publicly available, I do not have
their consent to distribute them along with my code. Therefore the database is not available for download
anywhere.
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Figure 3.3: The coverage of the parametric space (Tog X logg) with the grids of synthetic
spectra, that are implemented within Pyterpol. The first panel (starting from top): The coverage
with spectra from the grid AMBRE developed by |de Laverny et al| (2012). Only the solar
metallicity is implemented and the micro-turbulent velocity vyic = 1km.s™ for logg >
3.0, and vyic = 2km.s™! for logg < 3.0. The grid AMBRE was computed for several
values of the metallicity and even several values of a-enhancement. The second panel: The
coverage with the synthetic spectra from the grid POLLUX developed by [Palacios et al.| (2010)).
Only solar metallicity and micro-turbulent velocity vyc = 2km.s™' is implemented within the
program, but POLLUX grid also extends to metal-poor stars. The third panel: The coverage
of synthetic spectra from the grid BSTAR developed by |[Lanz and Hubeny| (2003). Three
metallicities are implemented in Pyterpol— Z € {0.5,1.0,2.0} Zg. The micro-turbulent velocity
is vpic = 2km.s™! for all of them. The grid BSTAR is also available for lower metallicities, and
one additional micro-turbulent velocity vmic = 10km.s™! . The fourth panel: The coverage
of synthetic spectra from the grid OSTAR developed by [Lanz and Hubeny (2007). Three
metallicities are implemented in Pyterpol— Z € {0.5,1.0,2.0} Z5. The micro-turbulent velocity
is vpre = 10km.s™! for all of them. The grid OSTAR is also available for lower metallicities.
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Figure 3.4: A comparison of synthetic spectra produced with Pyterpol using different order of
the interpolation. The upper panel shows interpolated and normalised spectra for the following
parameters: Tog = 18250K, logg = 4.1, Z = 0.8 Zy, Ly = 1, vyic = 2km.s™ !, vsini =
50km.s~!, and RV = Okm.s™!. The interpolation order is given above each spectrum. The
spectra were shifted with respect of each other in the relative flux Fr for better clarity of
the plot. The lower panel shows the difference between the spectra from the upper panel
and an interpolated spectrum produced with a cubic spline interpolation. Clearly the largest
differences arise for the linear interpolation.

User is allowed to set the number of points N that will be used for each one-dimensional
interpolation. This controls which interpolation algorithm will be used: N = 2 = linear
interpolation, N = 3 = quadratic interpolation, 4 < N < 6 = cubic spline interpolation,
N > 6 = quintic spline interpolation. Fig. shows an interpolated spectrum for the different
orders of the interpolation and how much they differ from the cubic spline interpolation. The
difference is the greatest for the linear interpolation. That is not surprising, because this method
uses the bare minimum to estimate the shape of the function I (Teg,logg, Z,...) It also shows
that already a cubic spline (even quadratic) estimates the shape of the relative intensity as
a function of radiative properties very satisfactorily.

The post-processing of the interpolated spectrum

Before I compare an interpolated spectrum to an observed one, it is necessary to account for
the broadening effects (rotational and instrumental), weigh each spectrum by its flux fraction,
and shift it to the corresponding RV.

An interpolated spectrum I is first convolved with a Gaussian function. Its FWHM is the
same as the resolution of the instrument which recorded the fitted observed spectrum. The
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convolution is given by the following formula:

L= — /1( ) " Vg (3.28)
' v R Toyep 252 ) Y :

where x, y are the wavelengths, and o the standard deviation of the Gaussian. The relation
between the FWHM and o is FWHM = 2v/2In20. The spectrum [; is then convolved with
the rotational profile

_kh@-y) K (y)dy

Ip , 3.29
f]R K (y)dy ( )
where z, y are RVs, and K the rotational kernel defined by the following formula:
2(1_6) 1—(1)53{1”-)2-’-%7(6 |:1_(vsgilni)2:|
K(y) = ; (3.30)

TV sin g (1 — %)

where v sin i is the projected rotational velocity, and € the coefficient of the linear limb-darkening
law. Then the spectrum is weighed by its relative luminosity L (\)

IigL = Iis (\) L (A (3.31)

The relative luminosity is a continuous function of the wavelength, but in Pyterpol it is set
constant over a spectral range A). Hence the user has to choose the intervals short enough for
the variations of the relative luminosity to be negligible. Finally, each point of the spectrum is
shifted in wavelength. This shift is given by its RV (see Eq. .

The procedure described in this section is repeated for every component of a binary and
then the component spectra are summed. The composite spectrum is compared to an observed
one. Pyterpol is able to fit the synthetic spectra to observed one by minimising the following

X2

2
Ng N N¢
IOBS,',' - Z — IIBLS,', i,k
=Y Ufj - el (3.32)
i=1 \j=1 ’

where Iopg is the observed normalised spectrum I1grs is an interpolated spectrum, broadened
by the instrumental and rotational profiles, weighed by the luminosity fraction and shifted
according to its RV of k-th component of the studied binary, N¢ the number of components of
the system, N the number of points of the i-th observed digitised spectrum, Ng the number of
observed spectra. o is the uncertainty of the observed relative intensity.

Applications of the technique

The technique has been used in several studies, that I co-authored during my doctoral study.
The program Pyterpol is an evolution of a C++ program, that I started writing during my mas-
ter study. The program contained a similar model as Pyterpol (only instrumental broadening
was not included), but was very cumbersome, that is why I re-wrote it in Python. A brief de-
scription of the original C++ program was published in the study of the triple system HD 152246
by [Nasseri et al.| (2014).

The C++ version of the program was used in several studies. In all these applications, the
program was used to determine the effective temperature T.g, gravitational acceleration log g,
and projected rotational velocity vsini of components of the studied multiple systems. Ability
to fit the metallicity Z was added later and hence applied only in one study. The application&ﬂ
of the old version of the program were the following:

(i) The first application of the technique was in the study of an F0Iae eclipsing binary
with a dark disk e Aur by |Guinan et al.| (2012). Here it was used to estimate effective
temperatures of multiple systems lying within 2 deg x 2 deg square surrounding ¢ Aur. The
effective temperatures of their components were further used to infer the distance of these
objects, which was used to derive a calibration between the distance and central intensity
of a few interstellar lines. This relation was then applied to estimate the distance of € Aur.

3 The C++ version of the program was very difficult to handle, so I remained its only user. Hence I carried
out the analyses of objects listed in this section.
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(ii) The second application was in the study of an eclipsing binary Y Cyg containing pair of
two massive 09.5V by Harmanec et al| (2014). The program was used to estimate the
effective temperatures of both components by fitting of the disentangled spectra.

(iii) The third application was in the study of a compact hierarchical triple system HD 152246
by|Nasseri et al.| (2014). The program was used to determine the effective temperature Tog,
gravitational acceleration log g, and projected rotational velocity v sin ¢ of one component
of the inner orbit and the tertiary. In this study, my results were independently verified by
a similar program (compare Tabs. 7 and 8 in Nasseri et al.,2014]) that uses the FASTWIND
model atmosphere to obtain spectra and genetic algorithms to optimise its parameters (see
Mokiem et all [2005] for description of the program). The disagreement in the effective
temperature between the models is very likely caused by the different atmospheric model.
The FASTWIND model atmosphere contains hydrogen and helium only, while my fit was
based on the grid OSTAR that was computed using plane-parallel non-LTE atmospheric
models including the metal-line blanketing.

(iv) The fourth application was in the study of a semi-detached binary undergoing a mass
transfer phase BR CMi by Harmanec et al.| (2015). The binary is ellipsoidal only. We
applied the program to determine the effective temperatures of both components by fitting
the disentangled spectra. The resulting values were used in the light curve model to
remove indeterminacy in the effective temperature T,g, Kopal potential 2k, mass ratio ¢,
and inclination 4, which has been already discussed in Sect. I argued that the
uncertainty estimates of the solution presented in Table 6 of [Harmanec et al.| (2015) are
very severely underestimated in Sect.

(v) The fifth application was in the study of an eclipsing binary, and a possible member of the
putative § Lyr cluster BD+36 3317 by Kiran et al| (2016). Here the program was used
to estimate properties of both components by fitting of the disentangled spectra. The
primary effective temperature was used to reduce the parametric space of the light curve
model and reduce the degeneracy of the inverse problem.

(vi) The last application of the old program (although there is a reference to the new version
in the paper) was in the study of an eclipsing binary with an apsidal motion V346 Cen by
Mayer et al. (2016, accepted in A&A). The program was used to estimate properties of
both binary components by fitting the disentangled spectra. Interestingly the secondary
temperature was very inconsistent with the light curve solution. In the study the authors
explained this discrepancy with an under-abundance of the oxygen in the secondary (see
Fig. 6 in Mayer et al. 2016, accepted in A&A).

The analyses listed here suffered from two problems: The fitted spectra were not properly
weighed given their SNR, and that mostly disentangled spectra were fitted. The former dis-
crepancy caused that the formal x2? represented by Eq. had no statistical meaning. Also
if there were more regions fitted, this incorrect weighing probably caused that the minimum of
the x? moved slightly of the correct solution. The dangers resulting from the use of disentangled
spectra are discussed in the next section.

On the use of disentangled spectra

The spectra produced by the disentangling are often warped. Degree of this warp depends on
the quality and number of the observed spectra, but it is usually quite complicated and has
to be removed manually, e.g. by fitting the continua with a convenient smooth function (I use
a Hermite cubic spline). This approach changes line depths and their positions, hence introduces
a systematic effect, whose quantification is very difficult. Another problem is that the observed
spectra separated with the disentangling often do not come from the same instrument and
are affected by a different instrumental profile. Then the disentangled spectra have a hybrid
instrumental broadening, which is very hard to estimate. This becomes a problem especially
when one is determining properties of a slowly rotating star. The disentangled spectra have
very high SNR that is proportional to the total signal in all observed spectra. This SNR puts
unrealistic demands on the re-normalisation causing that the reduced x? (a x? divided by
the degrees of freedom) is too high and from a statistical point of view one should reject the
synthetic spectrum as a completely wrong model. These problems were not admitted in any of
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the studies listed in the previous paragraph — we actually did not present the x2 at all — but
they are illustrated well in |Nemravova et al.| (2016) in Sects. 3.4, and 3.5.

In that study the new version of the program Pyterpol was used. One of the main features
of this new version is its ability to fit a large number of observed spectra simultaneously. First
I fitted 137 observed spectra of & Tau to estimate radiative properties, rotational broadening
and RVs of its components. The synthetic spectra fitted the observed spectra very well, with
the reduced chi-square close to one (x% = 0.87). Then I fitted disentangled spectra that were
based on a similar set of observations. The credibility of the fit is lowered by two problems:
(i) The unrealistic reduced chi-square x% = 31.58, and (ii) the sum of luminosity fractions was
not equal to one. Clearly the use of the disentangled spectra introduced a systematic effect
that was not present in observed spectra — a systematic effect that was not removed by the
re-normalisation of disentangled spectra, because the parameters corresponding to the best fit
of the disentangled spectra does not agree within error bars with the best-fit of the observed
spectra (compare Tables 7 and 8 in [Nemravova et al., [2016). The disentangled spectra of
& Tau before and after re-normalisation and the best-fitting synthetic spectra are shown in
Fig. 35

Final remark to conclude this section, one should always be cautious when using disentangled
spectra to infer properties of a studied system by comparing them to synthetic spectra. Ideally
he or she should verify the results by fitting directly the observed spectra.

Caveats of the method

One should be always aware of the limits of the implemented model represented by the synthetic
spectra and the simple broadening model.

Almost every spectrum will contain a signal, that will necessarily increase the x?, because
the implemented model is unable to account for it, e.g. errors in the reduction (especially
normalisation of observed spectra), telluric spectrum, interstellar lines, cosmics, . ... One should
always try to avoid fitting spectral regions affected by the above mentioned and other similar
effects. If it is not possible, then it is necessary to evaluate their effect on the final solution.

A similar situation is when one uses the model for objects, for which the model is not
sufficient. Here it is often even harder to evaluate the systematic effect of the phenomenon not
included in the model on the final fit.

3.2 Models comparable to two or more types of observa-
tions

None of the models, which I have created is applicable to more than one type of observation.
The only exception is the program for interpretation of interferometric fringe visibility |V|2
together with the closure phase T3¢. In this section, I will briefly discuss general advantages
and disadvantages of models applicable to more types of observables and list programs using
such models.

Advantages and disadvantages of models applicable to more observation types
The advantages are the following:

+ More advanced physics: These models are usually physically more consistent and account
for effects that are beyond reach of the simple (semi-)analytic models. For example: the
PHOEBE 1.0/WD model of the light curve also includes a RV-curve model, which combines
the RV of each component given by the motion on a Keplerian ellipse (given by Eq. with
the distribution of RV over the surfaces of both components and their projection into the
line of sight. Hence it is able to consistently model the effects of inhomogeneous brightness
distribution over the stellar surface or the Rossiter-McLaughlin effect, which is beyond the
reach of the model presented in Sect. 3.1.1]

+ Better estimation of model parameters: Sect. shows that parameter sets of models
comparable only to one type of observations partially overlap. Generally a common param-
eter can be better constrained by one type of observable than by another. If “observation-
specific” models are used, than an usual approach is to take the parameter value from the
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Figure 3.5: A comparison of disentangled and re-normalised disentangled spectra of the
& Tau system, and synthetic spectra, which represent the best fit to the re-normalised disen-
tangled spectra. Disentangled spectra are shown with the grey line, re-normalised disentangled
spectra with the black line, and the synthetic spectra with the red line. The order of spectra in
each panel is the following top component B, middle component Aa, and bottom component Ab.
The notation of components is explained in Chapter 4} Below each panel there is a difference
between the re-normalised disentangled spectrum and the best-fitting synthetic spectrum. The
parameters defining the synthetic spectra are in Table 7 in [Nemravova et al.| (2016).
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model, whose observable constrains the parameter better and fix it for another. For ex-
ample: The periastron argument w and eccentricity e are constrained by both RV and LC
curves, but its determination is unambiguous for RV-curve only, while for w — km, k € Z the
eccentricity and also w become ambiguous. If the parameters are taken from the RV-curve
solution and fixed for the light-curve solution, the information held by the light curve is
thrown away.

+ Better error estimates: If one is able to fit all model parameters together, the x? min-
imisation routine can “explore” degeneracy of parametric space and correlations between
individual parameters. Using an “observation-specific” model often requires that the user
fixes one or more parameters and hence reduces the parametric space explored by a min-
imisation routine. This selection affects the shape of the x? metric, but it is often forgotten
that also the fixed value has an uncertainty. If it is not taken into account the uncertainties
of the optimised parameters will be underestimated. A correct approach would be similar to
that adopted for the measuring of RVs of £ Tau using comparison of synthetic and observed
spectra. There I have repeatedly carried out the fitting using synthetic spectra, whose pa-
rameters were randomly drawn from their posterior probability distribution approximated
with the normal distribution (see Sect. 3.1 in [Nemravova et al., 2016]).

The disadvantages are the following:

- Computational demands: A model comparable to more types of observations is usually
more complicated. One is often forced to partially (or fully) drop analytic formulas and
use numerical models (e.g. 3D model of a star), or interpolate in pre-calculated tables (e.g.
limb-darkening tables), or integrate differential equation (e.g. solving radiative transfer in
a stellar atmosphere). The forward problem (i.e. creation of a model and computation of the
observables) will be then more computationally demanding than a simple model

- Difficult inverse task: A model comparable to more observation types more likely relies
on a larger number of parameters. A convergence time of a y? minimisation routine is
proportional to the number of fitted parameters. More complicated models are more likely
numerical, hence one is forced to use methods that only evaluate x? to find its minimum.
Also an increased number of parameters increases the number of local minima, which can
mislead the minimisation routine. Hence one is obliged to use a global minimisation method,
whose computation time demands are higher than those of a local minimisation technique.
This coupled with the first item may pose an impasse if the computation of x? takes too much
time.

- Need for careful y? analysis: With several datasets one is obliged to evaluate contribution
of each dataset to the total x2. This is so especially when the observation uncertainties are
underestimated, or even worse — a dataset is affected by an unforeseen systematic errors.
The former problem causes that x2? will prefer solutions that are in agreement with the
dataset having underestimated errors. Unaccounted systematic errors mean that we have
again underestimated the error of an observation set, but this time there is a signal, that
we are not modelling properly and hence the affected dataset will drag the solution out of
the correct one. This can be overlooked if the disagreement between datasets unaffected by
systematics and those affected by systematics and the final model is not serious (X2R is not very
different from one). Then the researcher might neglect it as an error underestimation. This
problem can be revealed by a bootstrap method (Efron) [1979)), or by using the “observation-
specific” methods as an independent check, because being independent, they would likely
reveal a discrepancy between different types of data.

Illustration of the pros and cons on a quadruple system ¢ Tau

These problems are illustrated by our analysis of the quadruple stellar system £ Tau (see
Chapter {4f for an overview of my research of this system and Nemravova et al., |2016]).

In the study we used two methods to investigate the system. A set of (semi-)analytic
“observation-specific” models mostly developed by me, and a complex N-body model developed
able to produce RVs, astrometric positions, eclipse durations, eclipse minima timings, squared
visibility moduli, and closure phases.
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Although the two models work with two different kinds of orbital elements — mean (my
models), and osculating (Dr. Broz’s model) — their relatively fluent secular variations in case
of ¢ Tau allow their comparison. The N-body model combines overall information on the orbits,
while the resulting orbital elements from my models are compared against each other and the
most precise estimate is chosen. Hence the values and error estimates provided by N-body
model are likely better.

Also the best solution obtained by the N-body model suffered from almost null ambiguities.
The only orbital parameter that remained ambiguous in this model was the inclination of
the outermost orbit i3 (see Table 17 in |[Nemravova et all [2016]). Note that in case of the
“observation-specific” models we sometimes had to constrain or directly fix a parameter using
another model based on a different observable to force convergence to a plausible solution.

Although it was not that necessary in case of & Tau, because the “observation-specific”
models provided a solid starting point for the N-body model we still carried out an extensive
search of the parametric space by running a local minimisation technique from different starting
points. The total number of fitted parameters was 23 and we computed ~ 107 trials to exclude
the possibility that we ended up in a local, not the global minimum. Degeneracy of the inverse
problem is partially illustrated by a x? map Fig. 10 in Nemravova et al. (2016). I say “partially”
because the 1-d maps are often misleading because they show nothing about correlations of the
displayed parameter with each other or the remaining parameters.

A demonstration, of how important is a complex analysis of contribution of individual
datasets to the total x2, is the following. The N-body model provided and unexpected insight
into orbital properties of £ Tau. It is represented by Fig. 12 in Nemravova et al.| (2016[). There
is a comparison between measured light curve minima timings and those predicted by the N-
body model for two values of the longitude of the ascending node 2 of the innermost orbit
shifted by 180 deg with respect to each other. Clearly only the solution 2 = 331 deg is correct.
Nonetheless the minima timings is the least numerous dataset and this could be overlooked, if
only overall x? was studied, because it would not increase significantly given that the remaining
datasets were dominating (by factors 10 to 20).
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4. A quadruple system ¢ Tauri

In this chapter I summarise the analysis of the £ Tau system, first a short introduction and then
the results of a detailed investigation of the system, which has been published in a preliminary
study by Nemravovd et al.|(2013)) (N2013 hereafter), and a complex study by Nemravové et al.
(2016) (N2016 hereafter).

4.1 Introduction of the £ Tau system

¢ Tau is a bright (V' = 3.72mag) quadruple hierarchical system. The hierarchy is organised
as follows: The inner orbit consists of a pair of eclipsing A0/B9V type stars revolving around
a common centre of gravity with a period 7.14664d. The depth of the minima in Johnson V'
band is =~ 0.1 mag. Components of the inner binary (labelled 1) are denoted Aa and Ab. The
outer orbit (labelled 2) consists of the eclipsing pair and a B6/B5V type star (denoted B). Its
orbital period is 145.11d. Component B is a rapid rotator and is probably responsible for the
photometric micro-variability of the system with an amplitude of ~ 0.0006 mag. The outermost
orbit (labelled 3) consists of the close triple subsystem and a FV type star (denoted C), which
is the least massive and the least luminous member of the system. Its orbital period is 51 yr.
Properties of component C are uncertain, since it was only detected with speckle-interferometry
and Hipparcos astrometry and its spectrum was not observed.

The notation of orbits and components of £ Tau used here is identical to that used in N2016.

Figure shows a sketch of the system as it would appear on the sky at epoch RJD =
56224.724705. Orbital elements of all orbits of £ Tau are in Table and properties of its
components are in Table The values listed in those two Tables represent our original
results based on analyses that are outlined in Sects. [£.2.3] and [£:2.4]

The brightness of the object and comparable relative luminosities of its components, their
orbital properties and the distance to the system 7 = 15.60 + 1.04 mas (van Leeuwen, [2007])
make it an excellent target for contemporary optical (spectro)-interferometers. This, combined
with the presence of an eclipsing subsystem, provides a unique opportunity to infer properties
of the system with different techniques and critically confront them against each other. The
accurate properties of the system make it a unique test-bed for models of binary formation and
evolution and models of stellar evolution.

4.1.1 Historical overview

Multiplicity of £ Tau was first discovered by |Campbell| (1909), who detected its RV variations.
The orbit 3 was first resolved by Mason et al.| (1999). Later, eight speckle-interferometric
observations were analysed by |Rica Romero| (2010) who derived an astrometric orbit and inferred
the total mass of the system. The properties of the compact triple subsystem of £ Tau were first
mentioned in [Fekel (1981). They were based on the analyses of photographic plates acquired
at the David Dunlap Observatory (DDO) by Dr. C.T. Bolton. Orbital elements of orbits 1
and 2 were first published in the catalogue by [Tokovinin| (1997)). An abstract by |[Bolton and
Grunhut| (2007)) lists accurate periods of orbits 1, and 2, and masses of components Aa, Ab, and
B, but their estimate of the orbital inclination of orbit 2 is incorrect. Their results were based
on long series of electronic and photographic spectra from the David Dunlap Observatory, and
additional photographic plates from Lick and Perkins observatories. Authors also investigated
the Hipparcos photometry of £ Tau and noted that components of orbit 1 undergo mutual
eclipses. Unfortunately the analysis standing behind their abstract has never been published
in detail.

4.1.2 Preliminary study of £ Tau

The first detailed study dedicated to this object by [Nemravova et al. (2013) was a precur-
sor to N2016, and much of the work presented in N2013 was refined in N2016. The study
was based on series of spectroscopic, photometric, and spectro-photometric observations from
CHARA/VEGA (ten Brummelaar et al., [2005; Mourard et al., [2009)), and NPOI (Armstrong
et al.} [1998)).
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Table 4.1: The orbital elements of all three hierarchical orbits of £ Tau. The results presented
here are based on (semi-)analytic “observation-specific’ models (see Sect. and Table 14
in N2016). Hence these elements listed here should be taken as the mean ones. For a list
of osculating elements inferred for a certain epoch with the N-body model see Table 15 in
N2016. The parametric space of different “observation-specific” methods overlap — only the best
estimate is listed here. See Table 12 in N2016 for a full list of results based on all “observation-
specific” models. Nonetheless one result from the N-body model is adopted here — The sense
of the motion of orbit 1 with respect to orbit 2 which was determined by the N-body model.
— The elements given here are: a the semi-major axis, e the eccentricity, ¢ the inclination,
w the periastron argument, w the apsidal advance given by Eq. , Q the longitude of the
ascending node, T}, the periastron epoch, Py the anomalistic period — note that anomalistic
period is equal to sidereal period for & = 0.0degyr~!, = the parallax of the system, 7 the
systemic velocity. 'The element was kept fixed throughout the analyses. 2A mirror solution

i3 = —25.4 is viable and has the same 2.
Orbit 3 2 1
Element Unit Value
a (Ro) 6350+£220 229.0+£7.7 25.550+£0.090
e 0.5728+0.0028 0.2101+£0.0053 0.0
i (deg) 25.42£7.7 86.67+0.12 86.8540.22
w (deg)  10.6+8.9 9.45+1.42 90!
w (degyr—1) 0.0t 2.0240.31 0.0t
Q (deg) 106.44+2.2 148.45340.066 148.4+1.9
Ty (RJD) 546204250 55609.4640.52 56224.724824+0.00022
Py (d) 186304260 145.57940.048 7.14664+0.00002
0 (mas) 14.96 £ 0.51
v (km.s™1) 8.05+0.18

Table 4.2: A summary of properties of all components of £ Tau. These estimates are based on
“observation-specific” models (see Sect. and Table 14 in N2016). The N-body model, (see
Sect. in the version that was applied to £ Tau, was not comparable to either light curve
or spectra. Hence it does not constrain radiative properties of its components well. The mass
estimates based on the N-body model are listed in Table 15 in N2016. The parameters listed here
are the following: m the mass, R the radius, 6 the angular uniform-disk radius, Teg the effective
temperature, log g the gravitational acceleration, vsini the projected rotational velocity, V'
the Johnson V magnitude, B — V', and U — B are colour indices based on the Johnson UBV
magnitudes, and “S. Type” shortens the spectral type. ' The estimate is based on the Hipparcos
parallax. 2The spectral type is based on the Hipparcos measurements by [ESA| (1997). 3The
spectral type estimate is based on mass-spectral-type calibration by Harmanec, (1988)).

Parameter Unit Value
Component C B Aa Ab
m (MQ) 1.61£1.18 3.8940.25 2.252+0.027 2.125+0.027
R (Ro) X 2.8140.28 1.7004+0.035  1.618+0.039
6 (mas) X 0.40740.031  0.247'40.017 0.235'+0.017
Tx (K) X 14190+150 10700£160 10480+£130
logg (dex) X 4.5240.041  4.330+0.019  4.348+0.022
vsini  (km.s™1) X 229.2+1.7 12.64+2.6 14.3£3.1
1% (mag) X 4.2540.10 5.46+0.11 5.63£0.11
B-V (mag) X -0.1240.16 -0.05+0.16 -0.0340.14
U—-B (mag) X -0.446+0.16 -0.09+0.14 -0.07+0.14
S. Type F V2 B6V3 A2V-B9V3 A2V-B9V3
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Figure 4.1: A sketch of orbits of the £ Tau system as they would appear projected on the
sky. These are osculating orbits at the epoch RJD = 56224.724705. The orbital elements
correspond to the best fit of the N-body model to observations, which is in Table 15 in N2016.
Upper left panel: The yellow line denotes the orbit of component C, and the black line the
orbit of the barycentre of the triple subsystem (components Aa, Ab, B). The beginning of
the coordinate system is identical to the centre of mass of the quadruple system. Upper right
panel: The magenta line denotes the orbit of component B, and the black line the orbit of
the barycentre of the eclipsing binary (components Aa, Ab). The beginning of the coordinate
system is identical to the barycentre of the compact triple subsystem. Lower panel: The dark
blue line denotes the orbit of component Aa, and the light blue line the orbit of component Ab.
The beginning of the coordinate system is identical to the barycentre of the inner eclipsing
binary. Points denote the position of a component or a centre of mass (depending on its colour)
at the given epoch. All panels are in angular scale, = is the position in the east-west direction,
and y the position in the north-south direction.

The studied observational material was the following:

e The spectroscopic observations consisted of electronic spectra from DDO, Ondiejov
Observatory, and Lisbon Observatory, and RVs measured on photographic plates from
DDO, Lick and Perkins observatories. The analysis of the RVs measured on the photo-
graphic plates were not used to estimate properties of £ Tau in either N2013 or N2016.
They only served as a consistency check of the orbital solution presented in N2013.

e The photometric observations consisted of series of Johnson’s UBV measurements
acquired at Hvar Observatory, South African Astronomical Observatory (SAAO), with
Automatic Photometric Telescope (APT) at Four College in Villanova, and space-borne
observations acquired with Hipparcos satellite.

e The spectro-interferometric observations consisted of five nights acquired in autumn
2011 with CHARA/VEGA instrument and 22 nights acquired with the NPOI instrument
from 1991 to 2012.

For the analysis I used a set of “observation-specific” models. Those were FOTEL (Hadrava,
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1990 2004) for the analysis of the RVs, KOREL (Hadraval (1995, {1997, 2009) for the spectral
disentangling, PHOEBE (Prsa and Zwitter, 2005) 2006) for the analysis of the photometric
observations. The spectro-interferometric observations from NPOI were analysed by Christian
Hummel, who used a simplified model consisting of two point sources bound by a common
orbit, hence neglecting the visibility variations introduced by the inner orbit. The spectro-
interferometric observations from CHARA/VEGA were analysed by Jordan Bencheikh who
used a model consisting of three point sources, but only two observations had sufficient quality
and the resolution needed to resolve orbit 1. Hence his solution suffered from a high uncertainty
and he was forced to fix some parameters at values obtained from the fit to RVs. Finally the
old C++ version of my program Pyterpol in one of its earliest versions was used to determine
the radiative properties of all three components.

The key results of N2013 are the following: (i) physical sizes and orientations of orbits 1
and 2 (see Tables I, IT and IIT in N2013), (ii) masses of components Aa, Ab, and B (see Sect. 4.1
in N2013), (iii) radii of components Aa, Ab (see Table IT in N2013), (iv) radiative properties of
components Aa, Ab, and B (see Table IV in N2013), (v) the detection of apsidal motion and
its attribution to dynamical interaction between orbits 1 and 2 (see Sect. 4.2 in N2013). The
study was published in conference proceedings, the page limit being ten pages only, hence we
had to skip a number of details on the studied dataset, our models and results.

To a certain degree N2013 presents similar results as Sects. 3-6 in N2016, but the analysis
presented in N2013 suffered from several deficiencies:

e The orbital model implemented in FOTEL does not allow an apsidal motion of the outer
orbit. This effect is pronounced in £ Tau and has major impact on the RVs over the
studied time interval.

e The RVs were treated as having the same errors for components Aa, Ab, and B, although
the applied method — comparison of direct and mirrored line profile in SPEFO — re-
turned inaccurate estimates of RV of component B on the majority of eligible spectral
lines.

e The light curve model relied only on relatively inaccurate UBV photometry, whose un-
certainty is = 10 % of the relative light curve minima depth.

e Uncertainty of the orbital solution obtained by the disentangling was not properly evalu-
ated. The disentangled spectra were plainly fitted with synthetic ones without verification
by a fit to observed spectra. A possible danger arising from this approach was already
discussed in Sect. A comparison of Table IV in N2013 and Table 7 in N2016 shows
a striking difference between the two models.

e A very simplified model was used to fit the spectro-interferometric observations. Also the
observations were evaluated night-by-night instead of using a global model.

e The sum of squares was often fitted instead of x2. Therefore the goodness of individual
fits could not be properly evaluated.

e Although derived orbital elements and properties of components Aa, Ab and B suffer from
rather high uncertainties, there is a significant difference between masses inferred from
the photometry and spectroscopy and those inferred from the spectroscopy and spectro-
interferometry (e.g. mass of component B mrB{v+Lc = 4.53 £ 1.51 Mg vs. mEVHF =
3.08 £ 1.24 Mp).

e In-depth analysis of the dynamical interaction between all three orbits of £ Tau was not
carried out.

e Orbital elements of the widest orbit and properties of component C were not studied at
all. Its possible contribution to the spectroscopic, photometric and spectro-photometric
observations was neglected.

Despite these issues the study N2013 provided a solid starting point for a detailed study, where
all these issues were addressed.
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4.2 A guide through the study N2016

In this section I provide an overview of the complex study of the £ Tau system by Nemravova
et al.| (2016]).

In the study I refined the (semi-)analytic “observation-specific” models, and used them to
infer properties of £ Tau system. During the analyses I attempted to carry out a thorough
uncertainty analysis that resolved discrepancies between different methods.

The “observation-specific” models were then superseded with a complex N-body model
(Broz, 2016, submitted to ApJL), developed and applied to £ Tau by Dr. M. Broz, which
models the motion of all components of the system by the integration of Newton’s equations of
motion starting from a set of osculating elements for a given epoch. The model is comparable
to almost all observables which were studied with the observation-specific models. The N-
body model also shows all possible effects arising from the gravitational interaction of the four
components of ¢ Tau if they were reduced to point masses.

Finally the most prominent secular and periodical effects are explained with the perturbation
theory. The predictions of the theory are in agreement with the N-body model and provide
dependencies of the dynamical effects on the orbital elements and masses of components.

4.2.1 The aims of the study

Our research was led by two principal goals: (i) Given the rich observational material we wanted
to estimate properties of £ Tau using “observation-specific” models independently and compare
their performance. (ii) Then use this critical comparison to estimate orbital elements of the
system and properties of its components with high accuracy. A full geometry of the system
would then provide an excellent test-bed for models of binary formation, while the radiative
properties and masses a test for the models of stellar evolution. (iii) In N2013 we only briefly
touched the effects arising from the dynamical interaction of orbits 1 and 2. Therefore our last
aim was to study these interaction by N-body simulation and by perturbation theory.

In N2016 the first goal is covered by Sects. 3-7, the second goal by Sects. 7 and 8 and the
last goal by Sects. 8 and 9.

4.2.2 Overview of the observational material

A significant improvement of the result obtained by N2013 would not be possible if the obser-
vational material was not expanded. The observations used in N2013 were complemented with
the following observations:

e The system was continually monitored from the Ondiejov observatory and additional slit
spectra surrounding three major Balmer lines Hy, HS, and Ha were obtained. Additional
high-resolution echelle spectra were acquired with the spectrographs FEROS at the La
Silla Observatory (Kaufer et al. |1999), and BESO at Cerro Amazones (Steiner et al.,
2008; [Fuhrmann et al., 2011). Four spectra were downloaded from the ELODIE archive
(Moultaka et al., 2004). A journal of all studied spectra is in Table Details on the
reduction of the spectroscopic observations are in Appendix A in N2016.

e Additional Johnson UBV observations were secured at the Hvar observatory, but substan-
tial for the study were the space-borne observations acquired with the satellite MOST
(Walker et al 2003)). The instrument monitored £ Tau almost continuously over 16 days
and the precision of the all-sky magnitudes is ~ 107° — 10~* mag. Details on the re-
ductions of the spectroscopic material are in Sect. 2.2 (MOST photometry), and in Ap-
pendix B (UBV photometry) in N2016. A journal of analysed photometric observations
is in Table [£.41

o Additional optical spectro-interferometric observations were taken during five nights in
autumn 2012 with the instrument CHARA /VEGA and during ten nights in autumn 2012
and winter 2013 with the instrument NPOI. The latter observations were used to derive
astrometric positions of the component B with respect to the photocentre of the eclipsing
binary, but also the corresponding fringe visibilities and closure phases were analysed and
compared to an orbital model. One additional IR observation acquired by the instrument
VLTI/AMBER (Petrov et all [2007) was downloaded from the ESO archive. A journal
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Table 4.3: Journal of spectroscopic observations. For each instrument, AT refers to the time
span between the first and the last measurement, N gives the number of RVs measured for
components Aa, Ab, and B, A\ is the wavelength interval covered by the spectra in question,
and R is the spectral resolution. Instruments: DDO - David Dunlap Observatory 1.9 m reflector,
Cassegrain CCD spectrograph; ELO - Haute Provence Observatory 1.2m reflector, echelle
ELODIE CCD spectrograph; BES - Cerro Amazones Hexapod Telescope, BESO echelle CCD
spectrograph; OND - Ondiejov Observatory 2m reflector, coudé CCD spectrograph; LIS -
Lisbon Observatory of the Instituto Geografico do Exército, reflector, CCD spectrograph; FER
- La Silla 2.2 m reflector, Feros echelle CCD spectrograph.

AT N A R Ins.
(RJD) Aa/Ab/B (A)

49300.7-52670.5  37/37/37  4357-4568 10800 DDO
51960.3-53637.6  04/04/04 4270-4523 42000 ELO

04/04/04  4759-4991

04/04/04 62606735
55041.9-55867.6 13/13/13  4270-4523 48000 BES

13/13/13  4759-4991

13/13/13 62606735
55579.4-56357.3  34/34/34  4270-4523 19200 OND
56579.4-56889.6  05/04/05 4274-4508 19200 OND
55579.3-55645.3  02/02/02 4378-4632 17700 OND
55579.3-56357.3  20/20/20  4753-5005 19300 OND
56527.6-56592.5  05/05/05 4759-4991 21500 OND
56527.6-56889.6 14/14/14  6260-6735 14000 OND
55561.3-56357.3  58/58/59  6255-6767 12700 OND
55597.4-55980.3  19/19/22 6497-6688 14000 LIS
56555.7-56564.7 12/12/12 4270-4523 48000 FER

12/12/12  4759-4991

12/12/12  6260-6735

Table 4.4: Journal of photometric observations. For each row, IV is the number of observations
in each of the filters used, AT is the time span covered by each dataset, column ‘Passbands’
shows the photometric filters used, column ‘Comp/Check’ lists the names of comparison and
check star used. UBV denote the Johnson filters, and MO denotes the broad-band filter of the
MOST satellite. Instruments: HVAR - Hvar Observatory 0.65 m Cassegrain reflector, photoelec-
tric photometer; HIPP - The ESA Astrometric Mission; SAAO - South African Astronomical
Observatory 0.5 m Cassegrain reflector, Lucy photoelectric photometer; VILL - the Four College
0.8 m reflector, photoelectric photometer; MOST - the Canadian MOST satellite. !Only three
observations were taken before RJD = 54116, all at RJD = 46324. 2The original Hipparcos
H,, broad-band observations were transformed into the Johnson V filter following |Harmanec
(1998). However, for the light-curve solutions the limb-darkening coefficients corresponding to
the original Hipparcos passband were used.

N AT Passbands Comp / Check Instrument
(RJD)
441/451/452  46324.6-56882.61 UBV 4 Tau / 6 Tau HVAR
69  47909.6-48695.0 V(H,)? all-sky HIPP

26/26/26  55569.3-55579.4 UBV 6 Tau / 4 Tau SAAO
131/133/135  55883.9-55956.8 UBV 4 Tau / 6 Tau VILL
18510  56222.0-56238.0 MO all-sky MOST
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Table 4.5: Journal of the spectro-interferometric observations. AT is the time span RJD of the
first and the last observation, A B the range of the projected baselines, A\ the wavelength range,
Ny the total number of visibility observations, and Nrt,, the total number of closure phase
observations. Instruments: 1 - MarkIII, 2 - NPOI, 3 - CHARA/VEGA, 4 - VLTI/AMBER.

Instr. AT AB AN Ny2/Nr3,
(RJD) (m)  (um)

1 48275-48563  14-30  500-800 108/0

2 51093-56298 0-79  550-850  13461/4137

3 55825-56228 31-279  532-760 6132/0

4 56264-56264 41-139 1200-2600 2160/720

of the spectro-interferometric observations is in Table [I5] A detailed description of the
acquisition, calibration, and in case of NPOI also derivation of astrometric positions is
given in Appendix C in N2016.

e Astrometric positions of component C with respect to the photocentre of the compact
triple subsystem were downloaded from the Washington Double Star Catalogue (WDS
hereafter) maintained at the U. S. Naval Observatory.

4.2.3 Summary of results based on observation-specific models

In the first part of the study N2016 (Sects. 3-7) we infer properties of £ Tau system by com-

paring the individual types of observations to (semi-)analytic models, that are tailored to the

specific types of observations. All these models contain only slightly modified Keplerian orbital

model. A summary of the fitted types of observations and the applied models is the following:
Observation type Model

Normalised flux the program Pyterpol was used, the description of the model is in
Sect. [3.1.4

Radial velocity the pm FRV was used, the model is given by Egs. , ,
and in Sect.

Magnitude the program PHOFEBE was used, the model implemented in it is
roughly described in Sect.

Astrometry the program written by Dr. P. Zasche (Zasche and Wolf, 2007)) was

used, it is based on a orbital model given by Eqgs. (3.16)—(3.18)), but

also contains terms accounting for the proper motion.
Visibility & the program FV was used, the model is represented by Egs. (3.6)),

Closure phase and (3.16)—(3.19).

Solution of the mass problem

In the preliminary study (see Sect we reported a discrepancy between the mass of com-
ponent B inferred from the combined solution of the light curve and the RV curve and the mass
inferred from the solution of the RV curve and the inclination of orbit 2 from the interferometry.

The main problem turned out to be the measuring of RVs of broad lines of component B. The
majority of orbital elements of orbit 2, relevant for the determination of component masses, can
be estimated from the RV curve of components Aa and Ab, whose sharp lines provide accurate
RVs. Nonetheless, one has to determine the semi-amplitude of both RV curves to obtain the
masses of both components. Hence the issue transformed into a reliable determination of Kg.
In my programs and KOREL the parametrisation using Kaatab, and ¢go = Kaatran/Kp is
preferred.

We attempted to derive an orbital solution using the spectral disentangling (embodied by
the program KOREL), but the data did not constrain the parameter well. This is demonstrated
in Fig. which shows the map of x? of the semiamplitude of RV curve of the barycentre of the
eclipsing binary Kaa+ap and the mass ratio ¢go. This map shows that ¢, is poorly constrained
by the disentangling. We also attempted to use the disentangled spectra for measuring of RVs,
but we faced similar problems as we did for BR CMi (see Sect. [2.3.3)).
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Figure 4.2: A x? map of the mass ratio ¢, and the RV curve semiamplitude of barycentre of
the eclipsing binary K, a1 surrounding the best fit found by KOREL (see Table 8 in N2016).
The red line denotes one o, the yellow line two o, and the white line three o confidence levels.
Quite surprisingly, the 1-o region surrounding the physically correct solution gs = 0.9 is smaller
than the one surrounding the physically incorrect solution.
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Comparison of direct and mirrored profiles did not turn out to be very useful, because we
found only one spectral line (HeI4471A) of component B that was strong and only weakly
blended with lines of components Aa and Ab. Hence we were unable to estimate uncertainty
of individual measurements properly.

A method that provided the best RV estimates of component B was comparison of synthetic
spectra with the observed ones. First we optimised radiative properties of all three components
by comparison of the synthetic spectra (mainly from the grid POLLUX) with 137 Ondfejov
spectra. Second the RVs were measured by randomly drawing synthetic spectra based on the
posterior distribution of parameters obtained in the first step. Their uncertainties (the statis-
tical part only) were estimated from the distribution of results. Unexpectedly the uncertainty
of RVs of component B turned out to be ~ 5 — 10km.s~!.

Nonetheless the fit of a synthetic RV curve (see Table 5 and Figs. 2, and 3 in N2016) to
these measurements (with program FRV) provided a solution, which is not in conflict with the
interferometry. The mass of component B based on combination of the RV and light curve
solution is mBy ¢ = 3.89 £ 0.25 Mg, and the same mass based on the RV curve solution and
the interferometric inclination of orbit 2 mgVJrLC = 3.60 £ 0.52 M.

Detection of rapid light oscillations

We discovered quasi-periodic light variations with a period Pr = 0.42 4+ 0.01 d and amplitude
A = 0.00060 £ 0.00015 mag with the satellite MOST (see Figs. 5 and 7 in N2016). The period
and the amplitude seem to be modulated with the period of the eclipsing binary P;. A natu-
ral explanation would be that eclipsing binary causes a small ellipsoidal variation in between
eclipses, which tilts the light curve of the oscillations slightly and introduces a phase-dependent
period and amplitude shifts.

We were unable to identify the true physical cause of the 0.42d light variations. The period
is not similar to any instrumental period, hence it is unlikely an instrumental effect. Another
explanation would be that component B has a close companion, orbiting the primary with
an orbital period 0.84d and distorting it, so it produces ellipsoidal variations. This scenario
seems unlikely, because two consecutive minima (at phases 0.5 and 1.0) would have different
depth, which was not seen in the data. This is shown in Fig.

Other two causes that seem more likely are spots and pulsations. These two effects cannot
be easily distinguished from each other since the period of 0.42 d is a plausible value for the
rotational period of component B. Unfortunately the remaining periods, that we identified in
the periodogram of the MOST light curve are aliases either with 1d period, or with the orbital
period of the satellite MOST. Spots seem a bit less likely, because the component B would
have to be either chemically peculiar or have strong magnetic fields and we found no evidence
for either of these in spectra. The component B could be a slowly pulsating B star. The first
reason to attribute the pulsations to component B, is the fact that it fits better into instability
strip in HR diagram for this type of pulsators (Waelkens et al., [1998)), and second that it is
simpler for it to produce the micro-variability, because it is the brightest member of £ Tau.

Detection of eclipse-timing variations

One effect produced by the dynamical interaction of orbits 1 and 2 is the apsidal motion of
orbit 2, which has already been reported in N2013. The eclipse-timing variations (ETV) were
detected thanks to high-precision light curve from the satellite MOST. After we found that
the two consecutive primary minima acquired with the satellite do not fold well, we measured
the minima timings across the whole dataset. The amplitude of ETVs is roughly Agryv =
0.025 £ 0.01d and they seem to vary on a timescale comparable to orbital period of orbit 2.
The ETVs for all recorded minima (see Figs. B.1, and B.2 in N2016) are shown in Fig. [4.4

At the beginning we attempted to explain the variations by fitting an eccentric orbit rather
than the circular one, but this had not resolved the problem — a local value of orbital period
was needed. Hence we suspected the LTTE produced by orbits 2 and 3 At5TTE ~ 0.006, and
AtYTTE ~ (0.013. The amplitude of the former is insufficient while the other varies with period
equal to orbital period of orbit 3 (& 51 yr). Therefore LTTE is not a correct explanation.

The correct explanation was the dynamical interaction between orbits 1 and 2. An approx-
imate formula derived by Rappaport et al.| (2013 based on perturbation theory to the first
order in the eccentricity gives an estimate for £ Tau, which is in agreement with the observed
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Figure 4.3: A fit of ellipsoidal variations to the MOST light curve outside the eclipses. The
properties of component B were taken from the fit of synthetic spectra to observed ones (effective
temperature, projected rotational velocity), and from the interferometry (radius). Top panel:
The red line denotes the best-fitting model obtained with PHOEBE and the black points is the
magnitude in the MOST passband MO outside the eclipses. Middle panel: The black points
show residuals of the MOST light curve and the best fitting model. Bottom panel: The black
points show a phase diagram of the MOST light curve for the period 0.848d. Although the
model is able to reproduce the amplitude of the rapid light variations, the shape of the model
curve does not agree with observations.
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Figure 4.4: Eclipse-timing variations of the inner system of £ Tau. The black points denote
time difference measured minimum epoch and computed one using the ephemeris Ty, (RJD) =
7.14664 x E 4 56224.72482. Cycle denotes the time difference between the reference epoch and
an arbitrary epoch divided by the reference period. The red line is a delay computed from
a model represented by Eq. (8) in [Rappaport et al| (2013). The grey band denotes the LTTE
produced by orbit 3. This comparison is not a fit.
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effect. A comparison of the observed delay and that produced by the approximate model is on

Fig. (.4

Determination of mean orbital elements of ¢ Tau and properties of its components

We were able to derive properties of the system. Our results include determination of the
physical size and geometric orientation of all orbits of £ Tau, masses of all components, radii and
radiative properties of components of the compact triple, and the distance to the system. The
best-fitting models inferred from the individual types of observations are mutually consistent.

A critical comparison of the results based on different models is in Sect. 7 of N2016. Here
I present only a few remarks. (i) The properties of component C were solely estimated from
the astrometry of the WDS catalogue. Hence we were only able to fit the projection of orbit 3
on the sky and estimate its mass with a great deal of uncertainty m® = 1.61 & 1.18 M. The
mass is in agreement with the spectral type F 'V based on the Hipparcos measurements (ESA|
1997). (ii) The individual observation-specific models were not completely independent. The
light-curve solution depended on the fit of the RV curve and the fit of observed spectra with
synthetic ones — the temperature of component Aa, the mass ratio of orbit 1 and a; sini;.
Several parameters of the spectro-interferometric model had to be taken from the RV-curve
solution, light-curve solution and the parallax — angular radii of components Aa, and Ab, mass
ratio, and inclination of orbit 1 — because we lacked enough observations at very high spatial
frequencies. (iii) The orbital solution based on observation-specific models still suffers from two
ambiguities. The longitude of ascending node of orbit 1 has a mirror solution Q) = Q; + 7.
The inclination of orbit 3 has a mirror solution if = —i3.

Finally I note that all observation-specific models are incomplete and all contained simplifi-
cations of the orbital and radiative models. Fortunately these simplifications do not make the
models invalid, because the reduced x2 of the best-fitting solution remained acceptable for all
models with the exception of fit to spectro-interferometric observations, which suffer from the
reduction and calibration systematics. The “observation-specific” models also provided a solid
starting point for the complex N-body model, which is described in the next section.

4.2.4 The N-body model and the perturbation theory

The N-body model (Broz et al.l 2010; Broz, |2016, submitted to ApJL) was applied to derive
the orbital properties of all four components of £ Tau as well as their basic radiative properties.
After a brief description of the model I summarise its impact on the & Tau study N2016.

Description of the N-body model

The main features of the N-body model: (i) Trajectories of all components are determined by
the integration of Newton’s equations of motion. Each component is reduced to a point mass,
hence the model includes effects that arise from their dynamical interaction. That means that
tides, or relativistic effects are not included. For £ Tau, these effects are negligible. The secular
and periodic evolution of orbital elements of all four orbits of £ Tau are shown in Figs. [L.5]47]
(ii) When the trajectories are known, each component is represented with a homogeneous disk.
The radiation of the disk is approximated with a black-body radiation. Then the eclipse-timings
and eclipse durations can be determined from the model, and also the position of photocentre
of each component. (iii) The model is comparable to several observables (the number of which
has been growing steadily as Dr. Broz continues to improve his model). The observables that
could be fitted in N2016 are the following: astrometric positions, closure phases, eclipse timings,
eclipse durations, radial-velocities, and visibilities.

The trajectories can be determined in several coordinate systems. For the implemented
integrator, the native coordinates are barycentric positions and velocities, but osculating orbital
elements are directly comparable to the Keplerian models implemented in “observation-specific”
models, that is why I will stick to those here (For a full definition of the N-body model that was
applied in N2016 see Sects. 8.1 and 8.4 therein). Then the parameters defining the model are
the following: {a,e;,i;, w;, Qi, Mi}le the osculating orbital elements for a certain epoch Ty,
where a is the semi-major axis, e the eccentricity, ¢ the inclination, w the periastron argument,
Q the longitude of the ascending node, and M the mean anomaly. The remaining parameters
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{RI,m/, chf‘f}je{Aa,Ab,B,C} are the uniform-disk radius, the mass, and the effective temperature,
and + is the systemic velocity.

The model was applied to observations in two different ways based on how the interferometric
data were treated. First only the astrometric positions of component B relative to the barycentre
of the eclipsing binary from NPOT were used (see Table C.1 in N2016) and then the model was
compared to all visibility and closure phase observations. This approach was applied because
the visibilities and closure phases suffer from systematic errors, which increase the reduced
chi-square of the best-fitting solution x% ~ 6. This complicates their fitting along with the
remaining observations, whose reduced x? is comparable to one, because the interferometric
observations completely dominate the overall 2. The astrometric observations from NPOI
were estimated with the reduction package OYSTER by [Hummel et al.| (1998, |2003)) which
partially compensates for the instrumental effects. The resulting astrometric positions give
a reduced x? comparable to one.

Therefore first a steady orbital solution was found first using the NPOI astrometric positions
and radii and luminosity ratios obtained by “observation-specific” models (see Sects 8.1-8.3 in
N2016). Then the model was compared to visibility and closure phase measurements from
CHARA/VEGA, NPOI, MARKIII, and VLTI/AMBER instruments to resolve an ambiguity
in the longitude of the ascending node of orbit 2 (see Sect. 8.4 in N2016). In this model the
effective temperatures and the radius of the tertiary were free. Radii of the eclipsing binary
were poorly constrained because the model does not exploit the light-curve.

Main results of the N-body model

First of all the N-body model is physically more realistic. The dynamical interaction (especially
between orbits 1, and 2) produces a number of secular and periodic effects. The N-body model
accounted for all of them. The secular and periodic variations of osculating orbital elements
of all orbits over the time interval covered by observations are shown in Figs. The
best-fitting osculating elements found by the N-body model are in Table 15 of N2016.

Two main secular effects are the apsidal advance of orbit 2, and periodic variations of
the longitudes of the ascending node and inclinations of orbits 1 and 2. These results partly
justify the approximations made in “observation-specific” models. Clearly the advance of the
apsidal line of orbit 2 is close to linear. The latter effect produces the following variations
of the semiamplitude of RV curves AK, and depth of the primary minimum in Johnson V'
band: AKp, ~ AKpp ~ 0.4 km.s_l, AKg >~ AKAa+Ab ~ 0.02 km.s_l, and AVyin =~ 0.13 mag,
where Vi, is the systemic magnitude in Johnson V filter at the primary minimum epoch.
The variation of the semiamplitude of all RV curves is clearly beyond accuracy of our data,
whose precision is > 1.0 km.s~!. On the other hand, such variations of the light-curve minima
should be detectable given the accuracy of our U BV photometry, which is generally better than
0.02mag. There is a hint of an eclipse-depth change in the UBV photometry, but the effect is
comparable to the precision of the measurements. However the mutual inclination j based on
“observation-specific’ models j < 2deg would produce minima-depth variations with a lower
amplitude (eventually zero for co-planar orbits).

The N-body model properly estimates periodic variations of the osculating elements, hence it
is able to explain the ETVs produced by both LTTE and dynamical interaction among & Tau com-
ponents. It also provides the amplitude of periodic effects, and demonstrates that the inner
interacting triple subsystem of & Tau is quite well-behaved and the ETVs could be easily in-
cluded in the “observation-specific” models by using the approximate formula derived through
the perturbation theory (see Sect. 9 of N2016).

An unexpected result came from the comparison of the N-body model and the ETVs. Using
these data N-body model allowed us to resolve the ambiguity in the longitude of the ascending
node of orbit 1. Fig. 12 in N2016 shows comparison of the four very accurate eclipse timings
based on the observations from satellite MOST and the N-body model for two values of the
0y = [151;331] deg. Clearly the latter agrees with the measurements much better, hence the
motion of components of orbit 1 is prograde with respect to motion of components of orbit 2.
This is an excellent example of how the simplifications introduced in “observation-specific”
models ignore some pieces of information contained in the observations.

The N-body model provides a better estimate of the orbital elements of & Tau and masses
of its components not only because it implements a more physically correct orbital model, but
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also because it is comparable to more types of observations simultaneously (see discussion in

Sect. .

The main results of the perturbation theory

The N-body model detected a “jungle” full of secular and periodic variations of orbital elements,
but their most prominent components are quite simple. Hence we turned to perturbation theory
to estimate parametric dependencies of the most prominent periodic and secular effects. The
approximate formulae were derived by Prof. Vokrouhlicky. I present it here for a completeness
of the description of the paper N2016.

In the £ Tau study the dynamical interaction with component C is neglected. A glance at
Fig. [4-6] reveals that dynamical effects introduced by interaction with this component are by at
least an order lower than those produced by interaction of components Aa, Ab and B.

The secular evolution of £ Tau is simple because the eccentricity of orbit 1 e; ~ 0, and the
mutual angle between orbits 1 and 2 in the Laplace frame j ~ 0 deg. This plane is perpendicular
to the total angular momentum. From now on, the orbital elements defined in this plane are
denoted with a tilde. Here I (again) point out the completeness of our analysis — the mutual
angle j can be determined only if geometric orientation of both orbits is known. On a timescale
of &~ 10000 d, only the quadrupole interaction is relevant. Then e;, e and j are stable in time
and the O and €, linearly advance following Eq. (26) in N2016. This motion transcripts into
sinusoidal variation of 1, s, i1, and iy in the observer frame, which is perpendicular to the
sky, that are shown in Figs. and The interaction also introduces apsidal motion of
orbit 2, which is given by Eq. (27) in N2016. The same approximations were already published
by [Soderhjelm| (1975)), and Breiter and Vokrouhlicky| (2015]).

While the apsidal motion was clearly detected, we have not detected the variation of the
inclination of orbit 1. The magnitude of this variation is comparable to the mutual angle
j. This infers that the angle must be very small. The observations-specific models provide
7 < 2deg and N-body model j < 5deg. This strengthens the assumptions under which the
Egs. (26), and Eqs. (27) were derived. The N-body model is in agreement with these equations.
For observation-specific models the approximate model resolves the discrepancy between the
linear apsidal motion given by the fit of the RV curve (w; = 2.90 £ 0.33degyr—!) and the fit
of spectro-interferometric observations (wy = 2.02 £ 0.30degyr—!). The approximate model
(Eq. 27 in N2016) gives we = 2.11, hence the latter model provides a correct value.

We have also investigated the main sources of the ETVs and identified the following two:
(i) those with the orbital period of the outer orbit 2 (called long-periodic in N2016 and given by
Eqgs. 29 and 30 therein), and (ii) those with the half of the synodic orbital period of the inner
orbit 1 (called short-periodic in N2016 and given by Eq. 31 therein). Both formulae are derived
under the assumption that the orbits are co-planar. Similar or the same equations were already
derived by (Soderhjelml [1975; |Borkovits et al., |2003; Rappaport et al.,2013)). The long-periodic
ETVs are caused by changes of the distance of the outer component with respect to the centre
of mass of the inner system. Hence it is zero for a circular outer orbit. For £ Tau they are
the larger component of ETVs produced by the dynamical interaction dtpp = 0.0168 + 0.007 d.
The short-periodic ETVs are caused by changes of distance of components Aa and Ab with
respect to component B. Hence this effect is non-zero for circular orbit 2, but its magnitude
depends on es. For £ Tau, the amplitude of short-periodic ETVs is dsp = 0.0068 4+ 0.0003 d at
periastron of orbit 2 and by factor 4 smaller at apoastron of orbit 2. The sum of short-periodic
and long-periodic ETVs is an excellent agreement with the amplitude of the measured delay
6 =0.025 +£0.010d.

4.2.5 Outlook for ¢ Tau

We have derived a consistent picture of the system — we determined the size and orientation of
all orbits, derived the basic physical and radiative properties of components Aa, Ab, and B, and
the distance to the & Tau system. We detected traces of the dynamical interaction among its
components and explained them using a complex N-body model and the perturbation theory.
However more work remains to be done:

(i) The properties of component C still remain uncertain. High S/N spectra (preferably in
the IR region) would provide its radiative properties and RVs that are needed for a reliable
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determination of its mass and to resolve the ambiguity in the inclination of orbit 3.

High-S/N and high resolution spectra may allow the detection of line-profile variations or
to prove their complete absence, thus helping to identify the true physical cause of the
micro-variability of component B.

We demonstrated that the rotation of members of the eclipsing binary is synchronised with
the orbital motion. The synchronicity ratios implied by results of “observation-specific”
models are FA2 = 0.95 4 0.20, and FAP = 0.80 4 0.18. We note that more accurate RV
measurements of components Aa and Ab would allow a firm detection of the Rossiter-
McLaughlin effect and would help to determine the sense of their rotations with respect
to the orbital motion.

The sense of revolution of orbit 1 with respect to orbit 2 (found prograde by N-body
model) can be verified either by interferometric observations at high spatial resolution
including the closure phase, or by continuous photometric observations. Note that the
retrograde solution (27 = 151 deg) predicts that the eclipses should cease to exist in 2021.

New series of spectro-interferometric observations would also help to resolve components
of the eclipsing binary and its orbital properties providing an independent estimate to the
light and RV curve solutions.
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5. A binary undergoing mass
transfer 5 Lyrae

B Lyr is a bright eclipsing semi-detached binary that is currently undergoing mass-transfer
phase. Although the mass ratio has been already reversed, the mass transfer rate is still
high. The mass emanating from the donor forms various circumstellar structures including
an accretion disk, jets and a circumbinary cloud. All these structures can be both opaque and
transparent. An overview of the investigation of this system is presented in Sect.

As the system is in an evolutionary rare phase of mass transfer, knowledge of the geometrical
distribution of the circumstellar matter and its properties (like density or temperature) is
important for the understanding of the whole process of mass transfer.

Our first goal is to map the distribution of opaque and transparent circumstellar gas in
BLyr and to improve the orbital elements (mainly the mass ratio, inclination, and ascending
node longitude). Our second goal is to compare the resulting picture to the contemporary
models of mass transfer and draw general conclusions on the process.

B Lyr has been observed almost exclusively during a 12d long campaign in 2013 with the
spectro-interferometer CHARA /VEGA. These observations were accompanied by similar cam-
paigns with instruments NPOI and CHARA/MIRC. New series of spectroscopic observations
from the Ondfejov observatory and photometric observations from the Hvar observatory were
also acquired. The observations are described in Sect. We focus on the comparison of
spectro-interferometric observables with (semi-analytic) models to confirm the existence of var-
ious gas structures reported in several previous studies, and to derive their shape and size. For
that we intend to use tool SIMTOI, and develop a new tool for the interpretation of differential
visibility and differential phase observations of binaries, which show traces of the circumstellar
matter.

I reduced the extensive CHARA/VEGA observational material, and carried out its anal-
ysis in SIMTOI. The results show that in continuum the observations can be modelled with
a Roche-lobe filling donor revolving around a common centre of gravity with a gainer hidden
in an optically thick disk. The analysis is presented in Sect.

Our analysis of 8 Lyr is still work in progress. A valuable information is held by the dif-
ferential phases and differential visibilities, which provide information about the intensity and
velocity distribution of the optically thin circumstellar gas. To extract this information I have
to finish my program DV, that is outlined in Sect. Part of the results presented in this
chapter have been already reported by [Nemravova et al.| (2015]).

5.1 Overview of previous studies

Here I briefly summarise results found by previous investigators of §Lyr system. A special
attention is given to studies based on spectro-interferometric observations, because they form
the principal part of the observational material that I analysed.

5.1.1 General overview

Photometric variations of the system were discovered by |Goodricke and Englefield| (1785)), and
the emission lines in its spectrum were first detected by |Secchi| (1866). The two hundreds
years old history of investigation of this system were summarised by [Sahade| (1980) and later
by [Harmanec| (2002). The system is a multiple star, but the name “gLyr” usually refers to
its eclipsing binary component S Lyr A with an orbital period ~ 12.94d. This binary consist
of a Roche-lobe filling B6-81I type (m ~ 3Mg) donor, and a BOV type gainer (m ~ 13Mg),
the latter being obscured by an opaque accretion disk whose spectrum resembles A5III type
spectrum (Skulskii and Topilskayal, (1991} Harmanec, [1992)). The high mass transfer rate rm ~
2.5 x 107 Mg yr~! (De Greve and Linnell, [1994) leads to a secular increase of the orbital
period P = 19syr—! (Harmanec and Scholz, [1993; [Ak et al., |2007). The mass stream from
the donor does not hit the gainer directly, but due to Coriolis force encircles the gainer and
forms an accretion disk. Presence of an opaque accretion disk was first proposed by Huang
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. At the region of the interaction of the gas stream and the accretion disk (maybe even
the mass stream with itself [Bisikalo et al. [2000) the circumstellar gas is heated and forms
a hotspot and two jets perpendicular to the orbital plane. A clear evidence for the mass loss
from the system is the circumbinary cloud (Umana et al., 2000). The existence of jets was first
proposed by [Harmanec et al| (1996) from spectro-interferometry and independently confirmed
by [Hoffman et al. (1998) from spectropolarimetry and later by Bonneau et al| (2011) from
Hoand Hpspectro-interferometry. The presence of a hotspot has been proposed by Bonneau!
et al.[(2011); Lomax et al.| (2012); [Mennickent and Djurasevid| (2013). According to (Deschamps
et al.,[2013) it may play a crucial role in the formation of jets and mas-loss from a binary system.

5.1.2 (Spectro)-interferometric studies of 5 Lyr

B Lyr is bright (V' = 3.42mag) and moderately close (parallax 7 = 3.39+£0.17 mas
2007). The angular size of its semimajor axis is @ ~ 0.92mas (based on physical size of the

semimajor axis estimated by make it resolvable with the contemporary optical
interferometers, whose limiting spatial resolution is ~ 0.1 mas. The system was first observed
in 1991 with an optical spectro-interferometer GI2T (Mourard et all, [1994). A study based on
these observations, which mainly demonstrated that the object is observable and resolvable by
the GI2T instrument, was published by Mourard et al|(1992). It was observed again with GI2T
during 11 nights in 1994, along with a large campaign of supporting spectral and photometric
observations. A thorough analysis of this campaign was carried out by [Harmanec et al.| (1996]).
Besides other things, the authors inferred the existence of jets perpendicular to the orbital plane
from the spectro-interferometric observations and from analysis of several emission-line profiles.

Later [Umana et al| (2000) found a nebula with ~ 40 AU across at 5 GHz with the Multi
Element Radio Linked Interferometer Network (MERLIN). They also found that the nebula is
aligned with the jets. The authors proved that the mass transfer is non-conservative, determined
the mass-loss rate 1 = 1077 M, yr~ ' and estimated the total mass lost from the system to
0.015Mg from the beginning of the mass transfer.

|Zhao et al.| (2008) presented the first resolved images of S Lyr. Their analysis was based
on series of H-band spectro-interferometric observations with the instrument CHARA /MIRC
(Monnier et al.| [2006). The images were fitted with a simple model (two uniform ellipses).
The authors derived an astrometric orbit from the fit — the inclination 7 = 92.25 £+ 0.82 deg,
the semimajor axis @ = 0.865 £ 0.048 mas, and the longitude of the ascending node 2 =
254.39 £+ 0.82 deg.

[Schmitt et al (2009) studied the motion of the Ha emitting region with respect to the
maximal continuum flux. Their study was based on series of observations with the optical
spectro-interferometer NPOI (Armstrong et al., [1998). They found the semimajor axis dpq =
0.46 4+ 0.03 mas, and the longitude of ascending node Qp, = 249 + 4deg. They also derived
a solution based solely on continuum flux whose semimajor axis @ = 0.99 £ 0.03 mas, and the
longitude of ascending node €2 = 255 + 7deg. The latter result is in better agreement with
results presented by |Zhao et al.| (2008). The separation of Ha emitting region with respect to
the continuum is too small even if an offset of jets with respect to the centre of gainer is taken
into account. Schmitt et al|(2009) argued that they may have underestimated the continuum
contribution to the Ha band.

Bonneau et al| (2011) carried out spectro-interferometric observations of 5 Lyr in He, and
Hp regions using the CHARA /VEGA instrument (Mourard et al.|[2009). Although their resolu-
tion was too low to resolve the orbit (their resolution was similar to that of[Schmitt et al.| [2009)),
they studied visibility and differential visibility variations with the orbital phase in a direction
perpendicular to the disk (aligned with the jets). They found that the extent of line-forming
regions varies and tentatively suggested existence of a hotspot that is being obscured during
the secondary eclipse.

5.2 Observational material

The available observational material consists of a large number of spectro-interferometric obser-
vations from CHARA /VEGA, CHARA /MIRC and NPOI. These are supplemented with earlier
spectroscopic and photometric observations already used by Harmanec and Scholz| (1993) and

72



w  2013.06.22 .«  2013.06.23 w  2013.06.24
4 4 4

2 2 N 2 o0 o
3\ . & E o’ "H“. M 2 . :- ..
o O E, 0w o O coxw, U s O e ¥
EY S . S S v

-2 -2 ! -2
-4 -4 -4
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
u(B,/X) w(B,/X) u(B,/X)
o 2013.06.26 o 2013.06.27 s 2013.06.28
4 4 4
-
—_ 2 DAL — 2 o .'. . . 2 :."- *
< Y o = o, e2° ,":- . = R
s O gre & o O s er Wl T O +iaas T¥re
< e = L., . = L
-2t ° o -2 o —2fs "ot
-
-4 -4 -4
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2
u(B,/\) u(B,/X) u(B,/\) h
e 2013.06.29 s 2013.06.30 w 2013.07.01

4 4 4

2 . 2 .ot 2 .
= . N = e = s gt
lay . s B, ® .o ~ o' ge
o U %, ‘: o 0 0, o o 0 2in .-':
< & = . et Y o

-2 . -2 . " -2 .
-4 -4 -4
-4 -2 0 2 4 -4 -2 0 2 4 4 =2 0 2 4
u(B,/A) ““ u(B,/A) “8 u(B,/A) e

Figure 5.1: The Fourier plane coverage with CHARA/VEGA observations acquired during
each night of the 2013 campaign. In each panel: u denotes the spatial frequency for a baseline
oriented in east-west direction, and v denotes the spatial frequency for a baseline oriented in
north-south direction. The acquisition date is given above each panel in format “yyyy-mm-dd”.

Ak et al| (2007) and with series of new spectroscopic observations acquired at Ondfejov obser-
vatory and photometric observations at Hvar observatory.

5.2.1 Spectro-interferometric observations

I reduced the 2013 series of spectro-interferometric observations acquired with instrument
CHARA/VEGA. These data have the highest spatial resolution. Therefore these data are
introduced in greater detail here. A journal of 8 Lyr spectro-interferometric observations is in
Table 5.2

CHARA /VEGA observations

B Lyr was observed almost exclusively during nine nights with the CHARA /VEGA instrument.
The coverage of the Fourier plane by each night’s observations is given in Fig. The orbital
plane of B Lyr is oriented roughly in the east-west direction on the sky. The majority of
baselines is aligned with the orbital plane, because in the perpendicular direction (aligned with
jets) BLyr is more extended (2 2mas according to [Bonneau et al., [2011) and if the baselines
were oriented in this direction, the object could be easily over-resolved (meaning that the overall
visibility would be very close to zero) on long baselines.

Nine observations were taken with only two telescopes co-phased and 55 observations with
three telescopes co-phased. The spectra were taken in four regions AX € {[520,550], [640, 682],
[685,725], [805,845]} nm and in medium resolution R ~ 5000. These regions contain three
prominent spectral lines Ho, HeI16678 A, and He 17065 A. The spectra were recorded with two
cameras simultaneously, each pointed at one of the above-listed passbands. The observations
were reduced using a standard procedure (see Sect. and references therein). The frames
were recorded with a frequency 100 Hz and were grouped into blocks of 2500 frames. Within
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Table 5.1: A journal of calibrators that were used for the calibration of g Lyrspectro-
interferometric observations acquired during the 2013 campaign with CHARA/VEGA instru-
ment. The uniform-disk angular diameters were taken from |[Lafrasse et al.| (2010). The listed
parameters are the following: T, denotes the effective temperature, log g the surface gravita-
tional acceleration, V' (K') the magnitude in Johnson V' (K) filter, and 6y (fk) the uniform
disk diameter in Johnson V (K) filter.

Star Spectral type  Teg log g \% K Ov (%
(K) (dex) (mag) (mag) (mas) (mas)
HD 176437 B9III 10500 34 3.234  3.122 0.650 0.669
HD 192640 A2V 9000 4.2 4.946  4.422 0.450 0.466
HD 189849 A4III 8750 3.3 4.652  4.179 0.439 0.511
HD 168914 A7V 7600 4.2 5.119 4477 0.445 0.464

Table 5.2: Journal of spectro-interferometric observations of 8 Lyr. AT denotes the time span
of the whole dataset A\ the effective wavelength span of the whole dataset, AB the projected
baseline span of the whole dataset, Ny2 the number of squared visibility measurements, and
Nr,4 the number of closure phase measurements. IThe 2007 BLyr campaign that has been
already studied by |Zhao et al. (2008). 2The 2013 3 Lyr campaign.

Instrument AT AN AB Nyz  Nrgg
(RJD) (nm) (m)

CHARA/VEGA  56465-56476 530-832 54-246 7244 -

NPOI 56463-56471 561-861 12-53 6660 2182

CHARA/MIRC!  54024-54293 1515-1776 81-330 858 556
CHARA/MIRC? 56463-56471 1491-1736 33-330 4154 4978

these blocks the frames were coherently summed and the observables (|V|*, 6V, d¢) were derived
for the summed image. The majority of observations consists of 20 blocks.

For \V|2 two narrow bands were chosen in each studied passband. Width of each passband
ranges from 10 to 20 nm. Each passband lies outside the three prominent stellar spectral lines
listed in previous paragraph. It contains weak spectral lines, but they are completely wiped
out by the low spectral resolution. The region [685,725] nm is affected by atmospheric water
vapour lines, but those are also blurred by the low spectral resolution. We did not estimate the
closure phase, because the observations were either taken for only two telescopes, or because
fringes were not detected for the longest baseline, because [ Lyr was already over-resolved
for this baseline. A calibrator was observed before and after each §Lyr observation (with
a few exceptions). The transfer function was determined as the ratio between the theoretical
squared visibility of a calibrator represented by a uniform disk and measured raw visibility. The
transfer function at the mid-exposure of 5 Lyr was determined by linear interpolation between
two surrounding calibrator observations (where available), or by the nearest calibrator. The
calibrators were taken from Lafrasse et al.| (2010) and chosen using the tool SearchCal (Bonneau
et al.l |2006]). A journal of all calibrators is in Table

The differential visibility and differential phase variations were estimated for all three major
spectral lines. They were scanned with scientific channels 10, 5, and 2 A wide with the step
half the width of the scientific channel. After removal of the residual atmospheric piston,
the continuum level of the differential visibility was calibrated with the |V|* estimated from
the surrounding continuum channels. We could not increase the resolution of the differential
visibility (by making the width of the scientific channel lower than 2A), because the signal in
the scientific channel was too low.

NPOI and CHARA /MIRC observations

The observational campaign was joined by teams operating the CHARA/MIRC and NPOI
instruments.

MIRC is an instrument capable of coherent combination of light from six telescopes (i.e.
all telescopes of the CHARA array). The new observations were acquired in the H band. The
low-resolution H-band spectrum (R =~ 300) is split into eight pass-bands. Hence de-correlation
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Table 5.3: Orbital elements of SLyr based on previous studies that are listed in column
“Source”. Note that different authors came up with slightly different values (often not within
one-o). Tpin denotes reference primary minimum epoch, P(T,;,) the period at the reference
minimum epoch, P the linear change of the orbital period, a the semimajor axis, ¢ the mass
ratio, e the eccentricity, w the argument of periastron, i the inclination, and €2 the longitude of
the ascending node.

Element Unit Value Source

Tonin (RJID)  8247.968+0.015 Ak et al] (2007)

P(Tmm)  (d) 12.9137794:0.000016 Ak ot al| (2007)

P (dd=1)  (5.9977+0.0057).10~7 Ak et al| (2007)

a (Ro) 58.441.0 Linnelll (2000)

q 0.223+0.010 Harmanec and Scholz| (1993])
e 0.0 Harmanec and Scholz| (1993))
w (deg) 90 Harmanec and Scholz| (1993)
i (deg) 92.2540.82 Zhao et al.| (2008)

Q (deg) 254.39+0.83 Zhao et al.| (2008])

introduced by use of polychromatic light is negligible. We had also granted access to the
observations that have been already analysed by |Zhao et al. (2008]). In case of the earlier
observations, only four CHARA telescopes were co-phased.

NPOI observations were acquired simultaneously with those acquired by VEGA. The light
from all telescopes is dispersed into 16 channels and recorded simultaneously (the so-called
classic combiner). One of these bands Aeg = 656.8 nm unfortunately falls into Hev.

A journal of both CHARA/MIRC and NPOI observations is in Table

5.3 Distribution of the optically thick circumstellar gas

A first step towards determination of gas distribution in 8 Lyr is determination of the geometry
of its opaque parts, because the continuum radiation is almost exclusively formed in the dense
optically thick medium, and it contributes also to line radiation. Hence it is beneficial to obtain
the continuum image of 8 Lyr, and then fix it for the following analysis of the line-forming
regions.

In my analysis I used orbital elements determined by previous investigators of 5 Lyr. They
are listed in Table Also throughout this section “primary” refers to the gainer and “sec-
ondary” to donor.

5.3.1 Night-by-night analysis of CHARA /VEGA observations

First we attempted to model the CHARA/VEGA observations only. We constructed a very
simple model consisting of a homogeneous cylinder (representing the accretion disk around the
gainer) and a homogeneous sphere (representing the donor). The radiative model was also very
simple. Each object was assigned an effective temperature and the intensity was computed
from the Planck law for a given effective temperature. The position of each object on the sky
was given by orbital elements listed in Table

This model was fitted to observations from each night separately. Five parameters were
fitted: the donor radius, the donor temperature, the accretion disk radius, the accretion disk
height, and the accretion disk temperature. The gainer was assumed to be completely ob-
scured by the accretion disk. The results from this attempt are shown in Table The
best-fitting properties vary significantly from one night to another often reaching values which
are completely inconsistent with the overall picture of 5 Lyr based on previous studies of the
system. This is not encouraging because the best-fit was searched with a robust Bayesian global-
minimisation technique MULTINEST (Feroz and Hobson| 2008; [Feroz et al., 2009, [2013). The
CHARA/VEGA observations might not constrain the geometry and the radiative properties
well, although the baselines are well-distributed in both lengths and orientations (see Fig. |5.1)).
Also the observations were carried out in two different bands, which should constrain temper-
atures as well. This model was able to fit the general trend of the squared visibility well (see
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Table 5.4: The best-fitting model to first four CHARA/VEGA observations of 5 Lyr. Data
from each night (in format yyyy.mm.dd) were fitted separately with a simple analytic model
(see Sect. for details). ¢op denotes the orbital phase based on the ephemeris from |Ak
et al.| (2007), R4 the donor radius, Ty the donor temperature, R, the accretion disk radius, Hg
the accretion disk height, T, the accretion disk temperature, and x% the reduced chi-square.

Night

Parameter Unit 2013.06.22 2013.06.23 2013.06.24 2013.06.26
Dorb 0.66 0.73 0.81 0.97

Rq (mas) 0.3504+0.044 0.436 £0.059 0.269 +0.037 0.288 & 0.034
Ta (K) 15830 £1500 12130 +£1350 18900 £ 3110 19900 =+ 2300
Ry (mas) 0.959+0.040 0.802+0.069 0.639+0.023 0.700 £ 0.077
H, (mas) 0.374+0.051 0.260+£0.051 0.37£0.072 0.371£0.140
Ty (K) 9160 £700 10090+ 1030 11330£1850 7300 % 800
& 5.4 7.5 6.1 8.4

some selected fits in Fig. [5.2]), but the results varying from night to night suggest that the
model was given too much freedom. Purely from the statistical point of view the fits should be
dismissed as incorrect, because the reduced chi-square X2R € [5,10].

5.3.2 A global model for § Lyrae

The results presented in Sect. [5.3.1] show that the radiative properties of 8 Lyr are not con-
strained well. Hence for the consecutive analysis we decided to improve the radiative model of
the donor. The model that I describe here is implemented within the tool SIMTO]E (Kloppen-
borg and Baron, [2012ba)).

This tool was designed primarily for the interpretation of spectro-interferometric observa-
tions, but it is also able to model photometric observations. The software comes with a GUI,
which makes the tool very easy to start with, but also with a minimal scripting environment
only, which makes its usage a bit cumbersome. SIMTOI comes with models, which turned
out to be a sufficient start for S Lyr in the continuum. The orbital model did not include the
secular advance of the period, hence I had to add it myself, and my changes were later added
to SIMTOI by Dr. Kloppenborg.

In the improved model the gainer remains the same, but the donor is represented by a Roche-
lobe filling star. The emergent intensity is still given by the Planck law, but it now includes
gravity brightening given by von Zeipel law (see Eq. , and limb-darkening represented by
a quadratic limb-darkening law. The coefficients of the law were taken from Tables computed
by [Claret and Bloemen| (2011]) using the nearest grid point. The passband flux is not weighted
by a corresponding transmission function, but only computed for a single effective wavelength.
The offset between the synthetic and observed light curves is estimated from the magnitude
difference between the first observation and the corresponding synthetic value.

5.3.3 Overview of preliminary analysis

I have made preliminary comparisons of the model that was described in Sect. to the
available spectro-interferometric and photometric observations. I have not carried out fitting,
because it currently takes an excessive amount of time. Computation of x? for all available
spectro-interferometric data and a subset of photometric observations takes five to ten minutes.
Therefore I intend to find a valid model and then optimise its parameters by an automatic 2
minimisation algorithm.

The model is very similar to that devised by [Linnell| (2000), the main difference between his
and my model lies in the model for the accretion disk. His disk consists of two parts — hot inner
disk with temperature Teg = 30000 K, and cool outer outer ring with temperature T.g = 9000 K.
My disk is uniform with a temperature To,g = 9000 K. Our model should also account better
for the limb-darkening of the donor, because the latest limb-darkening coefficients (Claret and

1 The tool is available at https://github.com/bkloppenborg/simtoi
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Figure 5.2: A fit of simple analytic model described in Sect. to data from two nights.
Diagrams on the left show observed squared visibility V2 as a function of spatial frequency B/\
(B is the projected baseline length and A the wavelength), and diagrams on the right show the
B Lyr model as it would appear on the sky. The vertical axis is aligned with north-south direction
and the horizontal axis with the east-west direction. The parameters corresponding to the best
fitting model are in Table Upper panels show the best fit of the model to CHARA/VEGA
observations from night 2013.06.22 which have the mean orbital phase ¢q.1, >~ 0.66, and lower
panels the best fit of the model to CHARA/VEGA observations from night 2013.06.26, which
have the mean orbital phase ¢ >~ 0.97.
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Figure 5.3: A comparison of visible and infrared light curves of 8 Lyr (denoted by the black
dots) and a synthetic light curve produced for a model described in Sect. in the program
SIMTOIL U, B,V, R, J, K are the Johnson filters. There are two synthetic light curves plotted
for J and K passbands, because these were acquired at two different observatories and were
fitted independently. ¢, is the orbital mean phase based on the ephemeris determined by [Ak]

et ] (2007).

2011) were used. The absolute dimensions of the model were transformed to angular
scale using the Hipparcos parallax.

A comparison of observed visible and infrared light curves and those produced with my
model is in Fig. [5.3] The model is roughly able to explain the ellipsoidal variations, but it does
not reproduce the observed depths of minima correctly, especially the secondary eclipse. This
discrepancy is less pronounced in the infrared, which means that the uniform disk is insufficient
model and we can clearly see inner parts of the accretion disk or even the star embedded in its
centre. Infrared data suffer from a large scatter and have poor phase coverage. The scaling was
more difficult here.

First I checked whether there are any ambiguities in the orbital inclination and the longitude
of the ascending node. SIMTOI model clearly prefers i ~ 88 deg over i ~ 92 deg reported by
|Zhao et al.|(2008). This is demonstrated by Fig. where a comparison between the observed
and synthetic closure phase for both inclinations is shown. This difference does not point at
discrepancy in our model or that of|Zhao et al.| (2008)), but likely at a difference in the choice of
reference frames. Position of both components is determined following the Eqgs. 4@
with the beginning of the reference frame in the binary barycentre, while [Zhao et al.| (2008

used relative positions of the gainer with respect to the donor.

We performed a grid search of the y? in the inclination i and the ascending node longitude
Q. The best fit was found for i = 89deg and 2 = 242deg. While the overall fit was not very
sensitive to the inclination, the reduced chi-square varied significantly with the longitude of the
ascending node. The Q = 242 is ~ 12 deg lower then the value reported by [Zhao et al| (2008)
and by ~ 7 deg lower than ascending node longitude reported by [Schmitt et al.| (2009). The low
ascending node length is preferred by visible data (CHARA/VEGA, NPOI), while the infrared
data prefer a value similar to that reported by |Zhao et al.| (2008)). The reduced chi-square for
data from individual instruments for two different ascending node longitudes are the following:
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Figure 5.4: A comparison of the observed (red triangles) and synthetic (black points) closure
phase. Panels on the left were computed for a model similar to that of [Linnell (2000) and
transformed to angular scale using the Hipparcos parallax (see Sect. |5.3.2| for description of
the model). The orbital inclination was set to ¢ = 88deg. Panels on the right correspond to
a mirror solution ¢ = 92deg, which is clearly inconsistent with the data. Top panels: MIRC
H-band observations acquired on JD =~ 2454288.7 (7% Jul 2007). Middle panels: MIRC H-
band observations acquired on JD =~ 2456471.8 (28" Jun 2013). Bottom panels: NPOI visible
observations acquired on JD ~ 2456471.8 (28" Jun 2013).
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Instrument
2 (deg) CHARA/VEGA NPOI CHARA/MIRC

242 19 13 105
254 23 15 39

Although the increase of the reduced chi-square for the visible data is not as dramatic as the
decrease for the infrared data, systematic discrepancies arise for short-baseline visible data. For
short baselines, which lie in the orbital plane the model predicts much lower visibility than we
actually see. This finding is demonstrated in Figs. [5.5] and [5.6] The effect is probably present
even for long baselines, but it is not so pronounced since the overall visibility is low.

This discrepancy again suggests that the radiative model of the accretion disk is too simple,
which is not that surprising, because already [Linnell (2000) reported that a homogeneous disk
is an insufficient model for the photometric observations. The data suggests that in the visible
the photocentre of the accretion disk is shifted with respect to that in the infrared. Also the
object might be less resolved in the visible, because the overall synthetic visibility is below the
observations.

One possible explanation (and possibly the simplest one) is that due to non-zero orbital
inclination, we can see inner hot parts of the disk. Such an effect would produce a shift of
the photocentre and would make the disk more point-like, especially in the visible. A two-
component (or more complex) model is not implemented within SIMTOI The program cannot
be cheated by embedding a hotter disk into cooler one, because it led to errors in the rendering
of the model. Hence we have to implement a two-component disk, or to create my own model.
The latter scenario is more likely because there are some debatable design choices in SIMTOI
such as:

e Each object has its own completely independent set of orbital elements. Hence one is
obliged to fit more parameters than necessary.

e Each object is decoupled from its orbit. The Roche-lobe model is independent of its
orbital elements. This again forces the user to fit additional, unnecessary parameters.

e The program can only be handled through a GUI which makes its modification difficult,
because any change has to be also propagated into the GUI.

e The program writes/plots an excessive amount of information on the standard output.
This necessarily slows down the computation.

Additional effects that may change the intensity distribution on the accretion disk and
which are wavelength-dependent are the scattering and opacity. The opacity drops significantly
towards the infrared, meaning that the opaque part of the disk may appear less extended in
the infrared. On a possible role of the scattering may point the fact that the night-by-night
analysis predicted a smaller accretion disk around the primary eclipse. Nonetheless I have not
evaluated the role of these effects yet.

Throughout the Sects. and I have presented fits whose x& ~ 10 and statistically
speaking these models are wrong. At least for CHARA /VEGA the uncertainty of the calibrated
visibilities is severely underestimated by the automatic reduction procedure. This can be seen
in Figs. and [0.6| the variations of the visibility due to diurnal motion are redundant, but the
visibility (vertical) spread of an observation is higher than a typical uncertainty of one point.
The true uncertainty should be comparable to this spread.

5.4 Future work on  Lyrae

As already mentioned, g Lyr is still work in progress. My primary goal now is to prepare
a program in which different models of the opaque parts could be easily implemented and
adapted to our needs and which would not suffer from the problematic design choices made in
SIMTOI and listed in Sect.[5.3.2} Given the complexity of the object we shall see if it is possible
to create a “toy model” of the accretion disk, which would fit the observations sufficiently in
both the visible and infrared passbands.

The analysis of the differential visibility and phase measured by CHARA/VEGA instru-
ment will follow the analysis of the continuum radiation. I started preparing a model for the
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Figure 5.5: A comparison of observed and synthetic squared visibility for CHARA/VEGA
observations for JD ~ 2456467 (night of the 23* Jun, 2013). Top panel shows comparison of
the 8 Lyr model described in Sect. for the longitude of the ascending node 2 = 242 deg.
The model as it would appear on the sky is shown in the bottom left panel. The baseline showing
a systematic difference is emphasised by a black box. Middle panel shows the comparison of
the same g Lyr model the longitude of the ascending node 2 = 254deg. The model as it
would appear on the sky is shown in the bottom right panel. The baseline showing a systematic
difference is emphasised by a black box. Bottom panels show the on-sky model. The vertical axis
is aligned with the north-south direction and the horizontal axis with the east-west direction.
Over these images the the coverage of the Fourier plane is plotted as a function of spatial
frequencies (u, v). The baseline that is producing the error is emphasised by a white box.
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Figure 5.6: A comparison of observed and synthetic squared visibility for CHARA/MIRC
observations for JD ~ 2456466 (night of the 22" Jun, 2013). Top panel shows comparison
of the 8 Lyr model described in Sect. [5.3.2]for the longitude of the ascending node = 242 deg.
The model as it would appear on the sky is shown in the bottom left panel. Middle panel shows
comparison of the same §Lyr model the longitude of the ascending node 2 = 254deg. The
model as it would appear on the sky is shown in the bottom right panel. Bottom panels show
the on-sky model. The vertical axis is aligned with the north-south direction and the horizontal
axis with the east-west direction. Over these images the the coverage of the Fourier plane is
plotted as a function of spatial frequencies (u,v). The improvement is seen especially for high
visibility and spatial frequencies (> 10%). Those are generally baselines that are perpendicular
to the orbital plane.
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transparent medium and its current state is outlined in Sect. For the moment, it has not
been finished or tested on real data.

If T am successful, and the model turns out to be a sufficient representation of the data, the
geometrical distribution of the circumstellar matter in 8 Lyr would provide and excellent test
object for models of the binary mass transfer.
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6. Program description

In the course of my master and doctoral studies I developed a few tools for the interpretation
and/or reduction of binary observations. In this chapter I briefly describe three tools that I
developed to a degree which makes them applicable to more objects and not just the one for
which they were originally designed. The tools are the following: (i) Program ERV for the
measuring of RVs through comparison of the observed and template spectra. (ii) Program
FRYV for the interpretation of RV-curves of hierarchical multiple stellar systems. (iii) F'V for
the interpretation of interferometric fringe visibility and closure phase of detached binaries and
triple systems.

All these tools were originally tailored to application on £ Tau system (see Chap. . Al-
though I carried out basic debugging of the program, all these tools carry out only small-to-none
check of the input. Hence it may still contain minor bugs and inputting and incorrect input
may not always result into crash of the program but to incorrect results. As the development
was driven by “need”, the manipulation with the programs, readability of the code, and format
of the input and output are sometimes not very user-friendly. The source code of all programs
is commented on though. Since all these tools are written in Python a basic knowledge of this
programming language is helpful when dealing with problems or adapting the program to one’s
needs. Python is a multi-platform interpreted language, hence the program should work on any
operating system with the required version of the interpreter and libraries installed.

I have also developed a more complex tool for the estimation of radiative properties of mul-
tiple systems through comparison of observed and synthetic spectra called Pyterpol. A thor-
ough description of the tool along with installation directions, and tutorials can be found at
https://github.com/chrysante87/pyterpol. This is thus the only program, which was de-
signed to be used by other people and I encourage anyone interested to try it.

6.1 Measuring of radial velocities through a comparison
of observed and template spectra

The program ERV compares any template spectra with observed normalised spectra in order
to estimate RV of its components. In contrast to Pyterpol, which can also estimate RV, but
only through comparison of synthetic and observed spectra, FRV can use any template, e.g.
disentangled or observed spectra. The search for the optimal parameters is carried out through
minimisation of the x? given by Eq. . Arbitrary number of wavelength intervals and
components can be fitted.

6.1.1 Execution of the program

The program ERV is compatible with Python in version 2.6.x or 2.7.x. The program also
requires three Python libraries: (i) NumPy (version > 1.10.x), (ii) SciPy (version > 0.15.x),
and (iii) Matplotlib (version > 1.2.x). The program is controlled through a few arguments.
Their list is the following:

Execution python ERV.py -f arg! -rv0 arg2 -korel

Argument Type Description

-f M Name of the control file including path.

-rv0 0 List of initial RVs.

-korel O Indicates that template spectra come from the spectral disentan-
gling.

M denotes mandatory argument, and O optional argument. Description of the control file and
the initial list of radial velocities is in Sect. The minimum of the y? is searched either
globally by the differential evolution algorithm (Storn and Price) (1997) if the user does not
provide a list of initial RVs, or locally by Powell’s conjugate directions method (Powell, [1964)) if
the list is supplied. If the optional flag “-korel” is not provided the template spectra representing
individual components are summed according to Eq. . Otherwise k — 1 is subtracted from
the combined disentangled template spectra, where k is the number of template spectra.
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6.1.2 Description of input files

The program is controlled through a control file, whose structure is the following:

1 WORKDIR hemg

2 OBSERVEDSPECTRALISTFILE d43604570.1is

3 TEMPLATEFILELIST 3

4 DE.free.03.dat

5 DE.free.0O1.dat

6 DE.free.02.dat

7 LIMITS 2

8 4455 4495

9 6330 6600

10 RESULTFILE d43604570hemg . 1lis
11 PLOTLIMITS 4455 4495 0.80 1.05

The format of the control file is mandatory. The upper case words identify individual keys
within the control file. Here is a line-by-line description of the input file:

Line Description

1 Name of a folder, where the output will be stored. If the folder does not
exist, it will be created.

2 An ASCII list of observed spectra. The list contains two columns: col-

umnl = filename, column2 = hjd. Each observed spectrum has to be
in ASCII format and contain three columns: columnl = wavelength,
column2 = relative flux, column3 = uncertainty of the relative flux.

3 Number of template spectra.

4-6 A list of names of files containing template spectra. Each template has
to be in ASCII format and contain two columns: columnl = wavelength,
column2 = relative flux.

7 Number of fitted wavelength intervals.

89 Each line contains the lower and upper wavelength limit of one fitted
passband.

10 Name of the output file. The measured RVs are stored in this file.

11 Limits of the plot. The first two records are the minimal and maximal

wavelength and the latter two are limits in the relative flux.

The observed spectra do not have to be equidistant or even sorted in the wavelength. Template
spectra have to be sorted in wavelength, but do not have to be equidistant. The format of the
(optional) file containing initial estimates of RV is the same as that of the output file containing
the RV measurements (line 10). Its format is described in Sect.

6.1.3 Description of output files

The format of the output file (whose name is defined in the control file), where the measured
RVs are stored, is the following:

Column Description

1 Name of the observed file.

2 Time of observation (e.g. HID, BJD, RJD, years).

3-k+2 These columns contain RV measurements for the k templates. The order
of RVs is the same as the order of templates in the control file.

k+3 The initial 2.

k+4 The final y2.

The program also plots a comparison of observed spectra and the best fitting combined template
spectra in the wavelength range specified in the control file.

6.2 Orbital solution of multiple systems

The program FRV was developed for the interpretation of RVs of hierarchical multiple systems
consisting of up to three orbits. The orbital model is given by Egs. (3.4)—(3.6) which represent
a slightly modified Keplerian model. The optimal model is searched by the minimisation of the

x? given by Eq. (3.7).
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6.2.1 Execution of the program

The program FRV is compatible with the Python interpreter in versions 2.6.x and 2.7.x. The
program also requires two Python libraries: (i) NumPy (version > 1.10.x), and (ii) SciPy
(version > 0.15.x). The program is controlled through several arguments. Their list is the
following:

Execution python FRV.py -pf arg! -df arg2 -o arg3 -d

Argument Type  Description

-pf M Name of the control file.

-df M Name of the file containing list of files with measured RVs. Each
line of the file contains name of a file with RV measurements.

-0 M Name of the output file.

-d 0] Turns on debug mode, in which more pieces of information on the

run of the program are printed to the standard output. The user
unfamiliar with the source code should not use this flag.

M denotes mandatory argument, and O optional argument. Description of the control file and
the input files containing measured RVs is in Sect. The minimum of the x? is searched with
the sequential least square method (Kraft} [1988) and Newton’s conjugate gradient method (see
Press et al., 2002, p.515-519). Both these methods are local and allow the user to set boundaries
for each optimised parameter. The program performs several optimisation runs always starting
from the best point from the previous run. This way it is partially secured that the program
does not end up in a local minimum, while a global (or a deeper local minimum at least) is
nearby. Uncertainties of the fitted parameters are determined from a Hessian constructed at
the x? minimum.

6.2.2 Description of input files

The input files consist of a control file and a list of ASCII data files containing the RV mea-
surements. An example of the control file for a triple system is the following:

1 K 10 38.39253 30 50 0.0 1
2 q 10 0.86227 0 10 0.0 1
3 e 10 0.20303 1e-05 0.4 0.0 0
4 o 10 5.07227 0 50 0.0 0
5 TO 10 55608.3419 55600 55615 0.0 0
6 P 10 145.63805 145.1 146 0.0 0
7 do 10 3.27591 0 10 0.0 0
8 K 0 87.97996 75 100 0.0 0
9 q 0 0.94614 0 10 0.0 0
10 e 0 0 1e-08 0.98 0.0 0
11 o 0 90 0 360 0.0 0
12 TO 0 56224.70726 56223 56225 0.0 0
13 P 0 7.14665 7.14 7.15 0.0 0
14 do 0 0 -10 10 0.0 0
15 gamma 0 9.056187988 -20 20 0.0 1
16 gamma 1 9.201670744 -20 20 0.0 1
17 gamma 2 9.722777694 -20 20 0.0 1

The order of columns is mandatory the order of rows is arbitrary. Description of the columns
is the following:
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Column Description

1 Identification of an orbital element. K is the semiamplitude of RV-curve
(typically) in km.s~1, ¢ the mass ratio, e the eccentricity, o the periastron
argument in deg, 70 the periastron passage epoch, P the period, do the
linear apsidal advance in degyr—!, and v the systemic RV. For each fitted
orbit, initial values of all listed orbital elements must be given.

2 For all orbital elements except the systemic velocity (i.e. K, g, e, o,

T0, P, and do) the number denotes an orbit in the hierarchy. The

innermost orbit is labelled 0, the intermediate orbit 10, the outermost

orbit 20. When building a multiple system the labelling always starts
from the inner orbit. Hence a binary will contain only one orbit labelled

0, a triple system two orbits labelled 0 (inner orbit) and 10 (outer orbit).

For systemic velocity this number serves as an identification of a dataset.

Hence for this particular example our data are split into three datasets.

An independent systemic velocity is derived for each dataset.

The initial value of the parameter.

Lower bound of the interval searched by the minimisation routine.

Upper bound of the interval searched by the minimisation routine.

Uncertainty of a parameter.

Flag saying which parameter is fitted (1) and which remains fixed (0).

N O Ot W

The format of the ASCII file containing the RV measurements, which is similar to that used in
the programs SPEL, FOTEL and several reduction programs HEC, is the following:

Column Description

1 Observation time which has the same unit as the the period and the
periastron passage epoch defined in the control file.

2 RV having same unit as the semiamplitude of the RV-curve in the control
file.

3 Uncertainty of the RV.

4 Dataset number. The identification number of gamma velocity (column
2 in control file) refers to this number.

5 Component number. Primary component of an orbit has the same num-

ber as the orbit, and the secondary component number is increased by
one. If an orbit contains a star and centre of mass of an orbit or hierarchy,
the latter is always considered primary. Hence notation of components
for a binary would be: 0 = primary, 1 = secondary, and for a triple
system it would be: 0 = primary of the inner orbit, 1 = secondary of
the inner orbit, 11 = tertiary = secondary of the outer orbit.

The program FRYV fits only those datasets that are defined in the control file, meaning that
there is a line in the file defining a systemic velocity for the dataset (lines 15-17 in the example).

6.2.3 Description of output files

The program FRV produces two types of output. The first one contains the elements corre-
sponding to the x? minimum found by the minimisation technique and their locally estimated
uncertainties. Its structure is exactly the same as the structure of the input control file. Hence
the output file can be readily used as an input file for another run. The second output consists
of files, where the measured and synthetic RVs, orbital phase and residuals are stored. The
exact structure of these files depends on the configuration of the studied object. Each column
of these files is labelled and the file structure is quite self-explanatory. An independent file is
produced for each component and dataset, so the user can evaluate the separately.

6.3 Visibility variations
The program F'V was developed for the interpretation of squared visibilities and closure phases

of interferometric fringes of binaries and triple systems. The orbits are given by a slightly mod-
ified Keplerian orbital model (Egs. [3.1643.18]). The “slight modification” lies in the inclusion
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of linear apsidal advance given by Eq. . Each component is represented by a uniform disk.
The synthetic complex visibility for this model is computed through Eq. . The compu-
tation of squared visibility is straightforward, synthetic closure phase is computed according
to Egs. , and . The best-fitting model is searched through x? optimisation either
locally using the sequential least squares algorithm (Kraft, [1988)), and the Newton conjugate
gradient method (see |Press et all [2002, p.515-519), or globally through differential evolution
algorithm (Storn and Price), [1997)). Uncertainties of the fitted parameters are estimated locally
from the Hessian matrix.

6.3.1 Execution of the program

The program F'V is compatible with the Python interpreter in version 2.6.x or 2.7.x. The
program also requires three Python libraries: (i) NumPy (version > 1.10.x), (ii) SciPy (version
> 0.15.x), and (iii) Matplotlib (version > 1.2.x). The program is controlled through several
arguments their list is the following:

Execution python FV.py -f argl -o arg2 -m arg3 -nprint arg4 -np -debug
-chi2only

Argument Type Description

-f M Name of the control file.

-0 O Name of the output file.

-m O Minimisation engine. The available options are: (i) “slsqp” the se-
quential least square method, (ii) “tnc” the Newton conjugate gra-
dients method, (iii) “diffevol” the differential evolution method.
By default “slsqp” is used.

-nprint O Print each nprint-th iteration on the standard output. By default
each iteration is printed.

-np O Do not plot the final model.

-debug 0 Turns on the debugging mode. The amount information corre-

sponding to the run of the program that is printed on the stan-
dard output is greatly increased. This flag should be used only if
the user is familiar with the source code.

-chi2only O Computes only one comparison for the parameters that are cur-
rently stored within the control file.

M denotes mandatory argument, and O optional argument. Description of the control file and
the input files containing records with individual observations are described in Sect. [6.3.2]

6.3.2 Description of input files

The input of the program F'V consists of a control file and data files. They have different
structure for visibilities and closure phases. An example of the control file for a triple systenﬂ
is the following;:

1l #-——-mmmmmm e -
2 NMODEL 3

3 NORBIT 2

4 e e e
5 M1 uniform_disk 0

6 theta 0.3837 0.3200 0.4400 0.0028 1
7 LO 0.6349 0.5500 0.6800 0.0012 1
8 LO 0.6349 0.5500 0.6800 0.0012 1
9 M2 uniform_disk 1

10 theta 0.2510 0.1000 1.0000 0.0000 0
11 LO 0.2005 0.1300 0.2800 0.0019 1
12 LO 0.2349 0.5500 0.6800 0.0012 1
13 M3 uniform_disk 2

14 theta 0.2220 0.1000 1.0000 0.0000 0
15 LO 0.1646 0.1000 0.2500 0.0000 0
16 LO 0.1649 0.5500 0.6800 0.0012 1

I The positions of individual components can be also unbound. Then each object is assigned two additional
parameters x and y defining position of each object on the sky in mas. More powerful tools for the fitting of
unbound stars exist (e.g. [Tallon-Bosc et al., [2008]).
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17 M4 orbit 0

18 a 15.8249 15.0000 16.5000 0.0073 1
19 e 0.2155 0.1900 0.2400 0.0003 1
20 i 86.6688 85.0000 88.0000 0.0102 1
21 o 9.3695 5.0000 15.0000 0.0436 1
22 0 148.4300 140.0000 152.0000 0.0070 1
23 TO 55609.6941 55608.0000 55611.0000 0.1210 1
24 P 145.4780 145.4000 145.7000 0.0019 1
25 do 2.0435 1.5000 3.0000 0.0132 1
26 M5 orbit 1

27 a 1.7081 1.4000 2.0000 0.0052 1
28 q 0.9155 0.8000 1.1000 0.0242 1
29 e 0.0000 0.0000 0.3000 0.0000 0
30 i 88.9025 80.0000 98.0000 0.3145 1
31 [¢) 90.0000 0.0000 360.0000 0.0000 0
32 0 146.2670 140.0000 153.0000 0.1448 1
33 TO 56224.2787 56224.0000 56224.4000 0.7637 1
34 P 7.1466 0.0000 1000.0000 0.0000 0
35 0

36 #-—mmmmmm e m -

37 DATAFILE - WEIGHT, FILTER, TYPE, FILE
38 1.0 filterA vis data/vis.dat
39 1.0 filterB «cp data/cp.dat

42 FITLOG fit.log
43 RESFILE temp.res
44 METHOD SLSQP
45 NITER 2000

The file is divided by dashed lines into four blocks: (i) a header, (ii) a definition of the model,
(iii) a list of observations, and (iv) parameters controlling the x? minimisation.

The header consists of two keys NMODEL that says how many stars will be fitted, and
NORBIT that determines the number of orbits. NORBIT=0 means that the objects are un-
bound, NORBIT=1 means that there is at least one orbit binding two objects, and NORBIT=2
means that there are two orbits binding three objects.

In the second block the objects (uniform disks) and their orbits are defined. They are defined
separately, because arbitrary number of unbound objects can be added (e.g. a star that is not
a member of the studied system, but its angular separation is too small). The block is divided
into five parts, three of the defining objects, and two orbits. Each part starts with a header,
which has the same structure as the following line:

M1 uniform_disk O

The first key indicates that a model will be read. “M” and the counter number (starting
from one) are both mandatory. The second key sets the model (eligible options are “orbit”,
“uniform_disk”, and “point_source”). The third key is an integer placing objects into orbits
(hence it is not used for model “orbit”). If the object is a binary key3 = 0 denotes primary,
and key3 = 1 the secondary. If the object is a triple system then key3 = 0 denotes the tertiary
(primary in the outer orbit), key3 = 1 the primary of the inner orbit, and key3 = 2 the secondary
of the inner orbit. It is not mandatory to define first the objects and then the orbits, but the
order of labels (“M1”, “M2”, ...) is mandatory. The header is followed by a set of parameters
defining the object. Their structure is the following:
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Column Description

1 Identification of a parameter.

Parameters of a uniform-disk are: theta is the uniform disk diameter,
and L the relative luminosity. The number of fitted relative luminosities
depends on the number of spectral passbands defined in the observation
part of the control file.

Parameters of an orbit are: a is the semi-major axis in mas, ¢ the mass
ratio, e the eccentricity, ¢ the inclination in deg, o the argument of peri-
astron in deg, O the ascending node longitude in deg, T'0 the periastron
passage epoch in the units of time used, P the period, do the linear
apsidal advance in degyr—!.

Note that the complex visibility is invariant of the shift of the whole
system. Hence the mass ratio of the outer orbit of a triple or the mass
ratio of a binary cannot be determined.

Value of the parameter.

Lower bound of the interval searched by the minimisation routine.
Upper bound of the interval searched by the minimisation routine.
Uncertainty of a parameter.

Flag saying which parameter is fitted (=1) and which remains fixed (=0).

SO W N

The block ends with a line containing only “0”to indicate that no additional model will be read.

The structure of the third block defining the fitted observations is the following:

Column Description
1 Global weight for the set of observations.
2 A user-defined name of a spectral region. A separate set of relative

luminosities is fitted for each spectral region. Their number depends
only on the number of passbands defined in this part of control file.

3 Identification of the observation type. Files containing squared visibili-
ties are denoted “vis” and those containing closure phases “cp”.
4 Name of the file containing observations.

Note that the order of filters determines the order of relative luminosities in the second block,
where the model is defined. The block ends with a line containing only “0”. This signals that
no additional observations will be read.

The fourth block contains these parameters: FITLOG denotes name of the file, where each
iteration is stored, RESFILE name of the file, where the the parameters corresponding to the
best solution are written, this file is overridden by the command-line argument “-0”, METHOD
the minimisation engine, this parameter is overridden by command-line argument “-m”, and
NITER is the maximal allowed number of iterations. This number does not apply to the
global minimisation algorithm, the differential evolution, which requires much larger number of
iterations before it converges.

The observation files containing the squared visibility measurements have the following
structure:

Column Description

Projection of the baseline into east-west direction in m.
Projection of the baseline into north-south direction in m.
Time in the same unit as P and T0 in the control file.
Squared visibility.

Uncertainty of squared visibility.

Effective wavelength in m.

SO W N

The observation files containing closure phase measurements have the following structure:
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Column Description

Projection of the first baseline into east-west direction in m.
Projection of the first baseline into north-south direction in m.
Projection of the second baseline into east-west direction in m.
Projection of the second baseline into north-south direction in m.
Time in the same unit as 70 and P in the parameter definition.
Closure phase in deg.

Uncertainty of closure phase in deg.

Effective wavelength in m.

00 O Uik Wi

6.3.3 Description of input files

Program F'V produces several output files. The best-fitting model is written into user-defined
output file (flag '-0’). The structure of this file is the same as that of control file and can be
readily used as an input file for another run. The program also creates the following additional
file, which can help the user to evaluate the result: (i) output_file + suffix “.chi2” contains
condensed list of the parameters for the best fitting model along with their uncertainties and
the corresponding x?2. (ii) output_file + suffix “.synth” contains all measured squared visibilities
and closure phases and also synthetic values based on the best-fitting model. (iii) output_file
+ suffix “.rms” contains a list of reduced x? for each individual observation file. (iv) A fitting
log, where each evaluation of x? is stored.

92



Bibliography

H. A. Abt. Normal and abnormal binary frequencies. Annu. Rev. Astron. Astrophys., 21:343-372, 1983. doi: 10.1146/
annurev.aa.21.090183.002015.

C. Aerts, M. de Pauw, and C. Waelkens. Mode identification of pulsating stars from line profile variations with the
moment method. an example - The Beta Cephei star Delta Ceti. Astronomyé$Astrophysics, 266:294-306, December
1992.

C. Aerts, J. Puls, M. Godart, and M.-A. Dupret. Collective pulsational velocity broadening due to gravity modes as a
physical explanation for macroturbulence in hot massive stars. AstronomyéAstrophysics, 508:409-419, December
2009. doi: 10.1051/0004-6361/200810471.

C. Aerts, J. Christensen-Dalsgaard, and D. W. Kurtz. Asteroseismology. 2010.

H. Ak, P. Chadima, P. Harmanec, O. Demircan, S. Yang, P. Koubsky, P. Skoda, M. Slechta, M. Wolf, H. Bozi¢,
D. Ruzdjak, and D. Sudar. New findings supporting the presence of a thick disc and bipolar jets in the 8 Lyrae
system. Astronomy and Astrophysics, 463:233-241, February 2007. doi: 10.1051/0004-6361:20065536.

E. J. Aldoretta, S. M. Caballero-Nieves, D. R. Gies, E. P. Nelan, D. J. Wallace, W. 1. Hartkopf, T. J. Henry, W.-C.
Jao, J. Maiz Apellaniz, B. D. Mason, A. F. J. Moffat, R. P. Norris, N. D. Richardson, and S. J. Williams. The
Multiplicity of Massive Stars: a High Angular Resolution Survey With the Guidance Sensor. Astronomical Journal,
149:26, January 2015. doi: 10.1088/0004-6256,/149/1/26.

J. Andersen. Accurate masses and radii of normal stars. Astronomy and Astrophysics Reviews, 3:91-126, 1991. doi:
10.1007/BF00873538.

J. T. Armstrong, D. Mozurkewich, L. J. Rickard, D. J. Hutter, J. A. Benson, P. F. Bowers, II N. M. Elias, C. A.
Hummel, K. J. Johnston, D. F. Buscher, IIT J. H. Clark, L. Ha, L.-C. Ling, N. M. White, and R. S. Simon. The
Navy Prototype Optical Interferometer. Astrophysical Journal, 496:550-571, March 1998. doi: 10.1086/305365.

D. Baade. Nonradial Pulsations and the be Phenomenon. In G. Cayrel de Strobel and M. Spite, editors, The Impact
of Very High S/N Spectroscopy on Stellar Physics, volume 132 of TAU Symposium, page 217, 1988.

P. Berio, D. Mourard, D. Bonneau, O. Chesneau, P. Stee, N. Thureau, F. Vakili, and J. Borgnino. Spectrally resolved
Michelson stellar interferometry. I. Exact formalism in the multispeckle mode. Journal of the Optical Society of
America A, 16:872-881, April 1999. doi: 10.1364/JOSAA.16.000872.

P. Berio, Y. Bresson, J. M. Clausse, D. Mourard, J. Dejonghe, A. Duthu, S. Lagarde, A. Meilland, K. Perraut, I. Tallon-
Bosc, N. Nardetto, A. Spang, C. Bailet, A. Marcotto, O. Chesneau, P. Stee, P. Feautrier, P. Balard, and J. L. Gach.
Long baseline interferometry in the visible: the FRIEND project. In Optical and Infrared Interferometry IV,
volume 9146 of Proceedings of the SPIE, page 914616, July 2014. doi: 10.1117/12.2054890.

M. S. Bessell. Standard Photometric Systems. Annu. Rev. Astron. Astrophys., 43:293-336, September 2005. doi:
10.1146/annurev.astro.41.082801.100251.

D. V. Bisikalo, A. A. Boyarchuk, V. M. Chechetkin, O. A. Kuznetsov, and D. Molteni. Three-dimensional numerical
simulation of gaseous flow structure in semidetached binaries. Mon. Not. of Royal Astr. Soc., 300:39-48, October
1998. doi: 10.1046/j.1365-8711.1998.01815.x.

D. V. Bisikalo, P. Harmanec, A. A. Boyarchuk, O. A. Kuznetsov, and P. Hadrava. Circumstellar structures in the
eclipsing binary eta Lyr A. Gasdynamical modelling confronted with observations. Astronomyé$Astrophysics, 353:
1009-1015, January 2000.

J. E. Bjorkman and J. P. Cassinelli. Equatorial disk formation around rotating stars due to Ram pressure confinement
by the stellar wind. Astrophysical Journal, 409:429-449, May 1993. doi: 10.1086/172676.

C. T. Bolton and J. H. Grunhut. The Orbit and Properties of the Spectroscopic-Eclipsing- Interferometric Trips
System £ Tauri. In W. I. Hartkopf, P. Harmanec, and E. F. Guinan, editors, JAU Symposium, volume 240 of TAU
Symposium, page 66, August 2007.

D. Bonneau, J.-M. Clausse, X. Delfosse, D. Mourard, S. Cetre, A. Chelli, P. Cruzalébes, G. Duvert, and G. Zins.
SearchCal: a virtual observatory tool for searching calibrators in optical long baseline interferometry. I. The bright
object case. Astronomy€sAstrophysics, 456:789-789, September 2006. doi: 10.1051/0004-6361:20054469.

D. Bonneau, O. Chesneau, D. Mourard, P. Bério, J. M. Clausse, O. Delaa, A. Marcotto, K. Perraut, A. Roussel,
A. Spang, P. Stee, 1. Tallon-Bosc, H. McAlister, T. ten Brummelaar, J. Sturmann, L. Sturmann, N. Turner, C. Far-
rington, and P. J. Goldfinger. A large Halpha line forming region for the massive interacting binaries beta Lyrae
and upsilon Sagitarii. Astronomyé&Astrophysics, 532:A148, August 2011. doi: 10.1051/0004-6361/201116742.

T. Borkovits, B. Erdi7 E. Forgacs-Dajka, and T. Kovdcs. On the detectability of long period perturbations in close hi-
erarchical triple stellar systems. AstronomyéAstrophysics, 398:1091-1102, February 2003. doi: 10.1051/0004-6361:
20021688.

T. Borkovits, S. Rappaport, T. Hajdu, and J. Sztakovics. Eclipse timing variation analyses of eccentric binaries with
close tertiaries in the Kepler field. Mon. Not. of Royal Astr. Soc., 448:946-993, March 2015. doi: 10.1093/mnras/
stv015.

H. Bozié, P. Harmanec, J. Horn, P. Koubsky, G. Scholz, D. McDavid, A.-M. Hubert, and H. Hubert. Toward a
consistent model of the B0.5IVe + sdO binary ¢ Persei. AstronomyéfAstrophysics, 304:235, December 1995.

H. Bozi¢, J. Nemravova, and P. Harmanec. Standard UBV photometry and improved physical properties of TW Dra.
Information Bulletin on Variable Stars, 6086:1, December 2013.

93



S.

Breiter and D. Vokrouhlicky. Secular motion in a hierarchic triple stellar system. Mon. Not. of Royal Astr. Soc.,
449:1691-1703, May 2015. doi: 10.1093/mnras/stv361.

M. Broz. An advanced n-body model for interacting multiple systems (using SWIFT and WD codes). 2016.

M. Broz, P. Mayer, T. Pribulla, P. Zasche, D. Vokrouhlicky, and R. Uhlaf. A Unified Solution for the Orbit and Light-

time Effect in the V505 Sgr System. Astronomical Journal, 139:2258-2268, June 2010. doi: 10.1088/0004-6256/
139/6/2258.

W. W. Campbell. Astrophysical Journal, 29:224-228, April 1909. doi: 10.1086/141644.

F.

X.

Castelli and R. L. Kurucz. New Grids of ATLAS9 Model Atmospheres. ArXiv Astrophysics e-prints, May 2004.

Che, L. Sturmann, J. D. Monnier, T. A. Ten Brummelaar, J. Sturmann, S. T. Ridgway, M. J. Ireland, N. H.
Turner, and H. A. McAlister. Optical and Mechanical Design of the CHARA Array Adaptive Optics. Journal of
Astronomical Instrumentation, 2:1340007, 2013. doi: 10.1142/S2251171713400072.

Chini, V. H. Hoffmeister, A. Nasseri, O. Stahl, and H. Zinnecker. A spectroscopic survey on the multiplicity of high-
mass stars. Mon. Not. of Royal Astr. Soc., 424:1925-1929, August 2012. doi: 10.1111/j.1365-2966.2012.21317.x.

Claret. Comprehensive tables for the interpretation and modeling of the light curves of eclipsing binaries. Astron-
omyé&f Astrophysics Suppl., 131:395-400, September 1998. doi: 10.1051/aas:1998278.

. Claret. A new non-linear limb-darkening law for LTE stellar atmosphere models. Calculations for -5.0 <= log[M/H]

<= 41, 2000 K <= Ty <= 50000 K at several surface gravities. Astronomyé&Astrophysics, 363:1081-1190,
November 2000.

. Claret. The evolution of the theoretical bolometric albedo in close binary systems. Mon. Not. of Royal Astr. Soc.,

327:989-994, November 2001. doi: 10.1046/j.1365-8711.2001.04783.x.

. Claret and S. Bloemen. VizieR Online Data Catalog: Limb-darkening coefficients (Claret+, 2011). VizieR Online

Data Catalog, 352, March 2011.

. Claret and A. Gimenez. The Apsidal Motion Test of the Internal Stellar Structure - Comparison Between Theory

and Observations. AstronomyéAstrophysics, 277:487, October 1993.

D. Code, R. C. Bless, J. Davis, and R. H. Brown. Empirical effective temperatures and bolometric corrections for
early-type stars. Astrophysical Journal, 203:417-434, January 1976. doi: 10.1086/154093.

. J. Cornwell. Radio-interferometric imaging of weak objects in conditions of poor phase stability - the relationship

between speckle masking and phase closure methods. AstronomyéAstrophysics, 180:269-274, June 1987.

. J. Cornwell and K. F. Evans. A simple maximum entropy deconvolution algorithm. AstronomyéAstrophysics, 143:

77-83, February 1985.

. G. Cowling. On the motion of the apsidal line in close binary systems. Mon. Not. of Royal Astr. Soc., 98:734, June

1938. doi: 10.1093/mnras/98.9.734.

J. P. Cox. Pulsating stars. Reports on Progress in Physics, 37:563-698, 1974. doi: 10.1088/0034-4885/37/5/001.

J.

A. Crawford. On the Subgiant Components of Eclipsing Binary Systems. Astrophysical Journal, 121:71, January
1955. doi: 10.1086/145965.

. Davis, W. J. Tango, and A. J. Booth. Limb-darkening corrections for interferometric uniform disc stellar angular

diameters. Monthly Notices of the Royal Astronomical Society, 318(2):387-392, 2000. doi: 10.1046/j.1365-8711.
2000.03701.x. URL http://mnras.oxfordjournals.org/content/318/2/387.abstract.

. P. De Greve and A. P. Linnell. Origin and evolution of semi-detached binaries: Beta Lyrae and SV Centauri.

AstronomyéAstrophysics, 291:786-794, November 1994.

. de Laverny, A. Recio-Blanco, C. C. Worley, and B. Plez. The AMBRE project: A new synthetic grid of high-

resolution FGKM stellar spectra. AstronomyéAstrophysics, 544:A126, August 2012. doi: 10.1051/0004-6361.

. Deschamps, L. Siess, P. J. Davis, and A. Jorissen. Critically-rotating accretors and non-conservative evolution in

Algols. Astronomyé€Astrophysics, 557:A40, September 2013. doi: 10.1051/0004-6361/201321509.

. Duquennoy and M. Mayor. Multiplicity among solar-type stars in the solar neighbourhood. II - Distribution of the

orbital elements in an unbiased sample. Astronomyé§Astrophysics, 248:485-524, August 1991.

. S. Eddington. The reflection effect in eclipsing variables. Mon. Not. of Royal Astr. Soc., 86:320-327, March 1926.

doi: 10.1093/mnras/86.5.320.

. Efron. Bootstrap Methods: Another Look at the Jackknife. Ann. Statist., 7(1):1-26, 01 1979. doi: 10.1214/aos/

1176344552. URL http://dx.doi.org/10.1214/a0s/1176344552,

. P. Eggleton and L. Kiseleva-Eggleton. Orbital Evolution in Binary and Triple Stars, with an Application to SS

Lacertae. Astrophysical Journal, 562:1012-1030, December 2001. doi: 10.1086/323843.

. P. Eggleton, L. G. Kiseleva, and P. Hut. The Equilibrium Tide Model for Tidal Friction. Astrophysical Journal,

499:853-870, May 1998.

ESA, editor. The HIPPARCOS and TYCHO catalogues. Astrometric and photometric star catalogues derived from

T.

the ESA HIPPARCOS Space Astrometry Mission, volume 1200 of ESA Special Publication, 1997.

Eversberg and K. Vollmann. Spectroscopic Instrumentation: Fundamentals and Guidelines for Astronomers.
2015.

94


http://mnras.oxfordjournals.org/content/318/2/387.abstract
http://dx.doi.org/10.1214/aos/1176344552

. Fabrycky and S. Tremaine. Shrinking Binary and Planetary Orbits by Kozai Cycles with Tidal Friction. Astrophys-

ical Journal, 669:1298-1315, November 2007. doi: 10.1086/521702.

. F. C. Fekel. The properties of close multiple stars. Astrophysical Journal, 246:879-898, June 1981. doi: 10.1086/

158981.

. Feroz and M. P. Hobson. Multimodal nested sampling: an efficient and robust alternative to Markov Chain Monte

Carlo methods for astronomical data analyses. Mon. Not. of Royal Astr. Soc., 384:449-463, February 2008. doi:
10.1111/j.1365-2966.2007.12353.x.

. Feroz, M. P. Hobson, and M. Bridges. MULTINEST: an efficient and robust Bayesian inference tool for cosmology

and particle physics. Mon. Not. of Royal Astr. Soc., 398:1601-1614, October 2009. doi: 10.1111/j.1365-2966.2009.
14548 .x.

. Feroz, M. P. Hobson, E. Cameron, and A. N. Pettitt. Importance Nested Sampling and the MultiNest Algorithm.

ArXiv e-prints, June 2013.

. L. Fitzpatrick. Interstellar Extinction in the Milky Way Galaxy. In A. N. Witt, G. C. Clayton, and B. T. Draine,

editors, Astrophysics of Dust, volume 309 of Astronomical Society of the Pacific Conference Series, page 33, May
2004.

Frémat, J. Zorec, A.-M. Hubert, and M. Floquet. Effects of gravitational darkening on the determination of
fundamental parameters in fast-rotating B-type stars. AstronomyésAstrophysics, 440:305-320, September 2005.
doi: 10.1051/0004-6361:20042229.

. L. Fried. Optical Resolution Through a Randomly Inhomogeneous Medium for Very Long and Very Short Exposures.

Journal of the Optical Society of America (1917-1983), 56:1372, October 1966.

Fuhrmann, R. Chini, V. H. Hoffmeister, R. Lemke, M. Murphy, W. Seifert, and O. Stahl. BESO échelle spectroscopy
of solar-type stars at Cerro Armazones. Mon. Not. of Royal Astr. Soc., 411:2311-2318, March 2011. doi: 10.1111/
j-1365-2966.2010.17850.x.

. Goodricke and H. C. Englefield. Observations of a New Variable Star. By John Goodricke, Esq.; Communicated by

Sir H. C. Englefield, Bart. F. R. S. and A. S. Philosophical Transactions of the Royal Society of London Series I,
75:153-164, 1785.

. Gratton, C. Sneden, and E. Carretta. Abundance Variations Within Globular Clusters. Annu. Rev. Astron.

Astrophys., 42:385-440, September 2004. doi: 10.1146/annurev.astro.42.053102.133945.

. F. Gray. Atmospheric turbulence measured in stars above the main sequence. Astrophysical Journal, 202:148—-164,

November 1975. doi: 10.1086/153960.

. F. Gray. The Observation and Analysis of Stellar Photospheres. September 2005.

E. F. Guinan, P. Mayer, P. Harmanec, H. Bozié, M. Broz, J. Nemravové, S. Engle, M. Slechta, P. Zasche, M. Wolf,

D. Kor¢dkové, and C. Johnston. AstronomyéAstrophysics, 546:A123, October 2012. doi: 10.1051/0004-6361.

Hadrava. Eclipsing binaries-light curve solutions. Contributions of the Astronomical Observatory Skalnate Pleso,
20:23, 1990.

. Hadrava. Orbital elements of multiple spectroscopic stars. AstronomyédAstrophysics Suppl., 114:393, December

1995.

Hadrava. Relative line photometry of eclipsing binaries. AstronomyésAstrophysics Suppl., 122:581-584, May 1997.
doi: 10.1051/aas:1997102.

Hadrava. FOTEL 4 - User’s guide. Publications of the Astronomical Institute of the Czechoslovak Academy of
Sciences, 92:1-14, 2004.

Hadrava. Disentangling of spectra - theory and practice. ArXiv e-prints, September 2009.

. Hanbury Brown. A Test of a New Type of Stellar Interferometer on Sirius. Nature, 178:1046-1048, November 1956.

doi: 10.1038/1781046a0.

. Hanbury Brown, J. Davis, and L. R. Allen. The angular diameters of 32 stars. Mon. Not. of Royal Astr. Soc., 167:

121-136, April 1974. doi: 10.1093/mnras/167.1.121.

. H. Hardie. Potential Improvements in Photometric Accuracy. In K. Loden, L. O. Loden, and U. Sinnerstad, editors,

Spectral Classification and Multicolour Photometry, volume 24 of TAU Symposium, page 243, 1966.
Harmanec. Review of observational facts about Be stars. Hvar Observatory Bulletin, 7:55—-88, 1983.

Harmanec. Stellar masses and radii based on modern binary data. Bulletin of the Astronomical Institutes of
Czechoslovakia, 39:329-345, December 1988.

Harmanec. One less puzzle in Beta Lyrae? AstronomyéAstrophysics, 266:307—-312, December 1992.

Harmanec. A reliable transformation of HIPPARCOS H_p magnitudes into Johnson V and B magnitudes. Astron-
omyé&f Astrophysics, 335:173-178, July 1998.

Harmanec. Physical Properties and Evolutionary Stage of Be Stars. In M. A. Smith, H. F. Henrichs, and J. Fabregat,
editors, TAU Colloq. 175: The Be Phenomenon in Early-Type Stars, volume 214 of Astronomical Society of the
Pacific Conference Series, page 13, 2000.

Harmanec. The ever challenging emission-line binary beta Lyrae. Astronomische Nachrichten, 323:87-98, July
2002. doi: 10.1002/1521-3994(200207)323:2(87:: AID- ASNAR&7)3.0.CO;2-P.

95



P. Harmanec and H. Bozi¢. Useful transformations between photometric systems. AstronomyésAstrophysics, 369:
1140-1142, April 2001. doi: 10.1051/0004-6361:20010205.

P. Harmanec and J. Horn. A set of Fortran77 programs for reductions of photoelectric measurements, reliable trans-
formation to standard systems, data archiving and retrieval. Journal of Astronomical Data, 4:5, December 1998.

P. Harmanec and G. Scholz. Orbital elements of beta Lyrae after the first 100 years of investigation. Astron-
omyéf Astrophysics, 279:131-147, November 1993.

P. Harmanec, J. Horn, and K. Juza. Reliable photometric reductions to the standard UBV (or uvby) system and
accurate UBV magnitudes of bright standard stars from the northern part of the international Be program. Astron-
omy€d Astrophysics Suppl., 104:121-143, April 1994.

P. Harmanec, F. Morand, D. Bonneau, Y. Jiang, S. Yang, E. F. Guinan, D. S. Hall, D. Mourard, P. Hadrava, H. Bozic,
C. Sterken, I. Tallon-Bosc, G. A. H. Walker, G. P. McCook, F. Vakili, P. Stee, and J. M. Le Contel. Jet-like
structures in 8 Lyrae. Results of optical interferometry, spectroscopy and photometry. AstronomyésAstrophysics,
312:879-896, August 1996.

P. Harmanec, D. V. Bisikalo, A. A. Boyarchuk, and O. A. Kuznetsov. On the role of duplicity in the Be phenomenon. I.
General considerations and the first attempt at a 3-D gas-dynamical modelling of gas outflow from hot and rapidly
rotating OB stars in binaries. AstronomyéAstrophysics, 396:937-948, December 2002. doi: 10.1051/0004-6361:
20021534.

P. Harmanec, D. E. Holmgren, M. Wolf, H. Bozi¢, E. F. Guinan, Y. W. Kang, P. Mayer, G. P. McCook, J. Nemravova,
S. Yang, M. Slechta, D. Ruzdjak, D. Sudar, and P. Svoboda. Revised physical elements of the astrophysically
important 09.5409.5V eclipsing binary system Y Cygni. AstronomyéfAstrophysics, 563:A120, March 2014. doi:
10.1051/0004-6361/201323230.

P. Harmanec, P. Koubsky, J. A. Nemravovd, F. Royer, D. Briot, P. North, P. Lampens, Y. Frémat, S. Yang, H. Bozi¢,
L. Kotkovd, P. Skoda, M. Slechta, D. Korédkova, M. Wolf, and P. Zasche. Properties and nature of Be stars. 30.
Reliable physical properties of a semi-detached B9.5e+G8III binary BR CMi = HD 61273 compared to those of
other well studied semi-detached emission-line binaries. AstronomyésAstrophysics, 573:A107, January 2015. doi:
10.1051/0004-6361/201424640.

R. S. Harrington. Dynamical evolution of triple stars. Astronomical Journal, 73:190-194, April 1968. doi: 10.1086/
110614.

J. B. Hearnshaw. The Measurement of Starlight, Two Centuries of Astronomical Photometry. 1996.

J. L. Hoffman, K. H. Nordsieck, and G. K. Fox. Spectropolarimetric Evidence for a Bipolar Flow in beta Lyrae.
Astronomical Journal, 115:1576-1591, April 1998. doi: 10.1086/300274.

J. A. Hoégbom.  Aperture Synthesis with a Non-Regular Distribution of Interferometer Baselines. Astron-
omyé4Astrophysics Suppl., 15:417, June 1974.

J. Horn, P. Koubsky, P. Hadrava, K. Juza, S. Kriz, P. Skoda, and S. Stefl. The orbit of the spectroscopic binary p
Aurigae. Astronomyé&Astrophysics Suppl., 105, May 1994.

J. Horn, J. Kubat, P. Harmanec, P. Koubsky, P. Hadrava, V. Simon, S. Stefl, and P. Skoda. Spectroscopic orbit of the
triple star 55 Ursae Majoris. AstronomyéAstrophysics, 309:521-529, May 1996.

S.-S. Huang. An Interpretation of Beta Lyrae. Astrophysical Journal, 138:342, August 1963. doi: 10.1086/147648.

I. Hubeny and M. J. Plavec. Can a disk model explain Beta Lyrae? Astronomical Journal, 102:1156-1170, September
1991. doi: 10.1086/115942.

C. A. Hummel, D. Mozurkewich, J. T. Armstrong, A. R. Hajian, II N. M. Elias, and D. J. Hutter. Navy Prototype
Optical Interferometer Observations of the Double Stars Mizar A and Matar. Astronomical Journal, 116:2536-2548,
November 1998. doi: 10.1086/300602.

C. A. Hummel, J. A. Benson, D. J. Hutter, K. J. Johnston, D. Mozurkewich, J. T. Armstrong, R. B. Hindsley,
G. C. Gilbreath, L. J. Rickard, and N. M. White. First Observations with a Co-phased Six-Station Optical Long-
Baseline Array: Application to the Triple Star n Virginis. Astronomical Journal, 125:2630-2644, May 2003. doi:
10.1086/374572.

John W. Tukey James W. Cooley. An Algorithm for the Machine Calculation of Complex Fourier Series. Mathematics
of Computation, 19(90):297-301, 1965. ISSN 00255718, 10886842. URL fhttp://www. jstor.org/stable/2003354.

H. L. Johnson, R. I. Mitchell, B. Iriarte, and W. Z. Wisniewski. Ubvrijkl Photometry of the Bright Stars. Communi-
cations of the Lunar and Planetary Laboratory, 4:99, 1966.

J. Kallrath and E. F. Milone. Eclipsing Binary Stars: Modeling and Analysis. 2009. doi: 10.1007/978-1-4419-0699-1.

A. Kaufer, O. Stahl, S. Tubbesing, P. Ngrregaard, G. Avila, P. Francois, L. Pasquini, and A. Pizzella. Commissioning
FEROS, the new high-resolution spectrograph at La-Silla. The Messenger, 95:8-12, March 1999.

P. Kervella, N. Nardetto, D. Bersier, D. Mourard, and V. Coudé du Foresto. Cepheid distances from infrared long-
baseline interferometry. I. VINCI/VLTI observations of seven Galactic Cepheids. Astronomyé&Astrophysics, 416:
941-953, March 2004. doi: 10.1051/0004-6361:20031743.

R. Kippenhahn and A. Weigert. Entwicklung in engen Doppelsternsystemen I. Massenaustausch vor und nach Beendi-
gung des zentralen Wasserstoff-Brennens. Zeitschrift fur Astrophysik, 65:251, 1967.

E. Kiran, P. Harmanec, O. L. Degirmenci, M. Wolf, J. Nemravova, M. Slechta, and P. Koubsky. The orbital el-
ements and physical properties of the eclipsing binary BD+36 3317, a probable member of Delta Lyrae cluster.
Astronomy&Astrophysics, 587:A127, March 2016. doi: 10.1051/0004-6361/201527211.

Brian Kloppenborg and F. Baron. LibOI: The OpenCL Interferometry Library. 2012a.

96


http://www.jstor.org/stable/2003354

Brian Kloppenborg and Fabien Baron. SIMTOI: SImulation and Modeling Tool for Optical Interferometry. 2012b.

D. G. Koch, W. J. Borucki, G. Basri, N. M. Batalha, T. M. Brown, D. Caldwell, J. Christensen-Dalsgaard, W. D.

Cochran, E. DeVore, E. W. Dunham, III T. N. Gautier, J. C. Geary, R. L. Gilliland, A. Gould, J. Jenkins, Y. Kondo,
D. W. Latham, J. J. Lissauer, G. Marcy, D. Monet, D. Sasselov, A. Boss, D. Brownlee, J. Caldwell, A. K. Dupree,
S. B. Howell, H. Kjeldsen, S. Meibom, D. Morrison, T. Owen, H. Reitsema, J. Tarter, S. T. Bryson, J. L. Dotson,
P. Gazis, M. R. Haas, J. Kolodziejczak, J. F. Rowe, J. E. Van Cleve, C. Allen, H. Chandrasekaran, B. D. Clarke,
J. Li, E. V. Quintana, P. Tenenbaum, J. D. Twicken, and H. Wu. Kepler Mission Design, Realized Photometric
Performance, and Early Science. Astrophysical Journal Letters, 713:L79-L86, April 2010. doi: 10.1088/2041-8205/
713/2/L79.

. Kopal. The classification of close binary systems. Annales d’Astrophysique, 18:379, January 1955.
. Kopal. Close binary systems. 1959.

. Kozai. Secular perturbations of asteroids with high inclination and eccentricity. Astronomical Journal, 67:591,
November 1962. doi: 10.1086/108790.

. Kraft. A software package for sequential quadratic programming. Deutsche Forschungs- und Versuchsanstalt fir
Luft- und Raumfahrt Koln: Forschungsbericht. Wiss. Berichtswesen d. DFVLR, 1988. URL http://books.google.
cz/books?id=4rKaGwAACAAJ.

. Kriz and P. Harmanec. A hypothesis of the binary origin of Be stars. Bulletin of the Astronomical Institutes of
Czechoslovakia, 26:65-81, 1975.

. P. Kuiper. On the Interpretation of 8 Lyrae and Other Close Binaries. Astrophysical Journal, 93:133, January
1941. doi: 10.1086/144252.

. Labeyrie. Attainment of Diffraction Limited Resolution in Large Telescopes by Fourier Analysing Speckle Patterns
in Star Images. AstronomyéfAstrophysics, 6:85, May 1970.

. Labeyrie. Interference fringes obtained on VEGA with two optical telescopes. Astrophysical Journal Letters, 196:
L71-L75, March 1975. doi: 10.1086/181747.

. Labeyrie, S. G. Lipson, and P. Nisenson. An Introduction to Optical Stellar Interferometry. June 2006.

. Lafrasse, G. Mella, D. Bonneau, G. Duvert, X. Delfosse, and A. Chelli. JMMC Stellar Diameters Catalogue - JSDC
(Lafrasse+, 2010). VizieR Online Data Catalog, 2300:0, June 2010.

. Lanz and I. Hubeny. A Grid of Non-LTE Line-blanketed Model Atmospheres of O-Type Stars. Astrophysical
Journal Supplement, 146:417-441, June 2003. doi: 10.1086/374373.

. Lanz and I. Hubeny. A Grid of NLTE Line-blanketed Model Atmospheres of Early B-Type Stars. Astrophysical
Journal Supplement, 169:83-104, March 2007. doi: 10.1086/511270.

. P. Linnell. Progress on a model for 8 Lyrae. Mon. Not. of Royal Astr. Soc., 319:255-266, November 2000. doi:
10.1046/j.1365-8711.2000.03898 ..

. P. Linnell, I. Hubeny, and P. Harmanec. New Light Synthesis and Spectrum Synthesis Constraints on a Model for
B Lyrae. Astrophysical Journal, 509:379-391, December 1998. doi: 10.1086/306484.

. R. Lomax, J. L. Hoffman, IT N. M. Elias, F. A. Bastien, and B. D. Holenstein. Geometrical Constraints on the Hot
Spot in Beta Lyrae. Astrophysical Journal, 750:59, May 2012. doi: 10.1088/0004-637X/750/1/59.

. B. Lucy. Gravity-Darkening for Stars with Convective Envelopes. Zeitschrift fiir Astrophysik, 65:89, 1967.

. B. Lucy. An analysis of the variable radial velocity of alpha Cygni. Astrophysical Journal, 206:499-508, June 1976.
doi: 10.1086,/154405.

. D. Mason, C. Martin, W. I. Hartkopf, D. J. Barry, M. E. Germain, G. G. Douglass, C. E. Worley, G. L. Wycoff, T. ten
Brummelaar, and O. G. Franz. Speckle Interferometry of New and Problem HIPPARCOS Binaries. Astronomical
Journal, 117:1890-1904, April 1999. doi: 10.1086/300823.

. D. Mason, W. I. Hartkopf, D. R. Gies, T. J. Henry, and J. W. Helsel. The High Angular Resolution Multiplicity of
Massive Stars. Astronomical Journal, 137:3358-3377, February 2009. doi: 10.1088/0004-6256/137/2/3358.

. Mayer, H. Drechsel, J. Kubat, and M. Slechta. The O-type eclipsing binary SZ Camelopardalis revisited. Astron-
omy&Astrophysics, 524:A1, December 2010. doi: 10.1051/0004-6361/200913472.

. Meilland, P. Stee, M. Vannier, F. Millour, A. Domiciano de Souza, F. Malbet, C. Martayan, F. Paresce, R. G.
Petrov, A. Richichi, and A. Spang. First direct detection of a Keplerian rotating disk around the Be star a Arae
using AMBER/VLTI. AstronomyéAstrophysics, 464:59-71, March 2007. doi: 10.1051/0004-6361:20064848.

. Meilland, O. Delaa, P. Stee, S. Kanaan, F. Millour, D. Mourard, D. Bonneau, R. Petrov, N. Nardetto, A. Marcotto,
A. Roussel, J. M. Clausse, K. Perraut, H. McAlister, T. ten Brummelaar, J. Sturmann, L. Sturmann, N. Turner,
S. T. Ridgway, C. Farrington, and P. J. Goldfinger. The binary Be star ¢ Scorpii at high spectral and spatial
resolution. I. Disk geometry and kinematics before the 2011 periastron. AstronomyéfAstrophysics, 532:A80, August
2011. doi: 10.1051/0004-6361/201116798.

. Meilland, F. Millour, S. Kanaan, P. Stee, R. Petrov, K.-H. Hofmann, A. Natta, and K. Perraut. First spectro-
interferometric survey of Be stars. I. Observations and constraints on the disk geometry and kinematics. Astron-

omy&Astrophysics, 538:A110, February 2012. doi: 10.1051/0004-6361/201117955.

. E. Mennickent and G. Djurasevié. On the accretion disc and evolutionary stage of 8 Lyrae. Mon. Not. of Royal
Astr. Soc., 432:799-809, June 2013. doi: 10.1093/mnras/stt515.

. A. Michelson. Measurement of Jupiter’s Satellites by Interference. Nature, 45:160-161, December 1891. doi:
10.1038/045160a0.

97


http://books.google.cz/books?id=4rKaGwAACAAJ
http://books.google.cz/books?id=4rKaGwAACAAJ

A. A. Michelson and F. G. Pease. Astrophysical Journal, 53, May 1921. doi: 10.1086/142603.

M. R. Mokiem, A. de Koter, J. Puls, A. Herrero, F. Najarro, and M. R. Villamariz. Spectral analysis of early-type
stars using a genetic algorithm based fitting method. AstronomyésAstrophysics, 441:711-733, October 2005. doi:
10.1051/0004-6361:20053522.

J. D. Monnier, E. Pedretti, N. Thureau, J.-P. Berger, R. Millan-Gabet, T. ten Brummelaar, H. McAlister, J. Sturmann,
L. Sturmann, P. Muirhead, A. Tannirkulam, S. Webster, and M. Zhao. Michigan Infrared Combiner (MIRC):
commissioning results at the CHARA Array. In Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, volume 6268 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,
page 1, June 2006. doi: 10.1117/12.671982.

J. Moultaka, S. A. Ilovaisky, P. Prugniel, and C. Soubiran. The ELODIE Archive. Publications of the Astronomical
Society of the Pacific, 116:693-698, July 2004. doi: 10.1086/422177.

D. Mourard, D. Bonneau, A. Biazit, A. Labeyrie, F. Morand, I. Percheron, I. Tallon-Bosc, and F. Vakili. Simulta-
neous Spectroscopic and Interferometric Measurements of Binaries with the GI2T. In H. A. McAlister and W. I.
Hartkopf, editors, JAU Collog. 135: Complementary Approaches to Double and Multiple Star Research, volume 32
of Astronomical Society of the Pacific Conference Series, page 510, 1992.

D. Mourard, I. Tallon-Bosc, A. Blazit, D. Bonneau, G. Merlin, F. Morand, F. Vakili, and A. Labeyrie. The GI2T
interferometer on Plateau de Calern. AstronomyéfAstrophysics, 283:705-713, March 1994.

D. Mourard, J. M. Clausse, A. Marcotto, K. Perraut, I. Tallon-Bosc, P. Bério, A. Blazit, D. Bonneau, S. Bosio,
Y. Bresson, O. Chesneau, O. Delaa, F. Hénault, Y. Hughes, S. Lagarde, G. Merlin, A. Roussel, A. Spang, P. Stee,
M. Tallon, P. Antonelli, R. Foy, P. Kervella, R. Petrov, E. Thiebaut, F. Vakili, H. McAlister, T. ten Brummelaar,
J. Sturmann, L. Sturmann, N. Turner, C. Farrington, and P. J. Goldfinger. Astronomy and Astrophysics, 508:
1073-1083, December 2009. doi: 10.1051,/0004-6361/200913016.

A. Nasseri, R. Chini, P. Harmanec, P. Mayer, J. A. Nemravovd, T. Dembsky, H. Lehmann, H. Sana, and J.-B. Le
Bouquin. HD 152246: a new high-mass triple system and its basic properties. AstronomyéfAstrophysics, 568:A94,
August 2014. doi: 10.1051/0004-6361/201424382.

J. A. Nelder and R. Mead. A Simplex Method for Function Minimization. The Computer Journal, 7(4):308-313, 1965.
doi: 10.1093/comjnl. URL http://comjnl.oxfordjournals.org/content/7/4/308.abstract,

J. Nemravovd, P. Harmanec, J. Kubat, P. Koubsky, L. Iliev, S. Yang, J. Ribeiro, M. Slechta, L. Kotkova, M. Wolf,
and P. Skoda. Properties and nature of Be stars. 27. Orbital and recent long-term variations of the Pleiades Be star
Pleione = BU Tauri. AstronomyésAstrophysics, 516:A80, June 2010. doi: 10.1051/0004-6361/200913885.

J. Nemravovd, P. Harmanec, P. Koubsky, and A. Miroshnichenko. Methods of the Long-term Radial-Velocity Variation
Removal and their Application to Detect Duplicity of Several Be Stars. In M. T. Richards and I. Hubeny, editors,
From Interacting Binaries to Exoplanets: Essential Modeling Tools, volume 282 of TAU Symposium, pages 319—
320, April 2012a. doi: 10.1017/S1743921311027700.

J. Nemravova, P. Harmanec, P. Koubsky, A. Miroshnichenko, S. Yang, M. Slechta, C. Buil, D. Korédkov4, and
V. Votruba. Properties and nature of Be stars. 29. Orbital and long-term spectral variations of v Cassiopeiae.
Astronomy€ Astrophysics, 537:A59, January 2012b. doi: 10.1051/0004-6361/201117922.

J. Nemravovda, D. Mourard, P. Harmanec, and A. Meilland. Yet Another Spectro-Interferometric Study of The Gas
Distribution in The Enigmatic Semi-Detached Binary S Lyrae. In EAS Publications Series, volume 71 of EAS
Publications Series, pages 175-179, December 2015. doi: 10.1051/eas/1571039.

J. A. Nemravova, P. Harmanec, J. Bencheikh, C. T. Bolton, H. Bozié¢, M. Broz, S. Engle, J. Grunhut, E. F. Guinan, C. A.
Hummel, D. Koréakové, P. Koubsky, P. Mayer, D. Mourard, J. Ribeiro, M. Slechta, D. Vokrouhlicky, V. Votruba,
M. Wolf, P. Zasche, Chara/Vega Team, and Npoi Team. An Unusual Quadruple System & Tauri. Central European
Astrophysical Bulletin, 37:207-216, 2013.

J. A. Nemravova, P. Harmanec, M. Broz, D. Vokrouhlicky, D. Mourard, C. A. Hummel, E. Cameron, J. Matthews,
C. T. Bolton, H. Bozi¢, R. Chini, T. Dembsky, S. Engle, C. Farrington, J. Grunhut, D. B. Guenther, E. F. Guinan,
D. Korcakova, P. Koubsky, R. Kficek, R. Kuschnig, P. Mayer, G. P. McCook, A. F. J. Moffat, N. Nardetto, A. Prsa,
J. Ribeiro, J. F. Rowe, S. Rucinski, P. Skoda, M. Slechta, I. Tallon-Bosc, V. Votruba, W. Weiss, M. Wolf, P. Zasche,
and R. T. Zavala. XiTauri: a unique laboratory to study dynamic interaction in a compact hierarchical quadruple
system. AstronomyéAstrophysics, http://dx.doi.org/10.1051/0004-6361/201628860, 2016.

B. Paczynski. Evolutionary Processes in Close Binary Systems. Annu. Rev. Astron. Astrophys., 9:183, 1971. doi:
10.1146/annurev.aa.09.090171.001151.

A. Palacios, M. Gebran, E. Josselin, F. Martins, B. Plez, M. Belmas, and A. Lébre. POLLUX: a database of synthetic
stellar spectra. Astronomyé&Astrophysics, 516:A13, June 2010. doi: 10.1051/0004-6361.

L. Pasquini, G. Avila, A. Blecha, C. Cacciari, V. Cayatte, M. Colless, F. Damiani, R. de Propris, H. Dekker, P. di
Marcantonio, T. Farrell, P. Gillingham, I. Guinouard, F. Hammer, A. Kaufer, V. Hill, M. Marteaud, A. Modigliani,
G. Mulas, P. North, D. Popovic, E. Rossetti, F. Royer, P. Santin, R. Schmutzer, G. Simond, P. Vola, L. Waller,
and M. Zoccali. Installation and commissioning of FLAMES, the VLT Multifibre Facility. The Messenger, 110:1-9,
December 2002.

M. A. C. Perryman, L. Lindegren, J. Kovalevsky, E. Hoeg, U. Bastian, P. L. Bernacca, M. Crézé, F. Donati, M. Grenon,
M. Grewing, F. van Leeuwen, H. van der Marel, F. Mignard, C. A. Murray, R. S. Le Poole, H. Schrijver, C. Turon,
F. Arenou, M. Froeschlé, and C. S. Petersen. The HIPPARCOS Catalogue. AstronomyéAstrophysics, 323, July
1997.

98


http://comjnl.oxfordjournals.org/content/7/4/308.abstract
http://dx.doi.org/10.1051/0004-6361/201628860

R.

M.

G. Petrov, F. Malbet, G. Weigelt, P. Antonelli, U. Beckmann, Y. Bresson, A. Chelli, M. Dugué, G. Duvert,
S. Gennari, L. Glick, P. Kern, S. Lagarde, E. Le Coarer, F. Lisi, F. Millour, K. Perraut, P. Puget, F. Rantakyro,
S. Robbe-Dubois, A. Roussel, P. Salinari, E. Tatulli, G. Zins, M. Accardo, B. Acke, K. Agabi, E. Altariba, B. Arezki,
E. Aristidi, C. Baffa, J. Behrend, T. Blocker, S. Bonhomme, S. Busoni, F. Cassaing, J.-M. Clausse, J. Colin,
C. Connot, A. Delboulbé, A. Domiciano de Souza, T. Driebe, P. Feautrier, D. Ferruzzi, T. Forveille, E. Fossat,
R. Foy, D. Fraix-Burnet, A. Gallardo, E. Giani, C. Gil, A. Glentzlin, M. Heiden, M. Heininger, O. Hernandez
Utrera, K.-H. Hofmann, D. Kamm, M. Kiekebusch, S. Kraus, D. Le Contel, J.-M. Le Contel, T. Lesourd, B. Lopez,
M. Lopez, Y. Magnard, A. Marconi, G. Mars, G. Martinot-Lagarde, P. Mathias, P. Meége, J.-L. Monin, D. Mouillet,
D. Mourard, E. Nussbaum, K. Ohnaka, J. Pacheco, C. Perrier, Y. Rabbia, S. Rebattu, F. Reynaud, A. Richichi,
A. Robini, M. Sacchettini, D. Schertl, M. Schéller, W. Solscheid, A. Spang, P. Stee, P. Stefanini, M. Tallon, I. Tallon-
Bosc, D. Tasso, L. Testi, F. Vakili, O. von der Liithe, J.-C. Valtier, M. Vannier, and N. Ventura. AMBER, the
near-infrared spectro-interferometric three-telescope VLTI instrument. AstronomyéAstrophysics, 464:1-12, March
2007. doi: 10.1051/0004-6361:20066496.

. Plavec. Mass Exchange in Binary Stars. Publications of the Astronomical Society of the Pacific, 82:957, October

1970. doi: 10.1086/128996.

. M. Porter and T. Rivinius. Classical Be Stars. Publications of the Astronomical Society of the Pacific, 115:

1153-1170, October 2003. doi: 10.1086/378307.

J. D. Powell. An efficient method for finding the minimum of a function of several variables without cal-
culating derivatives. The Computer Journal, 7(2):155-162, 1964. doi: 10.1093/comjnl/7.2.155. URL http:
//comjnl.oxfordjournals.org/content/7/2/155.abstract,

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numerical recipes in C++ : the art of scientific

G.

computing. 2002.

W. Preston. The chemically peculiar stars of the upper main sequence. Annu. Rev. Astron. Astrophys., 12:257-277,
1974. doi: 10.1146/annurev.aa.12.090174.001353.

. Prsa and T. Zwitter. A Computational Guide to Physics of Eclipsing Binaries. I. Demonstrations and Perspectives.

Astrophysical Journal, 628:426-438, July 2005. doi: 10.1086/430591.

Prsa and T. Zwitter. Disentangling Effective Temperatures of Individual Eclipsing Binary Components by
Means of Color-Index Constraining. Astrophysics and Space Science, 304:347-350, August 2006. doi: 10.1007/
$10509-006-9154-4.

. Rappaport, K. Deck, A. Levine, T. Borkovits, J. Carter, I. E1 Mellah, R. Sanchis-Ojeda, and B. Kalomeni. Triple-star

Candidates among the Kepler Binaries. Astrophysical Journal, 768:33, May 2013. doi: 10.1088/0004-637X/768/1/
33.

. Raskin, H. van Winckel, H. Hensberge, A. Jorissen, H. Lehmann, C. Waelkens, G. Avila, J.-P. de Cuyper, P. De-

groote, R. Dubosson, L. Dumortier, Y. Frémat, U. Laux, B. Michaud, J. Morren, J. Perez Padilla, W. Pessemier,
S. Prins, K. Smolders, S. van Eck, and J. Winkler. HERMES: a high-resolution fibre-fed spectrograph for the
Mercator telescope. AstronomyéAstrophysics, 526:A69, February 2011. doi: 10.1051/0004-6361/201015435.

. M. Rica Romero. Orbital elements for eight binaries. Study of the nature of wide components. I. Revista Mezicana

de Astronomia y Astrofisica, 46:263-277, October 2010.

. B. Rice. Doppler imaging of stellar surfaces (review). In K. G. Strassmeier and J. L. Linsky, editors, Stellar Surface

Structure, volume 176 of AU Symposium, page 19, 1996.

. Rickard, W. Nees, and F. Middelburg. The Grant machine. FEuropean Southern Observatory ESO Bulletin, 12,

June 1975.

. Rivinius, A. C. Carciofi, and C. Martayan. Classical Be stars. Rapidly rotating B stars with viscous Keplerian

decretion disks. Astronomy and Astrophysics Reviews, 21:69, October 2013. doi: 10.1007/s00159-013-0069-0.

Roche. Recherches sur les atmospheres des cometes. Annales de [’Observatoire de Paris, 5:353-393, 1859.

. Roddier and P. Lena. Long-baseline Michelson interferometry with large ground-based telescopes operating at optical

wavelengths. I - General formalism: Interferometry at visible wavelengths. Journal of Optics, 15:171-182, August
1984. doi: 10.1088/0150-536X/15/4/002.

. Rousselet-Perraut, J. B. Le Bouquin, D. Mourard, F. Vakili, O. Chesneau, D. Bonneau, J. L. Chevassut, A. Crocherie,

A. Glentzlin, S. Jankov, S. Ménardi, R. Petrov, and C. Stehlé. First sky validation of an optical polarimetric
interferometer. AstronomyéAstrophysics, 451:1133-1137, June 2006. doi: 10.1051/0004-6361:20054296.

Ruzdjak, H. Bozi¢, P. Harmanec, R. Fift, P. Chadima, K. Bjorkman, D. R. Gies, A. B. Kaye, P. Koubsky,
D. McDavid, N. Richardson, D. Sudar, M. Slechta, M. Wolf, and S. Yang. Properties and nature of Be stars.
26. Long-term and orbital changes of ¢ Tauri. AstronomyésAstrophysics, 506:1319-1333, November 2009. doi:
10.1051/0004-6361/200810526.

. Sahade. The system of Beta Lyrae. Space Science Reviews, 26:349-389, August 1980. doi: 10.1007/BF00217387.

. Sana, J.-B. Le Bouquin, S. Lacour, J.-P. Berger, G. Duvert, L. Gauchet, B. Norris, J. Olofsson, D. Pickel, G. Zins,

O. Absil, A. de Koter, K. Kratter, O. Schnurr, and H. Zinnecker. Southern Massive Stars at High Angular Resolution:
Observational Campaign and Companion Detection. Astrophysical Journal Supplement, 215:15, November 2014.
doi: 10.1088/0067-0049/215/1/15.

. R. Schmitt, T. A. Pauls, C. Tycner, J. T. Armstrong, R. T. Zavala, J. A. Benson, G. C. Gilbreath, R. B. Hindsley,

D. J. Hutter, K. J. Johnston, A. M. Jorgensen, and D. Mozurkewich. Navy Prototype Optical Interferometer
Imaging of Line Emission Regions of 8 Lyrae Using Differential Phase Referencing. Astrophysical Journal, 691:
984-996, February 2009. doi: 10.1088/0004-637X/691/2/984.

Secchi. Schreiben des Herrn Prof. Secchi, Directors der Sternwarte des Collegio Romano, an den Herausgeber.
Astronomische Nachrichten, 68:63, October 1866. doi: 10.1002/asna.18670680405.

99


http://comjnl.oxfordjournals.org/content/7/2/155.abstract
http://comjnl.oxfordjournals.org/content/7/2/155.abstract

T. Semaan, J. Gutiérrez-Soto, Y. Frémat, A. M. Hubert, C. Martayan, and J. Zorec. A Pulsational Study of a Sample
of CoRoT Faint Be Stars. In J. C. Sudrez, R. Garrido, L. A. Balona, and J. Christensen-Dalsgaard, editors, Stellar
Pulsations: Impact of New Instrumentation and New Insights, volume 31 of Astrophysics and Space Science
Proceedings, page 261, 2013. doi: 10.1007/978-3-642-29630-7-47.

N. I. Shakura and K. A. Postnov. Doppler-effect modulation of the observed radiation flux from ultracompact binary
stars. Astronomyé§Astrophysics, 183:L21, September 1987.

S. M. Simkin. Measurements of Velocity Dispersions and Doppler Shifts from Digitized Optical Spectra. Astron-
omy€d Astrophysics, 31:129, March 1974.

P. Skoda. SPEFO—A Simple, Yet Powerful Program for One-Dimensional Spectra Processing. In G. H. Jacoby and
J. Barnes, editors, Astronomical Data Analysis Software and Systems V, volume 101 of Astronomical Society of
the Pacific Conference Series, page 187, 1996.

M. Y. Skulskii and G. P. Topilskaya. Secondary Component Lines in the Spectrum of Beta-Lyrae. Soviet Astronomy
Letters, 17:263, July 1991.

M. A. Smith, R. Lopes de Oliveira, C. Motch, G. W. Henry, N. D. Richardson, K. S. Bjorkman, P. Stee, D. Mourard,
J. D. Monnier, X. Che, R. Biicke, E. Pollmann, D. R. Gies, G. H. Schaefer, T. ten Brummelaar, H. A. McAlister, N. H.
Turner, J. Sturmann, L. Sturmann, and S. T. Ridgway. The relationship between v Cassiopeiae’s X-ray emission and
its circumstellar environment. AstronomyéAstrophysics, 540:A53, April 2012. doi: 10.1051/0004-6361/201118342.

S. Soderhjelm. The three-body problem and eclipsing binaries - Application to algol and lambda Tauri. Astron-
omyéf Astrophysics, 42:229-236, August 1975.

P. Stee, O. Delaa, J. D. Monnier, A. Meilland, K. Perraut, D. Mourard, X. Che, G. H. Schaefer, E. Pedretti, M. A.
Smith, R. Lopes de Oliveira, C. Motch, G. W. Henry, N. D. Richardson, K. S. Bjorkman, R. Biicke, E. Pollmann,
J. Zorec, D. R. Gies, T. ten Brummelaar, H. A. McAlister, N. H. Turner, J. Sturmann, L. Sturmann, and S. T.
Ridgway. The relationship between v Cassiopeiae’s X-ray emission and its circumstellar environment. II. Geometry
and kinematics of the disk from MIRC and VEGA instruments on the CHARA Array. Astronomyé$Astrophysics,
545:A59, September 2012. doi: 10.1051/0004-6361/201219234.

I. Steiner, O. Stahl, W. Seifert, R. Chini, and A. Quirrenbach. BESO: first light at the high-resolution spectrograph
for the Hexapod-Telescope. In Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,
volume 7014 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, page 4, July 2008.
doi: 10.1117/12.788182.

Rainer Storn and Kenneth Price. Differential Evolution — A Simple and Efficient Heuristic for global Optimization
over Continuous Spaces. Journal of Global Optimization, 11(4):341-359, 1997. ISSN 0925-5001. doi: 10.1023/A:
1008202821328. URL http://dx.doi.org/10.1023/A%341008202821328.

B. Stromgren. Spectral Classification Through Photoelectric Narrow-Band Photometry. Annu. Rev. Astron. Astro-
phys., 4:433, 1966. doi: 10.1146/annurev.aa.04.090166.002245.

O. Struve. On the Origin of Bright Lines in Spectra of Stars of Class B. Astrophysical Journal, 73:94, March 1931.
doi: 10.1086/143298.

I. Tallon-Bosc, M. Tallon, E. Thiébaut, C. Béchet, G. Mella, S. Lafrasse, O. Chesneau, A. Domiciano de Souza,
G. Duvert, D. Mourard, R. Petrov, and M. Vannier. LITpro: a model fitting software for optical interferometry.
In Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, volume 7013 of Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, July 2008. doi: 10.1117/12.788871.

T. A. ten Brummelaar, H. A. McAlister, S. T. Ridgway, Jr. W. G. Bagnuolo, N. H. Turner, L. Sturmann, J. Sturmann,
D. H. Berger, C. E. Ogden, R. Cadman, W. I. Hartkopf, C. H. Hopper, and M. A. Shure. First Results from
the CHARA Array. II. A Description of the Instrument. Astrophysical Journal, 628:453—-465, July 2005. doi:
10.1086/430729.

D. Tody. The IRAF Data Reduction and Analysis System. In D. L. Crawford, editor, Instrumentation in astronomy
VI, volume 627 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, page 733,
January 1986.

D. Tody. IRAF in the Nineties. In R. J. Hanisch, R. J. V. Brissenden, and J. Barnes, editors, Astronomsical Data
Analysis Software and Systems II, volume 52 of Astronomical Society of the Pacific Conference Series, page 173,
January 1993.

A. Tokovinin. Comparative statistics and origin of triple and quadruple stars. Mon. Not. of Royal Astr. Soc., 389:
925-938, September 2008. doi: 10.1111/j.1365-2966.2008.13613.x.

A. Tokovinin. From Binaries to Multiples. II. Hierarchical Multiplicity of F and G Dwarfs. Astronomical Journal, 147:
87, April 2014. doi: 10.1088/0004-6256,147/4/87.

A. Tokovinin, S. Thomas, M. Sterzik, and S. Udry. Tertiary companions to close spectroscopic binaries. Astron-
omy&Astrophysics, 450:681-693, May 2006. doi: 10.1051/0004-6361:20054427.

A. A. Tokovinin. MSC - a catalogue of physical multiple stars. AstronomyéAstrophysics Suppl., 124:75-84, July 1997.
doi: 10.1051/aas:1997181.

G. Torres, D. W. Latham, and R. P. Stefanik. Cross-Correlation in Four Dimensions: Application to the Quadruple-
lined Spectroscopic System HD 110555. Astrophysical Journal, 662:602—612, June 2007. doi: 10.1086/516836.

G. Torres, J. Andersen, and A. Giménez. Accurate masses and radii of normal stars: modern results and applications.
Astronomy and Astrophysics Reviews, 18:67-126, February 2010. doi: 10.1007/s00159-009-0025-1.

R. H. D. Townsend, S. P. Owocki, and I. D. Howarth. Be-star rotation: how close to critical? Mon. Not. of Royal
Astr. Soc., 350:189-195, May 2004. doi: 10.1111/j.1365-2966.2004.07627 .x.

100


http://dx.doi.org/10.1023/A%3A1008202821328

G. Umana, P. F. L. Maxted, C. Trigilio, R. P. Fender, F. Leone, and S. K. Yerli. Resolving the radio nebula around
beta Lyrae. Astronomyé&Astrophysics, 358:229-232, June 2000.

W. van Hamme. New limb-darkening coefficients for modeling binary star light curves. Astronomsical Journal, 106:
2096-2117, November 1993. doi: 10.1086/116788.

W. van Hamme and R. E. Wilson. Stellar atmospheres in eclipsing binary models. In U. Munari, editor, GATA
Spectroscopy: Science and Technology, volume 298 of Astronomical Society of the Pacific Conference Series,
page 323, 2003.

F. van Leeuwen. Validation of the new Hipparcos reduction. AstronomyédAstrophysics, 474:653-664, November 2007.
doi: 10.1051/0004-6361:20078357.

H. von Zeipel. The radiative equilibrium of a rotating system of gaseous masses. Mon. Not. of Royal Astr. Soc., 84:
665-683, June 1924. doi: 10.1093/mnras/84.9.665.

C. Waelkens, C. Aerts, E. Kestens, M. Grenon, and L. Eyer. Study of an unbiased sample of B stars observed with
Hipparcos: the discovery of a large amount of new slowly pulsating B stars. AstronomyéAstrophysics, 330:215-221,
February 1998.

G. Walker, J. Matthews, R. Kuschnig, R. Johnson, S. Rucinski, J. Pazder, G. Burley, A. Walker, K. Skaret, R. Zee,
S. Grocott, K. Carroll, P. Sinclair, D. Sturgeon, and J. Harron. The MOST Asteroseismology Mission: Ultraprecise
Photometry from Space. Publications of the Astronomical Society of the Pacific, 115:1023-1035, September 2003.
doi: 10.1086/377358.

W. F. Welsh, J. A. Orosz, C. Aerts, T. M. Brown, E. Brugamyer, W. D. Cochran, R. L. Gilliland, J. A. Guzik, D. W.
Kurtz, D. W. Latham, G. W. Marcy, S. N. Quinn, W. Zima, C. Allen, N. M. Batalha, S. Bryson, L. A. Buchhave,
D. A. Caldwell, III T. N. Gautier, S. B. Howell, K. Kinemuchi, K. A. Ibrahim, H. Isaacson, J. M. Jenkins, A. Prsa,
M. Still, R. Street, B. Wohler, D. G. Koch, and W. J. Borucki. KOI-54: The Kepler Discovery of Tidally Excited
Pulsations and Brightenings in a Highly Eccentric Binary. Astrophysical Journal Supplement, 197:4, November
2011. doi: 10.1088/0067-0049/197/1/4.

M. W. Werner, T. L. Roellig, F. J. Low, G. H. Rieke, M. Rieke, W. F. Hoffmann, E. Young, J. R. Houck, B. Brandl,
G. G. Fazio, J. L. Hora, R. D. Gehrz, G. Helou, B. T. Soifer, J. Stauffer, J. Keene, P. Eisenhardt, D. Gallagher, T. N.
Gautier, W. Irace, C. R. Lawrence, L. Simmons, J. E. Van Cleve, M. Jura, E. L. Wright, and D. P. Cruikshank. The
Spitzer Space Telescope Mission. Astrophysical Journal Supplement, 154:1-9, September 2004. doi: 10.1086/422992.

R. E. Wilson and E. J. Devinney. Realization of Accurate Close-Binary Light Curves: Application to MR Cygni.
Astrophysical Journal, 166:605, June 1971. doi: 10.1086,/150986.

R. E. Wilson and W. Van Hamme. Unification of Binary Star Ephemeris Solutions. Astrophysical Journal, 780:151,
January 2014. doi: 10.1088/0004-637X/780/2/151.

M. Wittkowski, C. A. Hummel, K. J. Johnston, D. Mozurkewich, A. R. Hajian, and N. M. White. Direct multi-
wavelength limb-darkening measurements of three late-type giants with the Navy Prototype Optical Interferometer.
Astronomy€Astrophysics, 377:981-993, October 2001. doi: 10.1051/0004-6361:20011124.

G. Woan and P. J. Duffett-Smith. Determination of Closure Phase in Noisy Conditions. AstronomyéfAstrophysics,
198:375, June 1988.

K. Wood, K. S. Bjorkman, and J. E. Bjorkman. Deriving the Geometry of Be Star Circumstellar Envelopes from
Continuum Spectropolarimetry. I. The Case of ¢ Tauri. Astrophysical Journal, 477:926-939, March 1997.

A. T. Young. Improvements in photometry. V - High-order moments in transformation theory. Astron-
omy&$Astrophysics, 257:366-388, April 1992.

P. Zasche and M. Wolf. Combining astrometry with the light-time effect: The case of VW Cep, ¢ Phe and HT Vir.
Astronomische Nachrichten, 328:928, November 2007. doi: 10.1002/asna.200710828.

M. Zhao, D. Gies, J. D. Monnier, N. Thureau, E. Pedretti, F. Baron, A. Merand, T. ten Brummelaar, H. McAlister,
S. T. Ridgway, N. Turner, J. Sturmann, L. Sturmann, C. Farrington, and P. J. Goldfinger. First Resolved Images of
the Eclipsing and Interacting Binary 8 Lyrae. Astrophysical Journal Letters, 684:1.95-198, September 2008. doi:
10.1086/592146.

S. Zucker and T. Mazeh. Study of spectroscopic binaries with TODCOR. 1: A new two-dimensional correlation
algorithm to derive the radial velocities of the two components. Astrophysical Journal, 420:806—810, January 1994.
doi: 10.1086/173605.

S. Zucker, G. Torres, and T. Mazeh. Study of Spectroscopic Binaries with TODCOR. III. Application to Triple-lined
Systems. Astrophysical Journal, 452:863, October 1995. doi: 10.1086/176354.

101



102



List of Figures

BI

A sketch of the CHARA interferometric array. | . . . . . . .. ... ... .. ... 23

B2

A comparison of RVs measured on the Ha of v Cas. Top panel: RVs measured |

by the comparison of direct and mirrored profiles of Hoa manually in SPEFO are

denoted by black points; typical uncertainty of these points is ~ 1.8 km.s~!, RVs

measured by the comparison of direct and mirrored profiles of Ha automatically

by means of y* minimisation with a program developed by Dr. Miroshnichenko

are denoted by blue points; typical uncertainty of these points is ~ 2.0 km.s~",

RVs measured by the fitting of Gaussian function to the Ha profile are denoted |

with by red points; the uncertainty was not evaluated, but is very likely higher

than those in the two preceding cases, although still less than 5km.s~!. The

uncertainty estimates are based on the assumption, that the spectroscopic ob-

servations are strictly homogeneous, and that the orbital model fitted to them

(see INemravova et al., [2012b)) is correct. Middle panel: A ys v denotes residu-

als (in km.s™') of the manually measured RVs and automatically measured RVs

using the comparison of direct and mirrored profiles. Bottom panel: Ag denotes

residuals (in km.s™') of the manually measured RVs and automatically measured

RVs using the comparison of direct and mirrored profiles. Note that these RV

measurements are still affected by the circumstellar envelope of v Cas and we |

had to remove the long-term variations first before studying the multiplicity of |

the system. |. . . . . . . 30

[2.3 Radial-velocity measurements obtained by comparison of direct and mirrored

«a profile. Top left: v Cas including the long-term variations. Bottom left: v Cas at-

ter removal of the long-term RV variations which were estimated with a Hermite

polynomial fit to local values of the systemic () velocity (see Nemravova et al.,

2012b] p.6-7; for details on the approach). 710p right: BU Tauri including the

long-term variations. Bottom right: BU Tauri after removal of the long-term RV

variations which were estimated with a Hermite polynomial fit to local values of

the systemic () velocity (see [Nemravova et al., [2010] p.4-6; for details on the

approach). | . . . . .. 31

B4

A map of the y* given by the Eq. 4 in [Hadraval (1997) for the BR CMi system

around the global minimum of Eq. (4) (see Sect. [2.3.3 for details). The number

of data points is 167935, the minimal y* = 50131, meaning that we have overes-

‘ timated the uncertainty of studied spectra. That is not surprising, because the
| uncertainty was estimated from the Hux noise in the continuum, which is dificult

to find given the large number of lines of the cool secondary. The mapped pa-

rameters are the mass ratio ¢ = My /Ms, and the semiamplitude of the RV curve

of secondary K. Remaining parameters were kept fixed at values from Table 3

in [Harmanec et al.[(2015). | . . . . . . . . ... .. 31

25

RVs of BR CMi components measured using comparison of observed and disen-

tangled spectra, which were obtained for different values of the mass ratio g (see

Sect. [2.3.3] for explanation). Upper panel: Measurements of the secondary RV

using disentangled spectra for: (i) ¢ = 7.50 (blue dots), (i) ¢ = 10.57 (red dots),

and (iii) ¢ = 14.80 (yellow dots). The line denotes the best-fitting synthetic Kep-

lerian RV curve to the RV measurements of corresponding colour. The measure-

ments and models are practically the same and overlap each other. Lower panel:

Measurements of the secondary RV using disentangled spectra for: (i) ¢ = 7.50

(blue dots), (i) ¢ = 10.57 (red dots), and (i) ¢ = 14.80 (yellow dots). The line

denotes the best-fitting synthetic Keplerian RV curve to the RV measurements

of corresponding colour. The mass ratio given by the fit two these RV curves are

qrv—curvE € {8.11 £0.14;10.79 & 0.26; 13.07 = 0.36}. This demonstrates that

disentangled spectra are not independent of the orbital solution for which they

were obtained. | . . . . . . e 32




3.1

Convergence of a genetic algorithm towards a minimum. Light curve of & Tau ac-

quired by the satellite MOS'T was fitted. Each panel represents the evolution of

one parameter. Black points represent the mean value in a generation, blue error

bars the parameter interval span by the samples in a generation, and red points

value for the sample having the least y?. The bottom panel shows behaviour of

the x?. The slow convergence is caused by unrealistically low convergence crite-

rion, and the large fraction of mutations, which prevented the whole generation

from degenerating, and also the degeneracy of the task; the mutations were not

producing samples “wrong enough” to be immediately removed. | . . . . . . . ..

B2

A demonstration of the program DV. Observables are computed for a simple

model consisting of an opaque uniform sphere, whose relative luminosity 1s given

by an absorption profile and a transparent disk, whose relative luminosity is

given by an emission profile. Contents of individual pancls are the following:

Top-left: Black line denotes the squared visibility V? variations over the spec-

tral line for a baseline oriented in the north-south direction. Middle-left: Black

line denotes the differential phase 0¢ variations over the spectral line for a base-

line oriented in the north-south direction. Top-right: Black line denotes the

squared visibility V? variations over the spectral line for a baseline oriented in

the east-west direction. Middle-right: Black line denotes the differential phase

0¢ variations over the spectral line for a baseline oriented in the east-west di-

rection. Middle-middle: A joint line profile of the sphere and the disk. Blue

band denotes the velocity channel ARV = [—140; —90] km.s™*, green band the

velocity channel ARV = [—24;24]km.s™', and red band the velocity channel

ARV = [90;140] km.s™". Bottom: An image of the toy model as it would

on the sky appear in the three velocity channels. Left panel corresponds to

ARV = [—140; —90] km.s~! middle panel to ARV = [—24;24] km.s~!, and right

panel to ARV = [90; 140] km.s™*. Big points in the first four panels denote ob-

servables for the three velocity channels. | . . . . ... ... ... ... ... ...

B3

The coverage of the parametric space (Tog X log g) with the grids of synthetic

spectra, that are implemented within Pyterpol. The first panel (starting from

top): The coverage with spectra from the grid AMBRE developed by |de Laverny

et al. (2012). Only the solar metallicity is implemented and the micro-turbulent

velocity vamic = 1km.s™! for logg > 3.0, and vmic = 2km.s~ ' for log g < 3.0.

The grid AMBRE was computed for several values of the metallicity and even

several values of a-enhancement. The second panel: The coverage with the syn-

thetic spectra from the grid POLLUX developed by [Palacios et al.[(2010). Only

solar metallicity and micro-turbulent velocity vpic = 2km.s™' is implemented

within the program, but POLLUX grid also extends to metal-poor stars. The

thard panel: The coverage of synthetic spectra from the grid BSTAR developed

by [Lanz and Hubeny] (2003). Three metallicities are implemented in Pyterpol —

7 € {0.5,1.0,2.0} Zs. The micro-turbulent velocity is vprc = 2km.s™! for all of

them. The grid BSTAR is also available for lower metallicities, and one additional

micro-turbulent velocity vmic = 10km.s™' . The fourth panel: The coverage of

synthetic spectra from the grid OSTAR developed by [Lanz and Hubeny| (2007).

Three metallicities are implemented in Pyterpol — Z € {0.5,1.0,2.0} Z5. The

micro-turbulent velocity is vpic = 10km.s™* for all of them. The grid OSTAR

1s also available for lower metallicities. | . . . . . . . . . . .. ... ... .. ..

3.4

A comparison of synthetic spectra produced with Pyterpol using different order

of the interpolation. The upper panel shows interpolated and normalised spectra

for the following parameters: Tog = 18260 K, logg = 4.1, Z = 0.8 Zo, Lr = 1,

vmic = 2km.s™!, vsini = 50km.s™', and RV = Okm.s~'. The interpolation

order i1s given above each spectrum. The spectra were shifted with respect of

each other in the relative flux FR for better clarity of the plot. The lower panel

shows the difference between the spectra from the upper panel and an interpo-

Tated spectrum produced with a cubic spline interpolation. Clearly the largest

differences arise for the linear interpolation. | . . . . . .. ... ... .. ... ..

104



[3.5 A comparison of disentangled and re-normalised disentangled spectra of the

¢ 'Tau system, and synthetic spectra, which represent the best fit to the re-

normalised disentangled spectra. Disentangled spectra are shown with the grey

line, re-normalised disentangled spectra with the black line, and the synthetic

spectra with the red line. The order of spectra in each panel is the following top

component B, middle component Aa, and bottom component Ab. The notation

of components i1s explained in Chapter elow each panel there is a difference

between the re-normalised disentangled spectrum and the best-fitting synthetic |

spectrum. T'he parameters defining the synthetic spectra are in Table 7 in |Nem- |

ravova et al| (2016). [. . . . . ..o 50

[4.1 A sketch of orbits of the & Tau system as they would appear projected on the |

sky. These are osculating orbits at the epoch RJD = 56224.724705. The orbital

elements correspond to the best fit of the N-body model to observations, which
1s in Table 15 in N2016. Upper left panel: e yellow line denotes the orbit

of component C, and the black line the orbit of the barycentre of the triple

subsystem (components Aa, Ab, B). The beginning of the coordinate system is

identical to the centre of mass of the quadruple system. Upper right panel: The

magenta line denotes the orbit of component B, and the black line the orbit of the

barycentre of the eclipsing binary (components Aa, Ab). The beginning of the

coordinate system is identical to the barycentre of the compact triple subsystem.

Lower panel: The dark blue line denotes the orbit of component Aa, and the light |

blue line the orbit of component Ab. The beginning of the coordinate system |

1s 1dentical to the barycentre of the inner eclipsing binary. Points denote the

position of a component or a centre of mass (depending on its colour) at the

given epoch. All panels are in angular scale, x 1s the position in the east-west

direction, and y the position in the north-south direction. |. . . . . . . .. .. .. 55

[4.2 A y? map of the mass ratio g» and the RV curve semiamplitude of barycentre

of the eclipsing binary Ka.4ap surrounding the best fit found by KOREL (see

Table 8 in N2016). The red line denotes one o, the yellow line two o, and the

white line three o confidence levels. Quite surprisingly, the 1-o region surround-

ing the physically correct solution ¢go ~ 0.9 is smaller than the one surrounding |

the physically incorrect solution. |. . . . . . . .. ... oo oo 60

[4.3 A fit of ellipsoidal variations to the MOST light curve outside the eclipses. The

properties of component B3 were taken from the At of synthetic spectra to ob-

served ones (effective temperature, projected rotational velocity), and from the

interferometry (radius). Top panel: The red line denotes the best-fitting model

obtained with PHOEBFE and the black points is the magnitude in the MOST

passband M O outside the eclipses. Middle panel. The black points show residu-
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ABSTRACT

Radial-velocity variations of the &demission measured on the steep wings of theliHe, prewhitened for the long-time changes,
vary periodically with a period of 2#825+0!022, confirming the suspected binary nature of the brighttBeBU Tau, a member
of the Pleiades cluster. The orbit seems to have a high eadgnbver 0.7, but we also briefly discuss the possibilitat the true
orbit is circular and that the eccentricity is spurious ayvin the phase-dependent effects of the circumstellar matte projected
angular separation of the spectroscopic orbit is large gimoo allow the detection of the binary with large opticakeirierometers,
provided the magnitude difference primarysecondary is not too large. Since our data cover the onseheivashell phase up to
development of a metallic shell spectrum, we also brieflgulis the recent long-term changes. We confirm the formafianew
envelope, coexisting with the previous one, at the onseb@hew shell phase. We find that the full width at half maximdithe
He profile has been decreasing with time for both envelopesitnconnection, we briefly discuss Hirata’s hypothesis etpssing
gaseous disk and possible alternative scenarios of thevalosleng-term changes.

Key words. stars: early-type — stars: binaries — stars: Be — starszithdil: BU Tau

1. Introduction nificant RV changes. Ballereau et al. (1988) carried out a:
. . sis of a homogeneous series of Haute Provence high-dispe
Pleione (BU Tau, 28 Tau, HD 23862) is a well-known Be Stégftographic spectra from 1978-1987 and once more con/
t the shell RVs vary with periods of 136.0 and 106.7 d
phase transitions between B, Be, and Be shell phases, acCRiE¥anira et al. (1996a,b) analyzed shell RVs from the two-«

panied by pronounced light variations; see, e.g. Gullité7(), secutive shell phases separated some 34 vears. usin
Sharov & Lyuty (1976), llievetal. (1988), Sharov & Lyutyj,q e as nevs RVs andpconcluded that gU Tau is aggzg

(1.992)' Hirata & Kogure (1976), Hirat'a & Kogure (1977)5 opic binary with an orbital period of 24® semi-amplitude o
Hirata (1995), Doazanetal. (1988), llievetal. (2007). anglg'ym s1 and a large orbital eccentricity of 0.60. Howey

Tanaka etal. (2007). Rivinius et al. (2006) — analyzing a series of electroniccs|

There is a rather complicated history of attempts B2 — were unable to confirm the 218-d period and conclt
study the radial-velocity (RV hereafter) variations ofsttstar. that BU Tau is not a spectroscopic binafy. Hirata (2007) i

Struve & Swings (1943) measured RVs on the photograp ; ; : ;

spectra taken in the years 1938-1943 and tentatively cdadlu a n?gd?ellgp g zg\';l; SIeF;:(()elggirr?; tdr:gkott())s:)r(\‘/)?;licr)]ntsh: Tgngtt::
that the RV of BU Tau varies with a possible period of 142 dayS g, _"ga shell phase transition. He argued that the disk
or —less likely — 106 days. Merrill (195.2) .StUd'eq RV fromi19 cession is caused by the attractive force of the secondahei
t0 1951 and found clear Iong_—term variations with some @ayerl 218-d binary. Harmanec (1982) compiled the majority of at
ping changes on a shorter time scale. Gulliver (1977) agalyz;o ayailable RVs of BU Tau and averaged them over a
a large collection of digitized photographic spectra fro838- 100 days. This resulted in a smooth RV curve with a pe

1954 and from 1969-1975 and concluded that there are no 9 about 13000 days (35.6 years), in phase with the recc

Send offprint requests to: J. Nemravova, shell episodes. Harmanec (1982) speculated that BU Taul:
e-mail:: janicka.ari@seznam.cz be a long-periodic binary with shell phases occurring abat

* Based on new spectral and photometric observations frorfothe the same orbital phases. A more distant companion with a
lowing observatories: Dominion Astrophysical Observgtéterzberg gular distance of’®2 was indeed discovered from speckle
Institute of Astrophysics, National Research Council oh&@da, Haute terferometry by McAlister et al. (1989). Gies et al. (199)ds
Provence, IGeoE-Lisbon, Astronomical Institute AS CR @jul/, and ied a sequence of low-dispersiorvkpectra of BU Tau take
Rozhen.
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Fig.1. Comparison of i profiles from different stages of the
long-term changes.

with a sampling rate of 7 ms during a lunar occultation o
1987 March 6. They detected an asymmetry of the envelop
agreement with the observed long-tevitk changes. They spec-
ulated that the speckle-interferometric component coaldeh Fig.2. A complete series of our &l profiles in a gray repre
an eccentric orbit and that the recurrent shell phases coskhtation (only a few saturated or underexposed spectra
be caused by its periastron passages. Luthardt & Menchankewhitted). Abscissa shows the wavelength scal,invhile the
(1994) compiled RVs from the years 1938-1990 and confirmgghe on ordinate is shown in JD-2400000. Each horizontig :
a period of 12450-12860 days. They advocated an eccentric @presents an average of spectra secured within 200 day:
bit and mass transfer resulting in a release of a new shahglurdark horizontal belts correspond to time intervals fromahiio
periastron passages, but the gaps in their RV curve do mot allspectra are available. At the bottom, there is a scale shpthi
one to conclude that the orbit has a high eccentricity. Binal correspondence between the flux level in the units of contim
using the technique of adaptive optics photometry and @stroand the gray scale.

etry, Roberts et al. (2007) report discovery of a new compani

to BU Tau at a separation of 86 with a spectral type M5. They

also confirm a companion at'®4 and discuss other suggested 1.25
companions.

1.20 | B
. . HJD=2454872.2313
Table 1. Journal of new spectroscopic observations for BU Tau. | .| |
HJD=2454718.5138

] W\/\\/\/\/\N\/\/\N |
HJD=2454115.3356

Ondfejov 49581 - 54872 101 6200 - 6800 rosr N Ao
DAO 49786 - 54912 26 6150 - 6700 HUD=2453335.5298

Station Time interval No. of.  Wavelength
Source  (HJB2400000) obs.  regiord)

relative flux

OHP 51569 - 52664 21 6200 -6700 PO~ |
Rozhen 52710 - 54108 23 6520-6610 HID=2452877.5722
Lisboa 54874 - 54881 4 6520 - 6600

. . . . . . . . . . .
6670 6672 6674 6676 6678 6680 6682 6684 6686 6688 6690
wavelength(R)

We succeeded in collecting a rich series of electronic spectig. 3. Selected He 6678A line profiles, ordered in time, wit
at several observatories, covering many cycles of the stege corresponding HIDs.
218-d period. The main goal of this study is, therefore, to re
solve the issue of whether BU Tau is a spectroscopic binary.
Katahira et al. (1996a,b) based their orbit on the RV measure
ments of shell lines that may be affected by possible asymme-

tries in the circumstellar matter. Moreover, their RV cuhas ful for d ) he duplicity of | oth
a rather small amplitude and is based on a collection of beteFUccessiul for detecting the duplicity of several other Bes

geneous data. It naturally shows a rather large scalttemdrot?\i?.oz'C etal. 1995; Koubsky et al. 2000; Harmanec et aD@!
the mean curve. The spectra at our disposal all cover the féifoshnichenko etal. 2001, 2002).

spectral region near &1 They were taken over the time inter-  Since very pronounced long-term spectral variations
val when the star had fairly strongaHemission. Therefore, curred over the time interval covered by our spectra, we
our study is based on the RV measurements of the steep wibgdgfly describe these changes and discuss them, espeiai
of the emission, which is a procedure that turned out to belation to the model put forward by Hirata (2007).
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Fig.4. Measured RVs of the &lemission wings plotted vs. time. 231 1
Prewhitening for the long-term changes, carried out with th

help of the program HEC13, is shown by a line. Empty squares
show the alternate way to remove long-term RV changes via in-
dividual y velocities for subsets spanning no more than a year
See the text for details.
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The fading of the ki emission was accompanied by a li¢
decrease in thd, H, K, andL IR photometric bands that start
@round JD 2451500 (Taranova et al. 2008). This clearly e«

ponds to the gradual development of the hydrogen shelt:
rum according to our spectra — see also Tanaka et al. (2
Emission has been slowly fading from JD 2453000 until n
when its peak intensity represents only about 30% of the
tensity seen in our earliest spectra. During the transftiom a
single-peaked to double-peaked emission, there is sonedrtir
terval when the W profile has a characteristic wine-bottle sha
The occasional presence of additional absorption compe
has been already noted by llievetal. (2007) or Tanaka
The red spectra at our disposal were obtained at five observd2007) and is typical of all recorded shell phases of BU -
ries and their overview is in Table 1. Details about the instr Besides the occasional presence of one or more addition:
ments and data reduction can be found in Appendix A whegrptions, extended red emission wings are seen on saw
also Table A.1 with our RV measurements of the steep wingsfofiles. This makes the emission wings asymmetric and
the Hx emission and of the ilabsorption core is provided. Theto measure for RV. We also note that all double-peaked ps
latter was measured for comparison with the RVs collectet] afecorded prior to about JD 24540000 always have a red
analyzed by Katahira et al. (1996b), but only for those specstronger than the violet one. Figure 2 shows thatuith of the
where the absorption was clearly visible. Ha emission has remained more or Ie_ss constant over_the v

Over the interval of the more than 5000 days covered by oiifine interval covered by our observations. The same figuse
observations, the strength of therlémission gradually declined Shows that the metallic shell phase appeared rather ajruptl
and the shape of the dHprofile underwent notable changes. Figure 3 shows the gradual development of tha B&78A
Typical examples for several distinct stages are showngnFEi line profile. It illustrates well how shallow the line is atetbe-
and the whole development of a new shell and metallic-shgihning of a new shell phase. A very interesting finding it
phase is shown as a gray-scale representation of all usabledv¥en for the B8 star, a presumably photospheric Hel line
profiles in Fig. 2. develop a shell component. The profile clearly gets stroagd

Fig.5. Measured k' absorption core plotted vs. time. We als
included the RV measurements of shell lines by Katahira.et
(1996b) and Rivinius et al. (2006) to this plot. Prewhitenfar
the long-term changes, carried out with the help of the @ogr
HEC13, is shown by a line. See the text for details.

2. Spectroscopic observations and their
reductions
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4 J. Nemravova et al.: Duplicity of BU Tau

1.1 In accordance with Katahira et al. (1996b), we find that
evolution of the emission episode is accompanied by long-

1.0 b 1 RV changes that need to be removed prior to a search for
ble periodic RV changes. To also make this step as objecsi

0.9} {1 possible, we used two different procedures.
One is that we smoothed the long-term changes usin
o 08f {1 program HEC13, written by PH and based on a smoothing 1
nigue developed by Vondrak (1969, 197 7For both emissiot
0.7 L ] and absorption RVs, optimal smoothings were obtained fe
smoothing parameter = 10726 fitted through 200-d normal
06 L | (Inspecting the time plots of RVs, we identified200 days a:
Hocemission a time scale on which more rapid changes were observec

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ this was the reason for the choice of 200-d normals. We
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10  verified, however, that the result of smoothing is not serestb
frequency (cd=") the particular choice of the averaging interval for the sthivgy
within reasonable limits.) The RV residuals from the sme
ing were subjected to a period search based on the Stellifi(
(1978) PDM technique over a period range from 5000 d
to 0.05 d. The dominant frequency found in both searches
0.004587 cd* and its integer submultiples. The one-day alie

0.5

091 | were largely supressed thanks to having data from obsei®st
that have a large difference in their local time, producingchn

® 08p shallower minima in the statistics ¢ 0.75— 0.82) and scat
tered phase diagrams. To make the diagrams readable, we

0.7 1 the correspondingstatistics in Fig. 7 for the emission (top) a
absorption (bottom) RVs only for a limited frequency intair

0.6 1 downto 0.1 cd!. The result seems to confirm the 218-d peri

Ho absorption including Katahira's et al. data

icity discovered by Katahira et al. (1996b).

As another demonstration that the 218-d period is |
we show phase plots in Fig. 8 for the original RVs (with:
prewhitening for the long-term changes) for several suhsé

Fig.7. Stellingwerf (1978) PDMJ statistics for all emission- dt@ covering time intervals no longer than one year. Gfe
wing RVs (top) and shell absorption-core RVs inCIud§|m||ar RV curves, with sharp minima, rather flat maxima, .

: : : mutual phase coherence, are seen in all cases. The firs
Ig %O ;(l\%t?fy:ja} ((a::)?rlésp()(l)az(;% thTehZelS(-jg ?e'?g&t frequency (js?et is based solely on the RVs from the Ondfejov spectr:

cured with Reticon detector, which were already investiddty
Rivinius et al. (2006).

narrower as the hydrogen shell line gets deeper. The adéditio
absorption at the blue vging of the line seen on more recermt spe o
trais the Fe |l 6677.30A shell line. 4. BU Tau as a spectroscopic binary

!
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
frequency (cd-1)

Our findings, and especially the fact that the Balmer emis-
sion line moves in RV as a whole in spite of very large sec
changes of its strength, indicate that BU Tau is indeed desii
Figures 4 and 5 are the time plots of the measured RVs lise spectroscopic binary that moves in a highly eccentriigto
time for the Hr emission wings and the absorption core. IiVe therefore used the program SPEL (written by the late Bir
the later, we also included all shell RVs used and published blorn and never published) to derive the orbital elements.
Katahira et al. (1996b) and Rivinius et al. (2006). One can seomparison with Katahira et al. (1996b), we first derivedtaitt
systematic RV changes on at least two distinct time scaleselements for BalmeabsorptiorRVs, using the data from the
smooth change on a longer time scale and overlapping mstady, RVs published by Rivinius et al. (2006), and our own
rapid changes, especially the occasional steep decreeR¥s i absorption RVs, prewhitened with HEC13 as shown in Fi¢
Considering the uncertainties in accurate RV measurememtg resulting orbital elements are given as solution 1 irerat
combined with the fact that the full amplitude of the changeand the corresponding phase plots are shown in Fig. 9. Foe
is low, it was deemed useful to convince readers that the Rlarity, we plot there the photographic RVs, Heros RVs fi
changes are not only a result of changing asymmetry of the pRivinius et al. (2006), and our dlabsorption RVs in three se
files, but they also represent a real shift of the whole limethils ~ arate panels. Although Rivinius et al. (2006) write that $hie-
end, we compare in Fig. 6 two pairs of therHine profiles ob- pected binary nature of BU Tau could not be confirmed on
tained near the local RV extrema. The upper pair comes frem thasis of their data, their RVs also nicely follow the 218-dpe.
beginning of a new shell phase and the bottom one from a mdreis constitutes yet another support for the reality of s
recent time when a weaker emission and deeper shell coresrard. Our solution 1 agrees well with the result of Katahirale
present in the profiles (note a large difference in the flulesch (1996b).
the two plots). The RV shift of the whole emission and absorp-
tion core is seen beyond any doubt. We, therefore, conchate t * The program HEC13 with brief instructions how to use it isibv
our RV measurements refledal RV variation®f BU Tau. able to interested users fttp://astro.troja.mff.cuni.cz/ftp/hec/HEC.

3. Radial-velocity changes
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J. Nemravova et al.: Duplicity of BU Tau 5
Next, we analyzed the emission RVs that we consider @able 3. Basic physical properties of BU Tau as a single-|

most realistically describing the true orbital motion. Besiow binary based on elliptical-orbit solution for thex¢mission RVs

sensitive the result is to the manner of prewhitening tha det — cf. Table 2. The estimates are derived assuming the pri

derived the elements not only for the RVs prewhitened with timass ofM; = 2.9 M, A andAy.,; denote the semi-major ax

help of HEC13 (see above) but also from the original data. End the binary separation at periastron, respectively.

this end, we divided the data into subsets spanning no mare th

one year and allowed SPEL to derive sepanateelocities for Mo/M; M, A ori
individual data subsets. The results are summarized ireTapl () Mo)  (Ro)  (Ro)
and the corresponding RV curves compared in Fig. 10.
90 0.0876 0.254 2235 53.0
70 0.0936 0.272 2239 531
Table 2. Several sets of orbital elements: Solution 1... Katahirap0 0.1164 0.338 2255 534

Rivinius and this paper, prewhitened with HEC13; Solution 2
New emission-line RVs prewhitened with HEC13; Solution 3..
New emission-line RVs with allowance for locally derivede-

locities. its mass, it would be fainter in the visual region by more t
10 magnitudes and the only chance to search for it would |
the far IR region, where, however, the IR excess from the B
Solution: 1 2 3 velope can complicate the detection. However — if it wereta
Orbital Old & new Hr emis. Hr emis. subdwarf, similar to the one found for another Be binarper
element H abs. Wwings wings by Gies et al. (1998) — it might be observable in the optica
P (d) 218.0230.023 218.0990.050 218.0530.053 gion since the _absolute visual magnitude of BU. Tauis falflﬂE
Toerasr (d)  40040.41.6  52039.340.69 52039.720.73 Some 2 magnitudes than for tgePer B0.5e primary. Finally
Tsupere. (d) 40032.3 52035.50 52034.79 a cool Roche-lobe filling secondary seems improbable sin
Timin.Rv 40044.5 52040.64 52041.11 would probably produce binary eclipses.
e 0.596:0.035 0.7740.028 0.7450.026 In any case, attempts to resolve the 218-d binary system
w(°) 147.7%4.5 154.24.0 157.33.5 some large interferometer are very desirable since a visui
K (kms?)  5.41:0.35 6.3:0.63 6.32:0.46 bit would help not only to estimate the true orbital inclioat
y (kms™) -0.15:0.1 0.35%0.15 - but also to clarify whether the orbit has a high eccentrioitys
rms (kms') 3.21 1.93 1.58

nearly circular.

The inspection of Fig. 10 shows that even the &ission- 5. Comments on Hirata's model

wing RVs are indeed indicative of an orbit with high eccestri
ity but that there is also an alternative possibility tha tb-
served deep RV minimum could be a consequence of some
specified effect of circumstellar matter, reminiscent of fa-
verse rotational or Rossiter effect”. In this case, the ot
could essentially be circular. To this end, we derived yetlaer,

We have postponed a detailed study of the long-term che
for a later work (lliev et al. in prep.), but we wish to commi
briefly on the hypothesis put forward recently by Hirata (201
He obtained systematic spectroscopy and polarimetry of &l
from 1974 to 2003 and finds a change in the polarization a
from about 60 to 130 over that time interval. He interprets tt

a circular-orbit solution for the bl emission RVs prewhitened change as evidence of the precession of the circumsteBa
for long-term changes via HEC13, omitting all RVs from théhat is responsible for the observed ldmission. He further ai
phase interval around phase zero with the most negative Rgges that also the change in the Brofiles from a weak doubl
This resulted in the following element®: = 21834 + 0.62, emission with a strong central absorption core to a stronig-€
Tsupere. = HID 2452009 + 4.8,K; = 1.72+ 0.21 km st sion with a wine-bottle shape indicates that the disk was

Using the eliptical-orbit elements for theatemission RVs seen more or less edge-on and later more face-on. Tanakz
from Table 2, we estimated the basic properties of the bing8007) studied the spectra of BU Tau from Nov. 2005 until A
from the mass functiori(m) = 0.00165 M, for several plausi- 2007, which cover the period of a formation of the new s
ble orbital inclinations, assuming a normal mass of the prim phase. They argue that a new disk was formed in the eq
corresponding to its spectral type after Harmanec (198&to rial plane of the B star while the old disk was decaying
M; =29 M. still present. According to their interpretation, the oidikdwas

The results of Table 3 show that the binary properties, gsrecessing in space as suggested by Hirata (2007). Our
pecially the low mass ratio, are quite similar to other biesr tra cover a much longer time interval, including the one s
discovered so far with Be primaries. For the estimates, W oned by Tanaka et al. (2007), and as Fig. 2 shows, the chan
considered higher orbital inclinations since BU Tau is offie ¢the Hx profile was smooth. We thus measured the full widt|
the cases of an inverse correlation between the brightmebs half maximum (FWHM) of a representative selection of our
emission-line strength, which indicates that we see th&esys emission-line profiles and the variation in FWHM with time
roughly equator-on — cf, e.g., Harmanec (1983). shown in Fig. 11. It was already demonstrated by Struve (L

If we adopt the distance to Pleiadés = 138 pc after in his first model of Be stars as rapidly rotating objects thate
Groenewegen et al. (2007), we estimate that the projected &na clear correlation between the width of presumably ph
gular distance of the binary components should be0’0075, spheric Hel lines and the width of the Balmer emission lit
dropping down to 00018 at periastron. This angular separatiowhich is preserved during the long-term changes. This tzr
is certainly within reach of existing large optical inteddeneters. tion has been confirmed by a number of later studies — see
The only problem is the luminosity ratio primary/seconddiry Fig. 5 of Slettebak (1979). One would therefore expect tific
the secondary would be a normal late M dwarf correspondingttze appearance of a new shell phase of BU Tau is primarily a
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6 J. Nemravova et al.: Duplicity of BU Tau

sequence of a geometrical effect, namely a gradual preceski Harmanec, P. 1988, Bulletin of the Astronomical InstitutésCzechoslovakia
aflat disk that becomes to be seen equator-on, the FWHM should9. 329 .
gradually grow as the new shell phase is approaching. In cnﬁ?—'ma”ecv P., Habuda, Blefl, S., et al. 2000, A&A, 364, L85

L irata, R. 1995, PASJ, 47, 195
trast, Fig. 11 shows that the FWHM ofaHwvas slowly decreas- piar R 2007, in Astronomical Society of the Pacific Cosfee Series, Vol

ingduring the last 15 years. Its dramatic increase is relatdteto 361, Active OB-Stars: Laboratories for Stellare and Cirstefiar Physics
formation of a new envelope, which our spectra clearly canfir ed. A. T. Okazaki, S. P. Owocki, & S. Stefl, 267-271

—see Fig. 12. The apparent discontinous increase in the FWHifta, R. & Kogure, T. 1976, PASJ, 28, 509

occurs at the moment when the strength of the broader emisﬁf;gra;ajR'K‘E‘Jg(f;ggrehgézchﬁsté?’ fgge AGA. 300, 521

from the new envelope rises to a half of the peak intensity Afinmel, w. 1994, AgA, 289, 458 B

the original emission. All this indicates that the observada- lliev, L., Koubsky, P., Kubat, J., & Kawka, A. 2007, in Astiomical Society
tions are primarily due to physical changes in the circutieste  of the Pacific Conference Series, Vol. 361, Active OB-Stamboratories

matter and cannot be reduced to a simple geometrical cause —* rsstgl”aﬁoﬂ‘izcmumsw”ar Physics, ed. A. T. OkazakiPSOwocki, &
precession of the Ol’lglnal gaseous disk. There has beeher raﬁiev, L., Kovachev, B., & Ruusalepp, M. 1988, Informatiomletin on Variable

widespread tendency in recent years to intepret the presefnc  stars, 3204, 1
shell absorption lines as evidence of an equator-on viewgesi Katahira, J.-l., Hirata, R., Ito, M., et al. 1996a, in RemisMexicana de
many investigators are picturing the Be star disk as a flatstr Astronomia y Astrofisica, vol. 27, Vol. 5, Revista Mexicana Aistronomia

ture located at the stellar equator with a (rather smallnome )éﬁﬁgﬁ'ﬁiinﬁgzaﬂiTZ'flslzr'es' ed. V. Niemela, N. MorrellPismis, &

angle (Waters 1986; Bjorkman & Cassinelli 1993; Hanuschikatahira, J.-1., Hirata, R., Ito, M., et al. 1996b, PASJ, 387
1995, 1996). It is true that this model can lead to theorkticeoubsky, P., Harmanec, P., Hubert, A. M., et al. 2000, A&B63913
Balmer profiles similar to the observed ones, see, e.g., Ehe Buthardt, R. & Menchenkova, E. V. 1994, A&A, 284, 118

radiative line transfer models by Hummel (1994). One shoeld MCAISer, H A, Harkopf, W1, Sowell, J. R., Dombrowsk. G, & Franz,
aware, however, that there is no unique proof of a specific gsri, p. w. 1952, ApJ, 115, 145

ometry on the level of various simplifications of current ratsd  Miroshnichenko, A. S., Bjorkman, K. S., & Krugov, V. D. 200RASP, 114
For instance, Hoflich (1987,1988) succeeded in modeling se 1226 )

eral Balmer emission-line profiles of particular Be starthwiis ~ Miroshnichenko, A. S., Fabregat, J., Bjorkman, K. S., e28D1, A&A, 377,

e - 485
model consisting of an NLTE atmosphere anghericalen- iz, 3., liovaisky, S. A., Prugniel, P., & Soubiran D04, PASP, 116, 69

velope. It is then conceivable that strong shell lines c@lé®d Rivinius, T.,Stefl, S., & Baade, D. 2006, A&A, 459, 137

develop in the spectrum of a Be star seen more or less poleReherts, Jr., L. C., Turner, N. H., & ten Brummelaar, T. A. 208, 133, 545
in situations where a very extendegheroidal envelopforms Sharov, A. S. & Lyuty, V. M. 1976, in IAU Symposium, Vol. 70, Bed Shell
around it. Similarly, it might be worth considering whetttee ~_ Stars. ed. A. Slettebak, 105-106

. . harov, A. S. & Lyutyj, V. M. 1992, AZh, 69, 544
asymmetry detected by the gradual change in the pomrmeékoda, P. 1996, in ASP Conf. Ser. 101: Astronomical Data ysislSoftware

angle is indeed caused by the precession of a flat disk or byand systems v, 187-189
some other effect, e.g. by a slowly revolving elongated {no#lettebak, A. 1979, Space Science Reviews, 23, 541
axisymmetric) disk. Stellingwerf, R. F. 1978, ApJ, 224, 953
Struve, O. 1931, ApJ, 73, 94
Struve, O. & Swings, P. 1943, ApJ, 97, 426
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Fig. 8. Orbital RV curves of the K emission shown for subsets
of data spanning less than a year. For all plots, period058
was used, with phase zero at HID 2452041.11, which corre-
sponds to the RV minimum (see Table 2).

120



J. Nemravova et al.:

RV(kms—1)

RV(kms—1)

RV(kms—1)

RV(kms-1)

-0.25 1.25

Fig. 10. The orbital RV curves of BU Tau based on the Eimis-

Duplicity of BU Tau
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Fig.11. A time development of the FWHM (im"\) of the Ha
emission. The rapid increase is caused by the formation ¢
fast strengthening of another double emission due to a n
formed envelope.

relative flux

! ! ! ! ! !
6550 6555 6560 6565 6570 6575

wavelength

Fig.12. A series of the K profiles over the time interval of tk
formation of a new shell. The HIDs-2400000 of individualcsyf
tra are shown and the time runs from the top to the bottom.
can see how the new broad emission gradually rises in ii
sity and how its blending with the decaying previous doubigt
narrower) emission creates a profile with four emission péaik
some time. Then the new emission gets so strong that it m
with the original one.

sion RVs plotted for the solutions 2 and 3 of Table 2. Phase zer

corresponds to the respective epoch of minimum RV and the
C deviations from the solutions are shown by small circles
separate panel§op two panelsRVs prewhitened via HEC13
(solution 2); Two bottom panelsriginal RVs minus locally de-
rived systemiey RVs (solution 3). See the text for details.
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Appendix A: Overview of available spectroscopic
observations

Here, we provide some details on the spectra used in thig stu
and listed in Table 1 and on their reduction:

30

20 |

1. Ondrejov spectraAll 101 electronic spectrograms were ob- 2

. s

¢
: Sl
tained in the coudé focus of the 2.0-m reflector and have @ or ‘-,;,{5' |
linear dispersion of 17.2 mm™ and a 2-pixel resolution 2 ;;.:i' :
12600 (11-12 km § per pixel). The first 35 spectra were < et
taken with a Reticon 1872RF linear detector and cover & 0 e
spectral region from 6300 to 6720 Complete reductions of .
these spectrograms were carried out by JN with the program
SPEFO, written by the late Dr. J. Horn and further developed = —10 ) o -0 0
by Dr. P.Skoda and more recently by Mr. J. Krpata — see RV(kms-1) Nemravova
Horn et al. (1996) an&koda (1996). The remaining spectra
were secured with an SITe-5 8602000 CCD detector and 20
cover a slightly longer wavelength interval 6260—-6760
Their initial reductions (bias subtraction, flatfieldingee
ation of 1-D images, and wavelength calibration) were carg
ried out by MS in IRAF. 5

. DAO spectra:These spectrograms were obtained in theg Or
coudé focus of the 1.22-m reflector of the Dominion
Astrophysical Observatory by SY, who also carried out their,
initial reductions (bias subtraction, flatfielding, andatien £
of 1-D images). Their wavelength calibration was carrieds
out by JN in SPEFO. The spectra were obtained with the -20F AR R
32121H spectrograph with the IS32R image slicer. The de-
tectors were UBC-1 4096x200 CCD for data before May

—30 I I I I

2005 and SITe-4 4096x2048 CCD for data after May 2005. -30 —-20 -10 0 10 20
They cover a Wavelengtp region from 6150 to 675tave RV(kms=1) Nemravova

a linear dispersion of 18 mm~ and 2-pixel resolution of _ . .

21700 (~ 7 km st per pixel). Fig.A.1. A comparison of independent RV measurements o

. OHP spectraThe public ELODIE archive of the Haute Steep Hremission wings (upper panel) and shell core absory
Provence Observatory (Moultaka et al. 2004) contains $80ttom panel).
spectra listed as BU Tau, but some of them are actually spec-

tra of 27 Tau. We were able to recover 21 usable spectra. Fs ectral line profiles. Since we were searching for small Bhi-)

the purpose of this study, we extracted, rectified, and me ions and since the setting on the steep wings of the emis
’s?ureﬁ only thetr';eAfjnpzagts of thtesef spetharogrr]ams.b t line profiles was not always straightforward (see belowgsd

’ wgrze %%tglijne:drih the czpfi% ra ggt':; rgzhegf ?h:%r_vne: ng measurements were carried out independently by JN an
ude sp grap sides the settings on the steep wings of theerission, we

telescope. A CCD camera Photometrics AT200 with Sl 9 :

- so measured thedHabsorption core on all spectra where si
SIOO3AB 1024)(.1024 .Ch'p was gsed._The spect_rograph Wgﬁsorption was present to have a comparison with the re
used in a configuration providing high-resolution spect

¢ : -
suitable for revealing fine details and the structure of o Katahlrg etal. (1996b). We also tried to measure RV of

spectral lines. A Bausch&Lomb 632/22.3 grating was us ! §678A gbsorption wings but due to weakness of this |
in its 2nd order giving a linear disper.sion of 4.2 A/mnfind its possible structure, these measurements turned bet

with 2-pixel resolution of 33000~ 4.5 km/s per pixel). useless so we did not use them. Following Horn et al. (1996,
Wavelength coverage is about 1§0a;ound . The ini- also measured selected stronger and unblended tellues iir

. : f ’ N h all spectra and used them to a correction of the RV zero
tial reduction (bias subtraction, flatfielding, creationleb Thar?ks to that, the spectra from all observatories can lamﬁ
images and wavelength calibration) was carried out by LI S coming frorr'1 one instrument for all practical purposes.

MIDAS. . .

: . . A comparison of the two sets of independent RV meas

. Lisboa spectrafhese 4 CCD spectra were obtained with th ) g .
IGeoE 0.356-m SC telescope working at F/11. The spectr@-f”ts is shown in Fig. A.1. In general, the agreement is gac

grating and a spectral resolution of about 14.000. Ther;\initif0

reduction (bias subtraction, flatfielding, creation of 1r-i r the absorption. For the absorption line, it is concelgabat

ages, and wavelength calibration) of the spectra was mai

by JR.

The rectification and removal of cosmics and flawsadl
spectrogramavere carried out in a uniform way by JN in

specific cases one or the other measurer was confused by
fic line blended with the stellar absorption core. Forlgsia,

ments, based on a comparison of direct and flipped images of th
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we used the mean RVs of the two independent measuren
¢ Allour RVs with the corresponding HJIDs of their mid-expass
are provided in Table A.1.

SPEFO. The program SPEFO was also used to RV measure-
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Table A.1. Radial velocities of the bl emission wings and shell absorption core obtained via guegathe independent me
surements by J. Nemravova and P. Harmanec; DAO = Dominigropisysical Observatory, Victoria; ROZ = Rozhen Natio
Observatory ; OND = Ondfejov Observatory; LIS = IGeoE-lasbOHP = Haute Provence Observatory;

Time of obs. RV(Hrem.) RV(Hrabs.) Source Time of obs. RV@m.) RV(Hrabs.) Source
(HJD-2400000) [kms'] [kms™] (HJD-2400000) [kms'] [kms™]

49581.5875 4,94 — OND 52957.5296 8.80 -0.28 OND
49634.6281 0.76 — OND 52978.2960 9.86 0.06 ROZ
49644.5439 -3.96 — OND 52992.4704 9.53 5.72 OND
49658.4732 -0.54 — OND 53027.3770 8.36 220 OND
49659.4898 0.95 — OND 53029.2971 9.82 3.96 OND
49661.4455 1.21 — OND 53042.2717 8.90 1.48 ROz
49662.5208 0.34 — OND 53042.2776 8.73 0.74 ROz
49679.3450 2.32 -10.53 OND 53044.2905 10.57 486 ROZ
49786.7179 2.17 -0.69 DAO 53044.3017 10.35 464 ROZ
49930.5573 7.16 - OND 53046.3601 9.36 3.09 ROz
49948.5677 9.24 - OND 53048.3209 11.01 6.33 OND
49949.6057 8.98 - OND 53060.2802 9.59 5.48 OND
50001.5337 9.63 - OND 53082.2765 10.21 8.46 OND
50015.4509 8.96 - OND 53103.2588 9.65 2.68 ROZ
50104.4137 4.68 - OND 53216.5807 7.69 2.99 OND
50122.3298 8.05 - OND 53216.5841 6.72 2,61 OND
50159.3244 7.52 - OND 53236.5388 7.07 0.62 OND
50316.5313 12.67 - OND 53236.5418 6.67 1.69 OND
50410.5517 12.17 - OND 53236.5444 6.85 2.75 OND
50439.3454 11.07 — OND 53244.5837 7.85 0.32 ROz
50448.4556 12.39 — OND 53303.4677 6.89 -3.16 ROZ
50508.3366 9.58 — OND 53303.4734 6.76 -2.61 ROz
50509.3213 8.40 — OND 53306.4628 6.94 -243 ROz
51227.6834 15.86 - DAO 53332.2934 6.14 -3.80 ROz
51481.5805 16.66 — OND 53335.5298 4.87 -451 OND
51570.2954 18.09 -11.26  OHP 53335.5058 4.15 -5.53 OND
51572.2713 15.23 — OHP 53452.2425 4.60 -5.45 ROZ
51572.2823 15.27 -7.80 OHP 53555.5651 4.25 -6.60 OND
51573.3101 14.43 — OHP 53579.5663 4.92 -9.15 OND
51573.3184 14.89 — OHP 53615.5628 2.54 -6.85 OND
51576.2801 20.66 — OND 53628.0077 3.98 -4.82 DAO
51797.5902 14.92 -3.58 OND 53638.9848 4.01 -5.96 DAO
51888.4738 15.65 -12.79 OHP 53651.5938 2.64 -4.98 OND
51889.4120 16.89 -1.85 OHP 53658.5135 3.02 -6.07 OND
51892.4705 16.33 -3.26  OHP 53708.8482 3.65 -2.43 DAO
51975.3321 14.73 -2.98 OND 53708.8552 3.68 -4.75 DAO
52236.4148 12.34 -0.05 OHP 53745.4308 3.12 -3.33 OND
52236.4313 13.49 -0.60 OHP 53745.4444 5.25 -3.26 OND
52237.4193 13.64 1.47 OHP 53782.3483 -6.17 -13.71 ROZ
52238.4212 15.07 -2.16 OHP 53791.3420 -6.16 -9.69 OND
52239.4098 14.07 5.44 OHP 53791.6955 -4.84 -10.42 DAO
52241.4048 13.66 2.18 OHP 53813.6682 0.54 -6.90 DAO
52241.4168 13.28 -0.09 OHP 53813.6731 0.10 -7.00 DAO
52242.3968 13.50 -2.44 OHP 53814.3319 -2.30 -11.32 ROZ
52242.4088 13.17 -1.56 OHP 53814.7058 0.35 -5.74 DAO
52263.3571 4.86 -21.12 OHP 53819.2800 1.72 -3.85 OND
52264.3598 3.99 -20.28 OHP 54002.0002 -5.50 -5.17 DAO
52264.3759 4.19 -20.14 OHP 54049.4053 1.00 -0.49 ROz
52287.7753 12.91 -3.06 DAO 54049.5688 0.59 -4.32 ROz
52533.0560 12.70 -0.59 DAO 54051.3857 -0.08 -0.54 ROz
52664.2587 12.66 6.15 OHP 54085.1936 4.30 6.64 OND
52706.7375 9.20 3.07 DAO 54097.3352 5.58 529 OND
52710.2434 8.94 -0.88 ROz 54105.7532 6.28 459 DAO
52860.5294 13.01 571 ROz 54108.3564 4.60 358 ROz
52877.5835 14.12 446 OND 54115.3230 9.59 7.83 OND
52899.5953 9.18 2.73 OND 54115.3365 6.24 5.07 OND
52900.5672 10.16 1.06 OND 54116.3092 7.94 5.01 OND
52900.5694 9.91 346 OND 54117.3291 8.49 497 OND
52902.4322 11.08 0.23 OND 54126.2227 521 345 OND
52902.4376 10.01 -0.84 OND 54153.2844 10.13 9.55 OND
52904.6492 10.21 -1.22  OND 54162.3401 10.00 7.07 OND
52904.6537 8.10 -1.58 OND 54164.2850 9.44 8.85 OND
52904.6581 8.64 -2.50 OND 54186.2921 8.34 10.40 OND
52949.6009 4.53 -4.85 OND 54188.3212 8.24 7.65 OND
52949.6044 7.99 -1.69 OND 54341.0107 8.10 9.45 DAO
52949.6091 8.48 0.25 OND 54387.5177 7.60 9.07 OND
52952.5541 9.42 1.66 ROz 54442.9976 -1.19 7.27 DAO
52952.5619 8.61 0.73 ROZ 54490.2613 2.53 5.75 OND
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Table A.2. (cont.) Radial velocities of the dlemission wings and shell absorption core obtained via giuggahe independet
measurements by J. Nemravovéa and P. Harmanec; DAO = Dom#stsophysical Observatory, Victoria; ROZ = Rozhen Nask
Observatory ; OND = Ondfejov Observatory; LIS = IGeoE-lasbOHP = Haute Provence Observatory;

Time of obs. RV(Hrem.) RV(Hrabs.) Source Time of obs. RV@+m.) RV(Hrabs.) Source
(HJD-2400000) [kms'] [kms™] (HJD-2400000) [kms'] [kms™?]

54519.6647 7.47 7.46 DAO 54871.4085 1.45 0.87 OND
54537.3145 7.61 7.02 OND 54871.4347 -1.05 -1.35 OND
54557.3011 9.58 7.53 OND 54872.2313 -0.59 0.00 OND
54557.3179 9.66 10.86 OND 54872.2523 -0.47 -0.18 OND
54718.5138 9.34 8.46 OND 54874.3436 -4.15 -2.85 LIS
54748.4616 8.77 8.77 OND 54880.3360 -1.91 2.66 LIS
54753.4457 10.20 9.03 OND 54881.3230 -2.97 277 LIS
54753.4540 9.06 8.76 OND 54882.3222 -3.32 151 LIS
54761.4009 10.36 9.77 OND 54911.6519 5.48 6.32 DAO
54763.4827 10.24 8.19 OND 54911.6904 5.42 6.43 DAO
54798.4322 10.35 9.47 OND 54912.6793 5.60 6.45 DAO
54804.2374 9.88 8.46 OND 54924.3033 7.18 7.77 OND
54840.4814 8.89 9.77 OND 55050.5248 11.68 8.25 OND
54857.4154 8.08 7.49 OND 55071.5298 11.44 7.33 OND
54862.6448 5.96 3.92 DAO 55083.6501 6.07 3.72 OND
54862.6812 5.78 3.76 DAO 55097.4911 -1.45 441 OND
54863.6276 5.43 458 DAO 55112.4081 3.52 -3.81 OND
54863.6627 4.72 421 DAO
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ABSTRACT

A detailed analysis of more than 800 electronic high-resmiuspectra of gamma Cas, which were obtained during a titeevial of
over 6000 days (16.84 yrs) at several observatories, dausriiee smooth variations in the density and/or extend afiitsimstellar
envelope. We found a clear anticorrelation between the peaksity and FWHM of the | emission, which seems to agree with
recent models of such emission lines. The main result ofstiidy is a confirmation of the binary nature of the objectedatnation

of areliable linear ephemerig,,ry = HID (24520819 0.6)+ (20352+ (708)x E, and a rather definitive set of orbital elements. We
clearly demonstrated that the orbit is circular within thmits of accuracy of our measurements and has a semi-amldfiradial-
velocity curve of 4.380.09 km s?. No trace of the low-mass secondary was found. The timeilligion of our spectra does not
allow a reliable investigation of rapid spectral variagpwhich are undoubtedly present in the spectra. We postbis@vestigation
for a future study, based on series of dedicated whole-sigéttral observations.

Key words. stars: early-type — stars: binaries — stars: Be — starszithdil: gamma Cas

1. Introduction ods between? and 4008D. Jarad (1987) measured RVs on
medium-dispersion (38 mm™1) photographic spectra using t
ross-correlation technique. They concluded that the Rifg
a short period of 416885, a semi-amplitude of 27.7 kimts
a well-defined phase curve. Combining their RVs \
ose measured by Cowley et al. (1976), they found a peric
705163 with a semi-amplitude of only 8.6 kmtsThey pre-
tred the shorter period, which they interpreted as edheta-
ional or pulsation period of the star. Robinson & Smith (@p
published a detailed study of the X-ray fluxjp€as. They founc
{hat the X-ray flux varied with a peridd = 1912277, which the
entatively interpreted as the rotational periodyo€as. The)
éj_sed this finding as one of the arguments against the b
covery started a long debate over whether the source of X-r. enario for the X-ray flux. MO“? Fece”t'y* Smith et al. (2P
is the star itself or whether Cas is an X-ray binary with a massﬁh?iggg?gg%dsigﬁ Q;rsgét%?;':g;c'g e%r}ifgrig%or(\)/%ig?onr:
accreting compact binary companion. In an effort to prowe t - ! : L
duplicity of y Cas, Cowley et al. (1976) measured radial velochgmge(; tlmt_e sctale?(.jjil'zhze#atter authtc; rsblpomtetlj_ out ]Er;ﬁma"
ties (RVs hereafter) on a rich collection of photographiecta per!od es 'mqng%i was probably an alias of the corr
obtained in the years 1941-1967. They were unable to find dhy/'°% "¢&" '
RV changes exceeding 20 km'sor to detect any coherent peri- Harmanec et al. (2000) measured RVs of the steeiis-
sion wings in a series of 295 Ondfejov Reticon spectra Spar
e-mail:: janicka.ari@seznam.cz nearly 2500 days from 1_993 to 2000. Aftgr remov!ng_ the Ic
* Based on new spectral and photometric observations from tWErm RV changes, they discovered periodic RV variations &

Castanet-Tolosan, Dominion Astrophysical, Haute Progertdvar, P€riodP =20 59i0?291_ semi-amplitud&; = 4.68 km s*, and
Ondfejov, and Ritter Observatories. eccentricitye=0.26, which they interpreted as the binary mot

** Tables 2 and 3 are available only in electronic form at th@round a common centre of gravity with a low-mass compatr
CDS via anonymous ftp to cdarc.u-strashg.fr (130.79.)28r5via  They demonstrate that the published RVs from the photogge:
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ spectra can also be reconciled with the48®%eriod and discus

The well-known Be star of spectral type BOlyeCassiopeise
(27 Cas, HR 264, HD 5394, HIP 4427, MWC 9, ADS 782A), is . h
one of the first two Be stars ever discovered (see Secchi 18 Sd
and a member of a visual multiple system. It exhibits spéct
and brightness variations on several timescales. It unetrw
two major shell phases in 1935-36 and 1939-40. Afterwar g
it appeared briefly as a normal B star. Emission strengthef t
Balmer lines and the brightness of the star in the visuabregi
had been rising slowly during the rest of the™@entury. The
observational history of the star has been summarized &ilde
by Harmanec (2002).

In 1976,y Cas was identified as an X-ray source. This di

Send offprint requests to: J. Nemravova,
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the possible properties of the system. Their result wasicoafi changes were found in these line profiles. Tha B678A and
by Miroshnichenko et al. (2002), who also measured the RVs ®flI lines exhibit double-peaked emissions with the weibkvn
the Hx emission wings in a series of 130 electronic echelle speé¢/R variations (changes in the relative strength of the she
tra, secured with the 1 m reflector of the Ritter Observatesy bwavelength, “violet”, to the longer wavelength, “red”, pg¢an
tween 1993 and 2002. These two studies differ in the teclenicihe timescale of several years. Over the whole time intewal
of RV measurements. While Harmanec et al. (2000) measur@d by our spectra, theaHine was observed as a strong, bz
the RVs manually, sliding the direct and reversed continuurally single—peaked emission, having a peak intensity éet
normalized line profiles within a range of intensities on¢ben- 3.5 and 5.0 in the units of the continuum level. &R varia-
puter screen until the best match was obtained, Miroshniahe tions manifest themselves as a relative shift in the emigséak
et al. (2002) also matched the original and reversed profil@gth respect to the centre of the emission profile. Several:
but used an automatic procedure. They arrived at a periodlofv absorptions can be noted in the ine in some of the stuc
20%/50+0/38, semi-amplitude of 3.8.12 km s, and acir- ied spectra, but most of them are the telluric water vapousli
cularorbit. They discuss several possible reasons why their @eassionally, some weak shallow absorptions of probablias:
sults differ significantly from those of Harmanec et al. (D0 origin were seen, but they disappeared in less than seesrs
Miroshnichenko et al. (2002) also document the cyclic longf days, and we found no regularity in their appearance as«
term spectral variations of Cas over a time interval from 1973appearance. The Hes678A line consists of a double—peak
to 2002. emission filling a large part of the rotationally broadenéd
To shed more light on the differences between these two Rispheric (or pseudophotospheric) absorption. The wihdds
studies, to obtain truly reliable orbital elementsyatas, and to very weak and can only be measured reliably on the specthe
exclude possible 1 d aliases of the 204 d period, we combinigigh S/N. The emission peaks rise only a few percent above
our efforts and analysed the two sets of spectra, complezdentontinuum level. Nevertheless, the time variations are seest
by more recent observations from Ondfejov and additiomets prominently in this line. The red peak of the H8678A emis-
tra from the Dominion Astrophysical (DAO), Haute Provenceion disappeared almost completely at certain times. laisl
(OHP) and Castanet-Tolosan Observatories. The RVs inedkthto say whether these variations represent only real long-
spectra were measured by both measuring techniques —alteshanges or whether they are partly caused by line blendimg
tively used by Harmanec et al. (2000) and Miroshnichenka.et & | 6347 A and Sill 6371A double emission lines are ev:
(2002) - and analysed in several different ways. Here weeptesyeaker than the He6678A line, and their peak intensity nev
the results of our investigation. We also studied the l®@1git exceeds 5% of the continuum level. The more recent ey
and rapid spectral variations gfCas in our data. tion of the Hr line profile is shown in Fig. 1. All line profile
shown were obtained after RIJD = 52225 and were not incli

. in the study by Harmanec et al. (2000). A similar sequence

2. Spectral variations the Hel 6678 A, Sill 6347 A, and Sill 6371A line profiles

We have collected and analysed series of electronic spfestra. are shown in Fig. 2. All displayed spectra are from Ondigjo
five observatories. They cover the time interval from 1993 fPmpare the data with the same resolution. There are, hoy
2010. The journal of the observations is in Table 1, where tiiee huge differences in the flux scale between Hel 6678A,
wavelength range, time interval covered, the number oftspec Sill 6347A, and Sill 6371A lines.

and the spectral lines are given. For more details on theighdi s
ual datasets, readers are referred to Appendix A.

Table 1. Journal of spectral observations. 6
Origin of Al AT Lines N 5T
spectra A) (RJID) 4

55398.4531

x
=
2
Ond  6300-6730 49279-55398 Ha, He, Si 439 2
Rit 6528-6595 49272-52671 Ha 204 S 3=
OHP  4000-6800 50414-52871 Ha, He,Si 34 G
DAO  6155-6755 52439-54911 Ha,He, Si 136 2=
OHP/Cst various 53997-55422 Ha 13

52730.5717

Notes. Ond = 2 m reflector of the Astronomical Institute AS

CR Ondfejov, Rit = 1 m reflector of the Ritter Observatory of or

the University of Toledo, DAO = 1.22 m reflector of the Dominio ‘ ‘ ‘ ‘ ‘
Astrophysical Observatory, OHP = 1.52 m reflector of the Kaut s ooi2 o552 ooz 6o72  ooen  oso2
Provence Observatory, Cast = Castanet-Toloaars the wavelength wavelength[A]

region coveredAT = the time interval spanned by each dataset, where
times are given in theeducedulian dates RJD = HJD-2400000, Linesfig. 1. Recent evolution of the & line profile. Mid—exposur
Ha = Ha, He = Hel 6678A, Si = Sill 6347A, and Sill 6371A. times of the displayed spectra are in RID = HID-2400000.

We focused our study on the lines in ther legion, which We fitted the Hr line profiles with a Gaussian profile
are available for all spectra, although several echelletspe obtain their peak intensityl{ hereafter) and full width at ha
cover almost the whole visible region of the electromagnetinaximum (FWHM hereafter). This procedure naturally rest
spectrum. In particular, we studied the following spedir@s:  a value ofl,, which is slightly less than the very maximum
Ha, Hel 6678A, Sill 6347 A, and Sill 6371A. No dramatic the emission profile, which is affected by both %R varia-
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Fig. 2. Recent evolution of the He6678A (left), Sill 6347 A,
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Fig.4. The secular time variations df, (upper panel) an

and Sill 63714 (right) line profiles. Mid—exposure times of theFWHM (bottom panel) of the i line. The time on abscissa is
displayed spectra are in RID = HID-2400000. The vertical aldJD = HID-2400000. The open symbols denote measurer

is in the units of the continuum flux.

tions and blending with the neighbouring telluric lines. A&

believe, however, that the fitted Gaussian provides an tibgec

measure of the gradual changes in the emission-line strevgt

from the Ondfejov Reticon detector, capable of distiniginig
only 4000 intensity steps, which is why these measurement
viate systematically from the rest. See the text for details

omitted the saturateddline profiles, of course. One example

of a Gaussian fit is in Fig. 3 to show where the FWHM dpd
were measured.

relative flux

L L L
6560 6570 6580

wavelength[A]

6590

Fig.3. An example of the Gaussian fit to ameHine profile,
which also shows the derived quantitigsand FWHM. Dashed
line: the observed W profile; solid line: the Gaussian fit to it;
dotted line: the continuum level.

Figure 4 shows the time variations of the FWHM ahd
An interesting finding is that the secular variations of thego
quantities are anticorrelated with each other. The appigrien
creased scatter of both dependencies between 3D800 and
52000 is caused solely by the lower resolution in intensiityhe
Ondfejov Reticon spectra taken prior RID = 52000.

1 Although the original Reticon detector and the currentigdi€CD
detector were attached to the same camera of the coudéagragh

0 i

210 b

1,
RVaytomariékms ]

L L L
-10 0

-1,
RVmanudkms~]

30 £ .
-30

20

Fig.5. Comparison of the automatically measured émission-
wing RVs (ordinate ) with those measured manually (absci
= X). The dashed line is a fitted linear functipn= 0.968x.

3. RV changes

3.1. Long—term and periodic RV changes and the new
orbital solutions

Similar to Harmanec etal. (2000) and Miroshnichenko e
(2002), we measured the steep wings of thedtission in all
unsaturated profiles. The reasons the emission wings shoad
vide a good estimate of the true orbital motion of the Be
mary around the common centre of gravity with the secon
were recently summarized in detail by Ruzdjak et al. (20078)
them, we can add that Poeckert & Marlborough (1978) modk
the Hx emission ofy Cas, and their model showed that the
emission wings originate in regions that are much closehé
star than the radiation that is forming the upper part of ithe. |

and have the samspectralresolution, the control electronics of thewhile the CCD detector recognizes 60000 intensity stepis [€ads tc

Reticon detector allowed distinguishing only 4000 step#tensity,

a systematic difference for strong emission lines.
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available as Fig. A.4 in Appendix A. Considering the g¢
agreement of both measurements, we used the mean
of the original and new RV measurements for each stu
feature. All lines (whenever available) were measured
this technique.

2. Automatic measurementsere obtained with a progra
written by AM, which also shifts the direct and reversedfi
profile images for a selected range of relative intensitie
the continuum units to find a minimum difference betw:
them. The advantages of this method are that it is fast an
personal. A potential danger is that it can be fooled by fl
and blends in some particular cases. Only thedhission
wings were measured with this method.

-10

RVIkms?]

a5 b

20+

25}

We denote the RVs measured by the first methodnas-
ual and those measured by the second methodudsmaticto
distinguish them in following sections. In Fig. 5 the autdio:
Ha emission RVs are plotted vs. the manually measured
to see whether there is any systematic difference betwee
two methods. We fitted the data with a linear relation and sc
what surprisingly the slope was found to b&&8+0.009; i.e.,
the automatic method finds a slightly narrower total range\o
variations than the manual one. All individual RV measurets
on the steep wings of thedHemission are published in detail
Table 2 for the manual, and in Table 3 for the automatic n

10 b

RV[kms?

a5 b

20 b

25k

surements.
50000 51000 52000 53000 54000 55000 The Hx emission RVs measured manually and automatic
RID are plotted vs. time in Fig. 6. Additional time plots for ott

measured features can be found in Appendix A. Figure 6 sl
Fig.6. Plots of RVs vs. RID = HJD-2400000fop panel: thaty Cas exhibits long-term RV variations over several ye
Manually measured & emission-wing RVs.Bottom panel: which seem to correlate with those of the peak intensity el
Automatically measured &demission-wing RVs. The solid lines emission. To be able to search for periodic RV changes
in all panels represent the long—term RV change as derivéid wehorter timescale, one has first to remove the long-term.
the program HEC13. The squares in both panels denote theTo-check how robust the result is or how much it depend
cal ‘systemic’ velocities calculated with the program SPiEL  the specific way of secular-changes removal, we applied!
individual data subsets. The dashed line represents Hermidifferent approaches to this goal.
polynomial fit computed with program HEC36. See the text for The first was to use the program HEC13 written
details. PH, which is based on the smoothing technique devel
by Vondrak (1969, 1977) and which uses some subrou
Moreover, we also attempted to measure the RVs 5||ndly provided by Dr. Vondrak The level of smoothing is cor
other available spectral lines (H@G?B,& Sill 6347 A and tr_oIIed byasmooth_lng paramete(the Iow_erthe value of, the
. o ’ o higher the smoothing), and the smoothing routine can og
Sill 6371A) to see if they undergo similar time changes. Wgjther through individual data points or through suitatipsen
primarily measured also the outer emission wings of thems|i ,5rmg) points, which are the weighted mean values of the
but for the Ha 6678A line it was pOSSible to obtain a relativelyServed quantity (RV in our Case) over the chosen constamet
accurate RV of the central absorption core. The RVs measuiggkrvals. In both cases, tHe—C residua are provided for z
on the emission wings of the Sill 634vand Sill 6371A lines individual observations. In these particular cases thiewahg
were averaged. specifications for smoothing were used: 5x1076 and 200 ¢
Two methods of RV measurement were used as follows. normals for the i emission-wing RVs measured by both me
) . ods, anck = 1x107%6 and 200 d normals for the RVs measu
1. Manual measurementaere carried out in the programgn the Ha 6678 A absorption core. These particular choi
SPEFO, written by Dr. J. Horn and more recently improvegs ¢ make the smoothing function follow only the secular
by Dr. P. Skoda and Mr. J. Krpata (see Horn etal. 199Gjariations. The solid lines in the three panels of Fig. 6 st
Skoda 1996). The user can slide the direct and reversed lgimated long-term changes, which were then substracau
profile on the computer screen until a perfect match of thee original RVs. These prewhitened RVs were than searare
selected parts of the profiles is achieved. The advantagepetiodicity from 30080 down to ©5 with the program HEC2
this, admittedly a bit tedious procedure, is that the uskr-ac(also written by PH), based on the PDM technique develope
ally sees all measured line profiles and can avoid any flagsellingwerf (1978). Thé-statistics periodograms for the mar
and blends with the telluric or weak stellar lines. Itis ilwa ally and automatically measuredd¢mission RVs are plotted i
able for measurements of weak spectral lines, where any @igs. 7 and 8, respectively. The upper panels in both plais:
tomatic method can be easily fooled by the noise. The same
measuring technique has also been used by Harmanec et alTables 2 and 3 are published only in the electronic form.
(2000). One of us, JN, also re-measured all Reticon spectr& The program HEC13 with brief instructions how to use it isiav
used in their study. Plots of the old vs. new measurements atge to interested users at http:/astro.troja.mff.caffitp/hec/HEC13.
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the range of periods from 308@down to 500, while the pe- Since no obvious signs of the secondary companion are
riods from 20 down to @5 are shown in the lower panels. Then the spectrum, we adopted Cas as a single-line spectr
periodograms are flat, withclose to a value of 1 for all periods scopic binary. We derived a number of orbital solutions far
between 2 and 50 d, which is why we do not show these paHs emission RVs, prewhitened for the long-term changes
of the periodograms in the figures. One can see that the cariEC13. We used the program SPEL (written by Dr. J. Horn
bination of RVs from several observatories, which are d#ffeé never published) for this purpose. The program has alreadyn
from each other in their local times, safely excluded thedag used in several previous studies, e.g., Harmanec (1983}),1
aliases. Koubsky et al. (1985)Stefl et al. (1990), and Horn et al. (19¢
1994).

Our first goal was to decide whether the orbital eccen
ity found by Harmanec et al. (2000) is real or whether the
bit is actually circular as concluded by Miroshnichenkole
(2002). In Table 4 the eccentric-orbit solutions for the onally
and automatically measuredeHemission-wing RVs are con
035L ‘ ‘ ‘ ‘ ] pared. Lucy & Sweeney (1971) have pointed out that obse

0.002 0.006 0.010 0.014 0.018 tional uncertainties may cause the estimated eccenttizibye

o™ biased when the eccentricity is low. The probability that titue

eccentricity is zero can be calculated, and this is givehércol-
105} g umn "L-S test". If this probability is greater than 0.05 wecapt
0.05 [T uwrww - i M | the hypothesis that the true eccentricity is zero at a 5% €

0.95

0.75

0.55

dence level.

orsl | To shed more light on the problem, we split both manu
: s s s s and automatically measured RVs into a number of data
06 10 Lo 18 sets, each of them covering a time interval not longer theaet
a1 consecutive orbital periods and containing enough obtiens

to define the orbital RV curve. We used the original, not

Fig.7. Stellingwerf’sg statistics for the manually measured RV¢rewhitened RVs. The phase diagrams for a peRod 20352
of the Hx emission wings plotted vs. frequenyUpper panel: for all selected data subsets are shown in Fig. 9. We derhe
Periods from 300 down to 560. Bottom panelPeriods from elliptical-orbit solutions for them, again testing theligeof the
240 downto 85. The panels have a different scale on the ordinaiggn-zero orbital eccentricity after Lucy & Sweeney (1971).
always find the solution with the smallest rms error, we sth

the trial solutions for each subset with initial valueswof for

four possible orientations of the orbit, namely’ 4535, 225,

0.85 -

‘ ‘ : : : and 315.
095 The corresponding orbital elements for the selected ssik
0751 i together with the Lucy-Sweeney test, are summarized ireTa

for manually measured RVs and in Table 6 for automatic
measured RVs. The results show very convincingly that the
035 : : : " orbit must be circular (or has a very low eccentricity, whisl
beyond the accuracy limit of our data). Although the L-S

detected a definite eccentricity for several subsets, theidual
values of the longitude of periastron are basically acdaleand
thatis probably the strongest argument for the eccenthid-so-
lutions not being trusted.

0.55 - 1

Table 4. Eccentric-orbit solutions based on ther l¥mission-

0.6 1.0 14 18 . .
Y wing RVs measured manually and au_tomatlcally
prewhitened for the long-term changes with the prog
Fig. 8. Stellingwerf’'sg statistics for the automatically measuret'i_| EC13.
RVs of the Hr emission wings plotted vs. frequenéy Upper =Sgiution No.- ) 2)
panelPeriods from 3001 down to 580. Bottorn panelPeriods  Element Manual Automatic
from 20 downto @5. The panels have a different scale on thep @ 203.360.10 203.080.11
ordinate. Trvmin (RID) 5208317 5208@13
w () 19+30 14722

. . . e 0.048:0.027  0.0720.030
The deepest minimum in both periodograms at a frequency, (kms?)  3.88:0.10 3.93.0.12

f ~ 0.004910 d* corresponds to a period 8~ 2030. The two  y (km s%) 0.164:0.071  0.18@0.081

shallower peaks at lower frequencies in Figs. 7 and 8 cooresp rms (kms')  1.772 1.948
to the integer multiples of the 203 d period. The 203 d period-S test 0.183 0.064
was also detected in the measured RVs of other spectra] linelo. of RVs 757 700

though with a larger scatter in the RV curves. These addition
results are presented in the online Appendix.

130



J. Nemravova et al.: Orbital, long-term and rapid variasiofy Cas

Table 5. The eccentric-orbit solutions for the subsets of manu-
ally measured H emission-wing RVs, shown as phase plots in

Fig.9. 2) 3) .
s K 0
. . 9 KRN 9
N e w K S N aw0f e . 8 s LA
©) (kms?')  test . Sty . (=
2 0.05x0.073 14%38  4.320.24 0.73% 25 i : ore,
3 0.313:0.082 16512 5.430.44 0.001 42 ' c
4 0.416:0.083 108.28.3 6.46:0.58 0.000 42
5 0.14:0.14 16@:-41 4.3%0.60 0.672 25 — —
7 010:0.11 32247  6.8%0.88 0.674 50 st ¢ L9 .
9 0.109:0.067 20136 4.16:0.30 0.299 42 ol o » ;'. .,
10 0.12@:0.040 26316 5.20.20 0.026 61 . s . 0 Y. : Y
12 0.086:0.055 14928  4.64:0.26 0.353 46 ST Sm L Lt
13 0.18+0.10 30829  3.560.36 0.270 70 a0p y ST B
14 0.102:0.040 14%22 4.3%0.21 0.038 59 P P
16 0.1160.067 10531 3.820.22 0.287 30
Notes. Ns = a number of RV subset (the same numbering being also o | " . “\ . A osl? .
used in Fig. 9), L-S test = probability that the eccentrididynd is sl “ . X .. .
false,N = number of RVs in the subset. o paad R L) S e 0
-10 b l{:’. . !{:’. o o3 o 3%
P A asp *® s
Table 6. The eccentric-orbit solutions for the subsets of auto-
matically measured &l emission-wing RVs.
Ns e w K1 [-S N 10) . 12)
) (kms?t)  test * X =17 ,' ‘W,
2 0.30:0.14 32224 457081 0.174 24 10 F é . 4‘; -10 . e .
4 0.420.11 28517 5.82:0.78 0.004 44 PR BT Y A U T
5  0.34:0.10 6:20 4.740.62 0.014 25
7  0.16:0.12 8749 6.0:1.1 0.311 52 R R —
9 0.15:0.19 9253 3.38:0.50 0.583 40
10 0.0980.050 4823 4.12:0.19 0.147 60 ' ' "
12 040:021 336895 5%12 0054 36 sEP st am
13 0.210.14 8244 3.940.53 0.157 59 Lo ! =§‘, ,
14 0.1640.068 11%20 457%0.33 0.026 46 A0 r L I "t.. o« 7 °10F % 1
16 0.26:0.13  22&24 461056 0.201 27 PR, DR I U
Notes. Ns = a number of a RV subset (the same numbering being also e .
used in Fig. 9), L-S test = probability that the eccentriiynd is false, 0108071l o103 07 11
N = number of RVs in the subset. T T
5L 19 [ 4
10 . . e
Adopting the circular orbit from now on, we attempted £y s s
to remove the long-term RV variations with a different ap- s ]
proach. Using the manually measured Emission-wing RVs, ‘ s s ‘

0.3 0.7
phase

we treated each data subset spanning no more than threal orbit
periods (last four subsets) and two orbital periods (remgin _ . L .
subsets) as data coming from separate spectrographsirgloig-9- Phase diagrams for subsets of ldmission-wing RV«
SPEL to derive individual ‘systemic velocities’ for eactbset. measiJred manually. The ordinates of all plots are RV:
This way, the orbital solution was again free of the longrter kKM s and the individual subsets vertical axis is in RV and
changes but they were removed in discrete velocity stepe. Tdjfferentranges reflect the fact that the original, not pritened
corresponding orbital solution is in Table 7, and indivithue: RVs are used. Trial orbital solutions for these subsets @
locity levels ¢'s) are shown in the top panel of Fig. 6 and listed@Ps. 5 and 6.
in Table A.2 in Appendix A. At first sight, this way of removing
the long-term changes might seem less accurate, but it teads
smaller rms error for the solution than the removal via HEC13 For completeness, a solution for an eccentric orbit was
There are two reasons for that: derived but the L-S test gave the probability of 0.18, redsgt
us that the eccentricity is spurious. Also for this methodhef
1. The HEC13 program computes normal points from RV sulpng-term removal the rms error of the orbital solution istée
sets covering constant time intervals, while fovelocities  for the manually than for the automatically measured RVs.
the length of subsets was chosen more suitably to our datave tested yet another method of removing the long—
distribution in time. ~ variations. It can only be used when one has a RV curve
2. The HEC13 program computes the normal points &rmly enough covered by observations. The RVs are aver
weighted means, but the velocities computed with the gyer chosen time intervals, and the Hermite polynomialdigr
SPEL program are elements of the Keplerian orbital modeled through these averaged (normal) points. We used the
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Table 7. Orbital elements obtained using RVs measured manu-
ally (3) and automatically (4) on theHine, with the removal of
the long—term changes using differentelocities for individual

data subsets. "o

>

Solution No.:  3) 2) «

Element Manual Automatic

P(d) 203.650.13  203.4%£0.14

Trvmin(RID) 52081.420.81 52081.990.95

Kikms?)  4.084:0.10 4.140.13

rms(kms')  1.657 1.908 T

No. of RVs 757 700 E
O
O

gram HEC23 to compute the normal points and program HEC36
to fit thent'. We tentatively averaged the RVs over a 300 d and
a 400 d interval. New orbital solutions were derived usingsRV

prewhitened this way. The rms error of the resulting sohutias
approximately the same as the rms error of the solution far
prewhitened HEC13. We decided to use this approach in anot|

10

-10

%

" "

, :»g@"’”kg

T T T T T

,,;.'&:’.':. .

Kot

" " "

10

-10

e |

-0.0

0.2

0.4 0.6 0.8 1.0

. 1.2
phase

RFig. 10. Top panelThe net orbital RV curve corresponding to 1
?;f‘igular-orbit solution (5) of Table 8Bottom panelThe O-C
idua from the orbital solution. Both plots have the samme

way. We used the systemic velocities derived with SPEL as nele
mal points and fitted them with the Hermite polynomials usi
HEC36. The RJIDs of RVs in a subset were averaged and
mean RJD was used as the epoch of theelocity. The same
approach to computing epochs of normal points is also used in

the program HEC13. This way we effectively removed one ofthe o[~ T T T T T T ]
disadvantages of the previous method since HEC36 conrhects t v ee e

normal points with a smooth curve, thus removing the discon-
tinuous shifts introduced with the second method. The Heermi E ol
polynomial fit is shown in the first two panels of Fig. 6. Thegz
O-C residua were again used to derive circular-orbit solutions -~ L .

ity scale, and the epoch of R} is used as a reference epo
he short abcissa in the right upper corner of the top pane
es the rms of 1 observation for the Keplerian fit no. 5.

with SPEL. These are presented in Table 8. As expected, the im
provement in the resulting rms errors with the second meithod
relatively small.

kms?]

Table 8. Orbital elements obtained using the:lRVs measured &
manually (5) and automatically (6) and removing the longate ©
RV variations via a Hermite—polynomial fit through the Idgal
derivedy velocities.

-10

10

ot

-10

i

Lot ..
I'E !i!Eygiilﬁ ;$

. ¢ .
LT A

-0.2 -0.0 0.2 0.4 0.6 0.8 1.0 1.2
phase

Solution No.:  5) 6) . . .
Element Manual Automatic Fig. 11. Top panelThe net orbital RV curve correspondingto
P(d) 203.5220.076 203.37%0.089 circular-orbit solution (6) of Table 8Bottom panelThe O-C
Trvmin(RID)  52081.820.62 52082.0Z0.76 residua from the orbital solution. Both plots have the sam¢
Ki(km s?) 4.297:0.090 4.260.11 locity scale, and the epoch of R is used as a reference epo
y(kms™) 0.018:0.064 -0.0180.075 The short abcissa in the right upper corner of the top pane
rms (kms?)  1.592 1.825 notes the rms of 1 observation for the Keplerian fit no. 6.
No. of RVs 757 700

cided to postpone analysis of rapid spectral changes fauaef
hstudy, based on dedicated series of whole-night spectsare
vations.

The net orbital RV curves and the correspondifgC
residua from the orbital solutions are shown in Fig. 10 fa t
manual and in Fig. 11 for the automatically measuredRY's.
The rms errors per one observation of the Keplerian fit no. 5
based on manually measured RVs (no. 6 in the case of automati
measurements) are shown as short abscissee in the upper rig
corners of both figures. The RVs prewhitened for the longiter4.1. Spectral variations
changes, on which these best solutions 5 and 6 are based, are . o
also presented in Tables 2 and 3. We h:;ve conflrme_d the continuing presence of ang—_termv

We did several preliminary tests of the possible rapid varifons in the Hr emission profile using the Gaussian fit and
tions ofy Cas. Although the results clearly demonstrated théff€asurements. The former procedure gives more objectiv

presence, the quantitative results were inconclusive salave SUlts than a direct measurement of the peak height and th
width of the line at half maximum (FWHM), because the

4 Both programs, written by PH, and the instructions how to usgerved height of the highest peak of a very strong emissier
them, are available dittp:/astro.troja.mff.cuni.cz/ftp/hec/HEC36.  partly reflects the long-teri/R changes, while the measur

ﬂpterpretation of results
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FWHM can be affected by the presence of several telluric wa- RV minimum to be used in the future studies of this bina
ter vapour-lines of variable strength. Figure 4 shows thaty
and FWHM of the kk emission aranti—correlatedver the in- ~ Tminry = HJID (245208189+ 0.62)
terval covered by our observations and seem to also show some + (203523+ (#076)x E.
variability on shorter time scales. We carried out pericatskes
for both these quantities prewhitened for the long-terrgles, ' '
but no significant periodicities were detected, and triatpbf for all solutions. The recomrlne_nded_value from solutio
prewhitened data did not show any evidence of variations con 1S K1 = 4.297:0.090 km s*, implying the mass func
nected with the orbital period. E';(r)‘ofo()M) Tj 0,;/?0163 Mah Fci)(r Ccimr’az'zsggzv)HaLT‘?meg et
It is probable that the observed long-term changes reflect J) an iroshnichenko et al. obtained se
some variations in the density and/or the extent of the gircu amplltudes of 68:0.25 km sla_nd 380:0.12 km 5_1;
stellar disk around the Be primary. Using optical interfagtry, respectlvely._ If we adopt the inclination value '_4,
Quirrenbach et al. (1997) and Tycner et al. (2006) were able t and the primary star mass ;¥ 13. M, suggested b,
resolve the envelope around the primary componenGds and Harmane_c et al. (2000), we can estimate the secondar
estimate that its inclination must be higher thaf 46d 55, re- mass M =0.98 M. If the system is at a post mass-trans
spectively. Adopting a reasonable assumption that théiooe phase, then the secondary might be a hot helium sta
axis of the disk is roughly perpendicular to the binary qravie could b(_a directly detectable in the UV region of the elec
can conclude that the binary system is also seen under aalorbi magnetic spectrum.
inclination higher than some 45We then suggest the following
possible interpretation of the observed changes.

@

3. The semiamplitude of the orbital motion is close to 4 ki

Note:After our paper was accepted for publication, we
. the privilege to read a preliminary version of another stofl
; N ; . Yy5Cas kindly communicated to us by Dr. Myron A. Smith ¢
rotationally supported and that its linear rotational eélpde- s coauthors. They analysed in particular a smaller antyy
creases with the axial distance from the star. Regardle#of jjenendent set of RVs to obtain their own orbital solutibimeir

process causing secular variations of the disk, one cam&ssyqg,jts are compatible with our final solution within thepes-
that the increase in the height of the emission peak reflBets t e error bars.

presence of more emission power at lower rotational veésit

thus implying either an increase in the density of the ous@tsp Acknowledgements. We gratefully acknowledge the use of spectrograms
of the disk and/or an increase in the geometrical extent @f th Cas from the public archives of the Elodie spectrograph ef Haute
disk. This must naturally decrease the observed FWHM of tijgovence Observatory. Our thanks are also due to Drs. Pirgaal. Dovciak,
emission as observed. This qualitative scenario seemsstorbe P.Hadrava, J. Kubat, P. Mayer3koda, SStefl, M. Wolf, and P. Zasche, who o

N " ! N pay tained some of the spectra used in this study. Construdtitteism and a carefu
Forte(; by the line-profile calculations published by Silale proofreading of the original version by an anonymous reféreiped to improve
2010).

the paper and are gratefully acknowledged. We thank Dr. Mbith and his
collaborators for allowing us to see a preliminary versiotheir new complex
study ofy Cas before it was submitted for publication and for usefahioents.
This research was supported by the grants 205/06/03040&B8)05, anc
P209/10/0715 of the Czech Science Foundation, from theaRes&rogrammi
As mentioned in Sect. 1, one of the principal motivationshis t Msdmoozlezol?eoéhfysri]ca/’;_tqdy of f‘gs"‘s and processes i’r’] ‘ge Sob’?’ sy

. . - y and in astrophysicsf the Ministry o ucation of the Czech Republic, a
St!ldy was to resolve the differences in the c_er|ta| §0|lﬂ|0b- from the research project AV0Z10030501 of the Academy oefsmes of the
tained by Harmanec et al. (2000) and by Miroshnichenko et &kech Republic. The research of JN was supported from tint §haV-263301
(2002) and to arrive at a more definitive set of the orbital edf the Charles University of Prague, while PK was supportednfthe ESA

ements. We were able to combine both independent datagiigs grant 98058. We acknowledge the use of the electrotdbatse from the

4.2. Orbital motion

and complement them with more recent spectra. In Sect. 3
carried out a number of various tests, analysing separdtely

@%S Strasbourg, and the electronic bibliography mainthimethe NASA/ADS
tem.

RVs measured by a manual and an automatic technique. We also

tested the effect of the different ways of data prewhiterong
the resulting elements. Special attention was payed te#iof
whether the orbit is actually circular or has a significartese
tricity.

The principal results are the following.

. The binary orbit ofy Cas is circular, at least within
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Appendix A: Details of spectroscopic Table A.1. Orbital elements obtained using RVs measurec
observations and their analyses the emission wings of He6678A line, absorption core of th

Hel 6678A line, and emission wings of the Sill 634 and

Sill 6371A lines. RID = HID—2400000

Here we provide more details on the spectra used in this study

A.1. Observational equipment

(see Table 1) and their reduction: spectral He6678A  Hel16678A  Sill
line emission abSOrpthn emission
1. Ondfejov spectra: All 439 spectra were obtained in the’(d 203.52(fixed) ~ 203.52(fixed) 203.52(fixed)

min(RID) 52085.23.1 52081.42.6 52096.43.5
coudé focus of the 2.0 m reflector and have a linear dis; Ki(kms?  3.60:043 522050 314045

persion 17. 2A.mm! and a 2+ —pixel resolutioR ~ 12600 st
(~ 11-12 km s'per pixel). The first 318 spectra were taken rgns(km )51) 2'1%0'27 3';%5'32 052?%(7)'28
with a Reticon 1872RF detector. Complete reductions o{\, 560 572 550
these spectrograms were carried out by Mr. Josef Havelka;,
Mr. Pavol Habuda and by PH in the program SPEFO. The
remaining spectra were secured with an SITe-5@000 A 2. Additional RV measurements
CCD detector. Their initial reductions (bias substraction
flatfielding, extraction of 1-D image and wavelength caliVe measured RVs on emission wings and absorption
bration) were done by B with the IRAF program. of Hel 6678 A and emission wings of Sill 634A and
2. DAO spectra: All 136 spectra were obtained in the couds 6371A lines. The program SPEFO was used to the t
focus of the 1.22 m Dominion Observatory reflector by SY{he precision of these RV measurements is quite low, sine
who carried out initial reductions (bias substractionfiiéd-  relative flux in the lines is only several percent greatenthme
ing, extraction of 1-D image). The wavelength calibratiogurrounding continuum (see Fig. 2). One could be easily
of the spectra was carried out by JN in SPEFO. The spded during measurements, because measured lines are eel
tra were obtained with the 32121H spectrograph with thith continuum fluctuations, and they blend with telluriods.
IS32R image slicer. The detectors were UBC-1 408®B) Despite these complications RVs measured on these line
CCD for the data prior to May 2005 and SITe—4 489648 hibit long—term variations very similar to the variatiorfsat
CCD for the data after May 2005. The spectra have a linegan be seen in Fig. 6. RVs measured on emission wing
dispersion of 108.mmt and 2- —pixel resolutioR ~ 21700 Hel 6678A line, absorption core of H96678A line, and emis-
(~ 7 km s *per pixel). sion wings of Sill 6347A and Sill 63714 lines are shown it
3. OHP spectra: Public ELODIE archiveof the Haute Fig. A.1.
Provence Observatory (Moultaka et al. 2004) contains 35 The long—term variations were removed with the prog
echelle spectra obtained at the 1.93 m telescope. They h&gC13, using the 200 d normals amg 5x10716. The mode
resolutionR ~ 42000. Initial reductions (bias substractionef long-term variations derived by HEC13 is shown in Fig. £
flatfielding, extraction of 1-D image, and wavelength calithe residua were searched for periodicity using the HEC27
bration) was carried out at the OHP. We only extracted amgglam. A period near 200 d was detected in all cases, alth
studied the red parts of the spectra. with a lower significance than thedfmission RV (see Figs.
4. Ritter spectra: All 204 spectra were obtained with a fibeand 8. The) statistics periodograms for trial periods from 360
fed echelle spectrograph at the 1 m telescope of the Rittiswn to 530 are shown in Fig. A.2, where the periBg 2030
Observatory of the University of Toledo. We obtained speis denoted. Thé mininum for this period is not the domina
tra in form of ASCII table covering only region close toone only in the case of RV measured on the silicon lines.
Ha spectra line. The resolution of the spectr&is 26000. probably due to their low precision and/or incomplete reat
Initial reductions of spectra (bias substraction, flatfiedd of the long-term changes via HEC13.
extraction of 1-D image and wavelength calibration) were The circular-orbit solutions were computed for
carried out at the Ritter Observatory with the IRAF progranprewhitened RVs, keeping the orbital period fixed at
5. Castanet Tolosan and OHP spectra: We downloaded theakie P=20352. The corresponding orbital elements are
spectra from the Be Star Spectra databask of them were Table A.1.
obtained by CB with several different spectrograpi@nly Data smoothing with different velocities derived with th
spectra with a resolution comparable to spectra obtainedSREL program was tested as well. It led to none or a slightefc
the rest of observatories were used in the study. Initialced than 5%) improvement in rms for the Keplerian fit.
tions (bias substraction, flatfielding, extraction of 1-D-im  In passing, we wish to mention that the Gaussian fits o
age, and wavelength calibration) were carried out by CB. He line also provided individual RVs of this line. Not surpr
ingly, a Keplerian fit of these RVs resulted in a semiampkt
For all individual spectrograms, the zero point of the helidower than was obtained for the directly measured RVs an
centric wavelength scale was corrected via the RV measumsmesome 40% greater rms than that for our preferred solution £
of selected unblended telluric lines in SPEFO (see Horn et al
1996, for details).

A.3. Comparison

PH and JN measured RVs independently on spectra obt
with Reticon detector at Ondfejov observatory. Compar

5 URL: http://atlas.obs-hp.fr/elodie/ of their results is shown in Fig. A.4. Dependency was
6 URL: http://basebe.obspm.fr/basebe/ ted with linear functiony=a.x. The resulting parameters ¢
7 For detailed information on the spectrographs used, secthe €mission wings of it line a=1.024:0.006, emission wing
homepage at http://astrosurf.com/buil/ of Hel 6678 A line a=1.038:0.024, absorption core «
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Table A.2. y velocities obtained through the same orbital st
had ) ) ) ) ) ] tion as orbital elements in Table 7.
wf ' ' ' ' ' I method  automatic manual
No.of  y(kms?) y(kms?)
2l ] subset
1 -16.040.29 -16.540.26
ol | 2 -0.88:0.40  -9.5@:0.34
E 3 -2.54+0.30 -5.2%0.26
< 4 0.3%0.29 -1.450.26
& 20r 1 5 0.39:0.39 -0.7@¢0.34
6 -2.04+0.38 -1.82-0.36
40l ] 7 -7.36:0.27 -6.460.24
8 -9.55+0.36 -7.820.32
9 -8.29:0.31 -9.5&0.26
sop . . . . . M 10 -8.8%0.25  -9.4%0.22
50000 51000 52000 53000 54000 55000 11 -9.32:0.43 -7.820.24
RID 12 -8.55:0.32 -9.0%0.25
] ) ) 13 -9.25:0.27  -8.340.22
Fig.A.1. A time plot of the RVs measured manually in SPEFO. 14 -7.6%0.29  -9.120.22
Top panel The emission wings of the He6678A line, Middle 15 -7.02:0.45  -9.240.39
; A T 16 -7.43:0.39 -8.46:0.32
panel The absorption core of the He6678 A line, Bottom 17 765053 951048

panel The emission wings of Sill 634% and Si 1 6371A lines.
The HEC13 model of the long-term variations is shown by a
solid line in each panel.

He! 6678A line a=1.022:0.008. Differences between the mea-
surements of both authors are quite high fori&78A line
emission wings measurements. It is probably because wihgs o
the line are affected byothe background noise and because the
red peak of the He6678A line is very low at some point in the
V/Rcycle.
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Abstract. A preliminary analysis of spectroscopic, photometric and interferometric ob-
servations of the triple subsystem of a hierarchical quadruple system ¢ Tau is presented.
The triple system consists of a close eclipsing binary (PA = 7?1146651), revolving around
a common centre of gravity with a distant tertiary (PB = 145@17). All three stars have
comparable brightness. The eclipsing pair consists of two slowly-rotating A stars while
the tertiary is a rapidly-rotating B star. The outer orbit is eccentric (eB = 0.237 £ 0.022).
Available electronic radial velocities indicate an apsidal advance of the outer orbit with
a period Ppg = 224 + 147yr.

Key words: binary stars - hot stars

1. Introduction

¢ Tau (2 Tau, HD 21364, HIP 16083, HR 1038) is a hierarchical quadru-
ple system, consisting of sharp-lined A stars, undergoing binary eclipses,
a more distant broad-lined B star and a much more distant (the semi-major

Cent. Eur. Astrophys. Bull. 37 (2013) 1, 207-216 207
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axis a® = 07441 £ 07027, Rica Romero 2010) F star. Here, we shall de-
note the components as follows: C (F-type), B (B-type), Aa, Ab (A-types)
and the orbits: C (F-type), B (B-type), A (A-types). The visual magni-
tude of £ Tau (V =3"72) and its declination 9°44’ make it an easy target
for a wide range of instruments and observational techniques. The binary
nature of the system was discovered by Campbell (1909). The outermost
orbit C was resolved using speckle-interferometry by Mason et al. (1999).
All speckle-interferometric observations of the system were analysed by Rica
Romero (2010), who found an orbital period P =524 15yrs. The orbital
elements of the triple subsystem were published by Bolton and Grunhut
(2007). The Hipparcos parallax of the system is p = 15.6 + 1.04mas (van
Leeuwen, 2007a,b). As we were unable to detect either spectral or light vari-
ations of the distant and faint F component, we do not deal with the orbit C
in this study.

2. Observations and Data Reduction

We have collected a rich series of spectroscopic, photometric and interfero-
metric observations spanning more than two decades.

2.1. SPECTROSCOPY

The 131 electronic slit spectra cover the time interval RJD = 49300 to 55971
They were secured at three observatories: 1) Ondfejov Observatory, Czech
Republic, 2) David Dunlap Observatory, Canada, and 3) Observatory of the
Army Geographic Institute, Portugal.

Spectral lines of the three components are visible in the spectra. We
studied the Hv, HB, and Ha Balmer lines and also stronger metallic lines
(MgII4481 A, Sil16347 A and SiII16371 A), in which the contribution of the
A—type stars is dominant. The B-type component contributes about 60 %
to the total flux in the optical region and its spectral lines are significantly
rotationally broadened (vgsini > 200kms~!). The spectral lines of both
A-type stars are sharp and very similar to each other.

2.2. PHOTOMETRY

Altogether, 1786 UBV observations (spanning RJD = 54116 to 55956) were
secured at three observatories: 1) Hvar Observatory, Croatia, 2) South

'RJD = JD - 2400000

208 Cent. Eur. Astrophys. Bull. 37 (2013) 1, 207216
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African Astronomical Observatory, South Africa, and 3) Villanova APT,
USA. We also used 69 Hipparcos Hp, observations (Perryman and ESA,
1997) spanning RJD = 47909 to 48695. These were transformed to the John-
son V using a formula found by Harmanec (1998).

2.3. SPECTRO-INTERFEROMETRY

The £ Tau system was observed with the NPOI interferometer (Armstrong
et al., 1998) between 1991 and 2012, the bulk of observations being taken
during the last decade, and also with the VEGA /CHARA spectro-interfero-
meter (Mourard et al., 2009) in 2011 and 2012. 2

3. Data Analysis and Preliminary Results
3.1. ORBITAL SOLUTION

We measured RVs by an automatic comparison of suitably chosen synthetic
and observed spectra. The measurements were then divided into two sub-
sets well-separated in time from each other. We used the program FO-
TEL Hadrava (2004a) (release on the 25'"¢ of June, 2003) to compute
the orbital solution. This release of the program does not allow modelling
of apsidal motion for the outer orbit. Therefore the RVs measured on the A-
type stars had to be fitted on each subset separately. This does not apply
to the RVs of the B-type star. This component can be considered moving
in a binary system and its apsidal motion can be treated properly in FO-
TEL.

Elements published by Bolton and Grunhut (2007) were used as an ini-
tial estimate. The orbital period of the inner orbit P* was kept fixed
at the value given by the light curve solution (see below). The orbital
elements corresponding to the best-fit of the RVs measured on the lines
of the B-type star are: the anomalous period P2 = 145.42 £ 0.15d,
the periastron epoch T1:]>3 (RJD) = 55608.9 + 2.3, the eccentricity e® =
0.237 4 0.022, the periastron longitude w® = 187.0 &+ 6.9deg, and semi-
amplitude KP = 38.44 + 0.90kms~!. The results also revealed presence
of an apsidal motion of the orbit B with a period of Pipg = 224 + 147 yrs.
The RV curve of the tertiary and the best-fit model are shown in Figure 1.

The spectral-disentangling program KOREL (Hadrava, 2004b) was used
for the final orbital solution and the corresponding orbital elements are listed

20nly observations from 2011 being reported here.
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Figure 1: A secular evolution of the orbit B. The RVs measured on the spectral lines
of the B-type star in between: upper panel: RJD = 49300 to 50500 and lower panel: RJD
= 55560 to 55981. The mean RV curve of the time interval is shown with a dashed line.
The typical uncertainty of one measurement is denoted by line segments.

A T T T T T
B -
L L L L L L
4290 4310 4330 4350 4370 4390
T T T T T T
Aa
Ab |
B -
L L L L L L
4400 4420 4440 4460 4480 4500
Y T T T T
B
1 1 1 ) 1 1
6520 6540 6560 6580 6600
wavelength(A)

Figure 2: Spectra of the triple subsystem components obtained by means of disentan-
gling (full line) and synthetic spectra fitted to the disentangled ones (dotted line). With
the exception of the spectrum covering the wavelength interval AX = 4390 — 4518 A
all disentangled spectra did not have perfectly flat continua and we had to re-normalize
them.
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Table I: The orbital solution resulting from spectral-disentangling of the spectroscopic
observations, where Ps denotes the sidereal orbital period, Pa, the anomalous orbital
period, Tp the epoch of periastron, e the eccentricity, w the longitude of periastron,
K1 the semiamplitude, ¢ the mass ratio, and Paps the period of the apsidal advance.

Element Outer orbit (B) | Inner orbit (A)
Pan () 145.444+0.10 |
Ps (d) 145.1740.10 7.146651 £ 0.000010

Tp (RID) 55609.88+£0.01 | —
Teonj. (RJD)  55580.77+0.01 | 48299.075+0.010

e 0.22+£0.15 0.0+0.05
w (deg) 189.7+5.0 90 £ 10
P2og (y1) 214+ 100 -

Ki (kms™!) 38.02+5.0 89.1+10.0
q 1.01+0.20 0.96 +0.10

in Table I. The disentangled component spectra are shown in Figure 2.

3.2. LIGHT-CURVE SOLUTION

We used the program PHOEBE (Prsa and Zwitter, 2005) for modelling
of the brightness variations of ¢ Tau. The limb-darkening coefficients were
taken from Claret (2000). The semi-major axis and the mass ratio obtained
with spectral-disentangling were kept fixed. The light contribution of the B-
type star had to be considered as the third light, its relative luminosity
in the V band being LY = 0.60 + 0.02. As the secondary minimum occurs
a bit earlier than half of the period after the primary one, we had to allow
for a small orbital eccentricity. The elements of the solution are presented
in Table II. The observed and the best-fit synthetic light curve are shown
in Figure 3.

3.3. INTERFEROMETRIC SOLUTION

Interferometric observations were fitted in Fourier space in order to ob-
tain positions of the stars. Then the positions of stars were fitted in order
to obtain the orbital properties. Results are presented in Table III. In case
of the VEGA /CHARA interferometer, the spectroscopic solution presented
in this paper was used to obtain an initial model of the system for the mod-

Cent. Eur. Astrophys. Bull. 37 (2013) 1, 207-216 211
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Table II: Light curve solution for the inner orbit of £ Tau. P denotes the orbital period,
Thmin the epoch of the primary light curve minimum, ¢ the orbital inclination, e the ec-
centricity, w the periastron longitude, r the radius, Tog the effective temperature and LY
the relative brightness in the Johnson V-band.

Orbital properties

Parameters Values
PA(d) 7.146656 + 0.000020
TA (RJD) 48302.6374+0.0010
i* (deg) 86.240.5

et 0.016 4+ 0.010

wA (deg) 110+ 10
Properties of the close binary components

Parameters Aa Ab

r (Ro) 20+£02 15+0.2
Tor (K) 9250 £ 100 9200(fixed)*
LY 0.26+0.02 0.14+0.02

*Taken from the fit of the disentangled spectra to the synthetic ones.

Table III: List of the best-fit interferometric orbital elements. T}, denotes the periastron
epoch, Ps the sidereal orbital period, 7 the inclination, €2 the longitude of the ascending
node, e the eccentricity, w the periastron longitude, a the angular size of the semi-major
axis, Paps the period the apsidal motion, N the number of the interferometric observa-
tions.

Instrument
Element VEGA/CHARA NPOI
T, (RJD)** 55755.04 +0.1 53712.904+0.34
N 5 22
Inner Orbit (A) | Outer Orbit (B) | Outer Orbit (B)
Ps(d) 7.146656(fixed) | 145.17(fixed) 145.12 £ 0.055
i (deg) 97.545.0 85.0 £ 4.0 87.0740.19
Q(deg)*  350.5+4.0 329.2 +2.0 328.63+0.38
e - 0.24+0.04 0.213 +£0.007
w (deg) - 182.0£5.0 163.07+0.13
a (mas) - 15.5+0.4 16.094+0.18
PR (yr) -~ - 266 =+ 65
*Values of 2 + 180° are also possible.**T}, denotes the reference epoch in the case of the inner
orbit.
212 Cent. Eur. Astrophys. Bull. 37 (2013) 1, 207-216

145



UNUSUAL QUADRUPLE SYSTEM § TAURI

328 1 ]
331 Vi ¥l ity PRTEE SN ;
Qam:f - %.&é SRR B AR ,_‘. J RSN i
Sanf | ¥ I : -
3.40 F B i ¥ i
343 4k |

360 JF ]
3.64 :

5

(]

gaes

0372
3.76

3.69
3.73
3.77

V(mag)

3.81

385} N 1 ' -

-0.1 0.0 0.1 0.4 0.5 0.6
orbital phase orbital phase

Figure 8 The UBV light curves of ¢ Tau. Top panel: U filter, middle panel: B filter,
bottom panel: V filter. Data sources, number of observations N, typical uncertainties
(6U,0B,5V) of an observation in each filter are: 1) Hvar Observatory, N = 1308,
0U = 0.019mag, 6B = 0.012mag, 6V = 0.009 mag. 2) South African Astronomical
Observatory N = 76, 6B = 0.010mag, 6V = 0.008 mag. 3) Villanova APT N = 401,
0B = 0.010mag, 6V = 0.008 mag. 4) Hipparcos satellite N = 401, 6V = 0.008 mag.
The SAAO and the Villanova APT observations in the U filter were excluded from study,
because their zero point was significantly shifted with respect to the Hvar observations,
which represent the bulk of our photometric data. The rest of the data is transformed
to the same zero point. Therefore there are no differences in residuals between observa-
tories. The shape of the light curves in regions which are not displayed is the same as
it is in the surroundings of minima. The synthetic light curve is denoted by the dashed
line. The typical uncertainty of Hvar observations, which have the highest uncertainty,
is denoted by line segments.

elling of the star positions. NPOI interferometer is unable to resolve the in-
ner system.

3.4. COMPARISON OF THE OBSERVED AND SYNTHETIC SPECTRA

We have used a program, which interpolates in grids of synthetic spectra
and compares the synthetic spectrum to observed ones using the least-square
method. The elements, which can be optimized, are: the effective temper-
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Table IV: The Result of the observed spectra fitting to the synthetic spectra. Teg de-
notes the effective temperature, log g the logarithm of gravitational acceleration, vg sin ¢
the projected rotational velocity, L. the relative luminosity, RV, the systemic radial
velocity and Z the metallicity. AXe [4380,4500] A region was fitted.

Parameter System component

B Aa Ab
Ter (K) 15100 £200 9400£500 9200 =£500
10g(9) (cgs] 4.3+0.1 4.2(fixed)  4.2(fixed)
vRsini(kms’l) 246+ 10 33£2 34+2
L, 0.73£0.02 0.14+0.02 0.13£0.02
RV, (kmsfl) 2.4£5.0 7.7£5.0 6.9£5.0
Z(Zo) 2(fixed) 2(fixed) 2(fixed)

ature Tog, the logarithm of gravitational acceleration log g, the projected
rotational velocity vg sini, the relative luminosity Ly, and the radial ve-
locities of the components RV;. The grids of synthetic spectra by Lanz and
Hubeny (2003, 2007), and Palacios et al. (2010) were used. The best-fit
synthetic spectra are shown in Figure 2 and the corresponding optimal pa-
rameters are in Table IV.

4. Discussion

4.1. DERIVED PROPERTIES OF THE SYSTEM

An estimated precision of the RV measurements on the electronic spec-
tra is approximately 2 kms™! for the A-type stars and 5 kms™! for the
B-type star. A good phase coverage for both orbital periods led to reli-
able RV-curve solutions with FOTEL (giving the rms error of one observa-
tion <7kms™!). The FOTEL orbital elements provided good initial values
for the final solution with KOREL. We mapped x? around the minimum
of the sum of squares in order to get estimates of the uncertainties of the
elements. We did only basic uncertainty analysis and the uncertainties given
in the Table I were estimated on basis of the above-mentioned maps.

The light curve solution exhibits a high degeneracy in the diameters
of the stars. This is due to very shallow and almost identical eclipse min-
ima. The light curve solution also indicates a small eccentricity of the orbit A

e < 0.03. The mutual interaction between the close binary A and the ter-
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tiary should also cause a secular nodal motion. If the orbits are not coplanar,
the depths of the eclipses should change in the course of time. We compared
observations from two seasons, but we cannot confirm such an effect yet.
Data from more epochs are needed.

The orbital solutions based on the interferometric observations from
the CHARA/VEGA (which depend heavily on the spectroscopic solution
in Table I) and the NPOI do not agree with each other in the longitude
of periastron. The value of longitude of periastron based on the ephemeris
obtained on the NPOI data would be wB (RJD = 55755) = 171 + 2deg.
However, the discrepancy may result from underestimation of the uncer-
tainties of the NPOI fit, because only a preliminary uncertainty analysis
was done.

The combined orbital elements of the inner orbit imply masses of the com-
ponents of the system: MA* = 2.29 + 0.91 My, MAP = 2.20 + 0.78 Mo,
MPB = 4.53 + 1.51 M, and semi-major axes of the orbits: a®* = 25.77 +
3.95Rs and a® = 213 + 51Rg, while the combined orbital elements
of the outer orbit leads to masses: MP = 3.08 + 1.24 My, MAs+AP —
3.11 £+ 0.65Mg. Although both results agree with each other within un-
certainty boxes, the difference between the expected values might suggest
discrepancy in our model of the triple subsystem.

4.2. APSIDAL MOTION

The detected apsidal motion is most likely caused by an interaction between
the pair of the A-type stars and the B-type star. The large semi-major axis
of the orbit B a® = 213 + 51 R, and the relatively low eccentricity e? =
0.2 £+ 0.15 exclude a possibility that the apsidal advance would be caused
either by the stellar internal structure or by a relativistic effect.

We calculated the periods of the apsidal motion PATS € [142,352] yr
and the nodal motion PNOP ¢ [16, 24] yr with the formulee derived by Soder-
hjelm (1975) and independently by a direct integration of Lagrange equa-
tions (high uncertainty in the mass ratio ¢® was taken into account). These
periods are possible (from the point of view of dynamics) if our model
of the system given by the spectroscopic solution is correct. Both intervals
of periods depend heavily on the angle between the orbital planes. Values
of the angle in the range j € [0, 35] deg were evaluated.
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5. Future Plans and Expectations

The ultimate goal of our effort will be the determination of very accurate
masses and radii of all components and of dynamical properties and pos-
sible evolution of the system. We plan to obtain additional high-precision
light curve of the eclipsing pair with the MOST satellite, and continue ob-
servations with the VEGA /CHARA interferometer as well as ground-based
photometric and spectroscopic observations.
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ABSTRACT

Context. Compact hierarchical systems are important because the effects caused by the dynamical interaction among its members occur on
a human timescale. These interactions play a role in the formation of close binaries through Kozai cycles with tides. One such system is £ Tauri:
it has three hierarchical orbits: 7.14 d (eclipsing components Aa, Ab), 145d (components Aa+Ab, B), and 51 yr (components Aa+Ab+B, C).
Aims. We aim to obtain physical properties of the system and to study the dynamical interaction between its components.

Methods. Our analysis is based on a large series of spectroscopic photometric (including space-borne) observations and long-baseline optical
and infrared spectro-interferometric observations. We used two approaches to infer the system properties: a set of observation-specific models,
where all components have elliptical trajectories, and an N-body model, which computes the trajectory of each component by integrating Newton’s
equations of motion.

Results. The triple subsystem exhibits clear signs of dynamical interaction. The most pronounced are the advance of the apsidal line and eclipse-
timing variations. We determined the geometry of all three orbits using both observation-specific and N-body models. The latter correctly accounted
for observed effects of the dynamical interaction, predicted cyclic variations of orbital inclinations, and determined the sense of motion of all
orbits. Using perturbation theory, we demonstrate that prominent secular and periodic dynamical effects are explainable with a quadrupole interac-
tion. We constrained the basic properties of all components, especially of members of the inner triple subsystem and detected rapid low-amplitude
light variations that we attribute to co-rotating surface structures of component B. We also estimated the radius of component B. Properties of
component C remain uncertain because of its low relative luminosity. We provide an independent estimate of the distance to the system.
Conclusions. The accuracy and consistency of our results make ¢ Tau an excellent test bed for models of formation and evolution of hierarchical
systems.

Key words. stars: binaries: close — stars: binaries: spectroscopic — stars: binaries: eclipsing — stars: kinematics and dynamics stars: fundamental
parameters — stars: individual: £ Tau

1. Introduction with hot components and rapid rotation: we have only observed

them roughly equator-on so far.
Binaries and multiple systems play a crucial role in our under-

standing of the formation, stability, and evolution of stars and
their hierarchies, starting from simple binaries up to galaxies.

The recent rapid advances in optical interferometry allowing
the usage of longer baselines, co-phasing of more telescopes,
and longer integration times provide the opportunity of obtain-
ing accurate basic physical properties for non-eclipsing binaries
as well. It is possible to obtain the spatial orbit of these bina-
ries and derive their accurate orbital inclination. In combination
with radial-velocity (RV) curves, this allows determining com-
ponent masses and the absolute value of the semi-major axis.
Since the interferometric orbit provides the angular value of the

Of all known binaries, those that eclipse have represented the
most useful group because until recently, an accurate determina-
tion of component masses and radii was possible primarily for
them. For binaries with components of different masses, a com-
mon origin of the system also provided a stringent test of the
models of stellar evolution. At the same time, however, this fact

represented an unpleasant selection effect, especially for binaries

Send offprint requests to: J.A. Nemravova,

e-mail: jana.nemravova@ gmail.com

* Tables D.1 — D.7 are available at the CDS via anonymous ftp to
cdarc.u-strasbg.fr (130.79.128.5) or at the web page http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/.

** Based on data from the MOST satellite, a former Canadian Space
Agency mission, jointly operated by Microsatellite Systems Canada Inc.
(MSCI; formerly Dynacon Inc.), the University of Toronto Institute for
Aerospace Studies and the University of British Columbia, with the as-
sistance of the University of Vienna.

semi-major axis, we also obtain an estimate of the distance of
the binary that is completely independent of the photometric dis-
tance modulus. In the most favourable cases, long-baseline inter-
ferometry can also provide independent estimates of the compo-
nent radii.

Many binaries are members of multiple systems (Eggleton &
Tokovinin 2008). When it is possible to derive masses of more
than two components, not only the nuclear but also the dynam-
ical evolution of such systems can be studied. It has been sug-
gested that the formation of triple systems, containing a compact
binary accompanied by a distant component, was dynamically
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very exciting. During the evolution, gravitational interactions of
the three stars are expected to excite the eccentricity of the binary
through the Kozai mechanism, which brings them close to each
other. Later, tides stabilise the system by preventing the Kozai-
pumped eccentricity from further increasing and revert the trend
to circularisation (e.g. Eggleton & Kiseleva-Eggleton 2001; Fab-
rycky & Tremaine 2007). Even though we cannot observe the
systems at their dynamically violent youth, we can still appreci-
ate some degree of dynamical evolution produced by continued
gravitational interactions of the three stars. To compare predic-
tions of the theory with observations, the mutual orientation of
orbits with respect to each other is required, that is, their inclina-
tions and the longitudes of ascending nodes. These are available
only for objects for which an astrometric orbit is known. This in
turn can only be obtained with interferometry.

We here investigate one such system, the unique and rare
close quadruple system & Tau, whose favourable orbital geome-
try as well as the luminosity ratios between its components allow
determining physical properties of the system and its compo-
nents with high precision. Possible dynamical effects in the sys-
tem can be studied as well. £ Tau (2 Tau, HD 21364, HIP 16083,
and HR 1038) is a hierarchical quadruple system consisting
of two sharp-lined A stars that undergo binary eclipses, a more
distant broad-lined B star, and a much more distant F star. The vi-
sual magnitude V' = 3.72 mag, the declination of 9°44’, and the
quite accurate Hipparcos parallax 15.641.04 mas (van Leeuwen
2007) make £ Tau an easy and interesting target for a wide range
of instruments and observational techniques.

The binary nature of the system was discovered by Campbell
(1909). The wide orbit was first resolved by Mason et al. (1999)
through speckle interferometry. All later available speckle-
interferometric observations were analysed by Rica Romero
(2010), who derived an astrometric orbit. The inner triple sys-
tem was first mentioned by Fekel (1981), who quoted orbital pe-
riods of 7.15d and 145.0d based on a private communication
from C.T. Bolton. The orbital elements of the triple subsystem
were published in a catalogue by Tokovinin (1997). More accu-
rate elements were given in a preliminary report by Bolton &
Grunhut (2007), who obtained periods of 7.1466440(49)d and
145.1317(40) d. They were also the first to note that the inner
binary is an eclipsing system, based on Hipparcos photometry.
Hummel et al. (2013) reported a solution of the 145.2d orbit
based on interferometric observations. The first detailed, but still
preliminary study of & Tau was published by Nemravova et al.
(2013). These authors analysed numerous spectral, photometric
and interferometric observations and discovered the apsidal mo-
tion of the 145.2d orbit with a period 224 + 147 yr. They were
able to separate the spectra of the two A stars and the broad-lined
B star.

The system is quite complex, hence we briefly summarise
its orbital elements and the properties of its components based
on our analysis as presented in following sections in Table 1. It
serves only to introduce the system and is not to be confused
with our results.

This paper represents a comprehensive study of the sys-
tem, based on analyses of a huge and unique body of spectral,
photometric, and spectro-interferometric and astrometric data.
Each type of observation is first analysed separately by standard
means (Sects. 3, 4, 5, and 6), and the results are then critically
compared in Sect. 7. Using them as the initial starting point, we
then present the N-body model of the whole quadruple system,
in which the mutual interactions of the orbits are also modelled.
This is a new approach that tries to embrace almost all available
pieces of information and provides the best description of the
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geometry and dynamics of the system to date (see Sect. 8). Fi-
nally, we recall some results of a simple perturbation theory in
Sect. 9, which allows us to understand the principal dynamical
effects revealed by the numerical model in Sect. 8.

We denote the individual components and orbits of the sys-
tem as follows: Components Aa and Ab are the primary and sec-
ondary of the close eclipsing subsystem revolving in a 7.15d
orbit, labelled 1. Component B is the broad-lined star of spectral
type B, revolving with the close pair in the 145 d orbit, labelled 2.
Finally, we denote the faint and very distant F-type star as com-
ponent C and its 51 yr orbit with the triple subsystem as orbit 3.

Table 1. Brief summary of orbital elements and properties of compo-
nents of £ Tau. It serves only for introductory purposes and does not
present our final results. P denotes the orbital period, e the eccentricity,
4 the inclination, Cpts. are the components of an orbit, Sp.T. the spectral
type, m the mass, and V' the apparent magnitude in the Johnson V filter.

Orbit
Quantity 1 2 3
P (d) 7.14664 145.12 18630
e <0.01 0.21 0.564
i (deg) 86.8 86.6 24.4
a (Ro) 25.3 233 6097
Cpts. Aa+Ab  A'4B AB24+C
Sp.T. BOV+BIV +B5V +F5V3
m Mg)  2.25+2.13 +3.73 +0.924
\% (mag) 5.46+5.53 +4.25 +7.55°

Notes. ' A denotes the inner eclipsing system Aa+Ab. 2AB denotes the
intermediate system A+B. ®Based on the magnitude difference listed in
the Hipparcos and Tycho catalogue (ESA 1997). *The evident mismatch
between the spectral type and its mass is due to the high uncertainty of
both parameters.

2. Observations and reductions

Here we provide only basic information about the observational
material at our disposal. More details on the datasets and their
reductions are provided in Appendices A, B, and C.

Throughout this paper we use a shortened form of
heliocentric Julian dates, reduced Julian dates given as
RJID = HID—2400 000.0.

2.1. Spectral observations

The series of spectroscopic observations that has previously been
used by Nemravova et al. (2013) was complemented with more
recent ones secured at Ondiejov and La Silla: they were made
with the echelle spectrograph FEROS (Kaufer et al. 1999), and
at Cerro Armazones with the BESO spectrograph (Steiner et al.
2008; Fuhrmann et al. 2011). Four archival ELODIE echelle
spectra were also used (Moultaka et al. 2004). With this rich col-
lection of electronic spectra, we no longer needed the early ra-
dial velocities (RVs) from the David Dunlap Observatory (DDO)
photographic spectra that were used by Nemravova et al. (2013).
The spectra were primarily used to obtain RV measurements of
all three components of the close triple subsystem. The journal
of all available spectra with the number of measured RVs for
the components of the inner triple subsystem is listed in Table 2.
More details on the spectra and their reductions can be found in
Appendix A.
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Table 2. Journal of spectroscopic observations. For each instrument,
AT refers to the time span between the first and the last measurement,
N gives the number of RVs measured for components Aa, Ab, and B,
A is the wavelength interval covered by the spectra in question, and
R is the spectral resolution.

Table 4. Journal of the spectro-interferometric observations. AT is the
time span RJD of the first and the last observation, A B the range of the
projected baselines, A\ the wavelength range, Nv2 the total number
of visibility observations, and N3, the total number of closure phase
observations.

Instr. AT AB AN NVQ/NT3¢,
AT N AN R Ins. (RID) (m) (nm)

(RID) Aa/Ab/B A 1 48275-48563 14-30 500-800 108/0
49300.7-52670.5 37/37/37 4357-4568 10800 DDO 2 51093-56298 0-79 550-850 13461/4 137
51960.3-53637.6  04/04/04 4270-4523 42000 ELO 3 55825-56228 31-279 532-760 6132/0

04/04/04  4759-4991 4 56264-56264 41-139 1200-2600 2160/720

04/04/04  6260-6735
55 041 9_55 8676 13/13/13 4270_4523 48 000 BES Notes. In column ‘Instr.’: 1 - Mark HL 2- NPOI, 3- CHARA/VEGA, 4

13/13/13  4759-4991 - VLTVAMBER.

13/13/13  6260-6735
55579.4-56357.3  34/34/34  4270-4523 19200 OND A journal of available photometric observations is listed in
56579.4-56889.6  05/04/05  4274-4508 19200 OND  mypje 3, and more details on the observations and data reductions
55579.3-55645.3  02/02/02  4378-4632 17700 OND .1 be found in Appendix B.
55579.3-56357.3  20/20/20 ~ 4753-5005 19300  OND The reduced UBV photometric observations acquired at the
36527.6-56592.5  05/05/05 47594991 21500 OND g, Observatory, at the South African Astronomical Observa-
56527.6-56889.6  14/14/14 6260-6735 14000 OND ¢ 3 . .

ory, the Four College APT, and photometric observations ac-

55561.3-56357.3  58/58/59  6255-6767 12700 OND it with the MOST satellite are listed in Tables D.2, D.3
55597.4-55980.3 19/19/22 6497-6688 14000 LIS DA4.and D5 ’ ’
56555.7-56564.7 12/12/12 4270-4523 48000 FER ’ o

12/12/12  4759-4991

12/12/12  6260-6735 2.3. Interferometric observations

Notes. In column ‘Ins.”: DDO - David Dunlap Observatory 1.9 m reflec-
tor, Cassegrain CCD spectrograph; ELO - Haute Provence Observatory
1.2 m reflector, echelle ELODIE CCD spectrograph; BES - Cerro Ama-
zones Hexapod Telescope, BESO echelle CCD spectrograph; OND -
Ondiejov Observatory 2 m reflector, coudé CCD spectrograph; LIS -
Lisbon Observatory of the Instituto Geogréfico do Exército, reflector,
CCD spectrograph; FER - La Silla 2.2 m reflector, Feros echelle CCD
spectrograph.

Radial velocities measured on the available spectra (see
Sect. 3.2) are listed in Table D.1.

2.2. Photometric observations

The photometry that has previously been used by Nemravova
et al. (2013) was complemented by very accurate observations
acquired almost continuously over two weeks with the MOST
satellite (Walker et al. 2003) and by another series of Johnson
UBYV observations from Hvar. Additionally, we analysed the
photometric minima published by Zasche et al. (2014).

The MOST satellite monitored & Tau over 16 days almost
continuously. It acquired 21 525 observations that after the initial
reduction by the MOST team were still affected by two system-
atic effects: The stray light from the Earth atmosphere, which
introduced narrow peaks with separation ~ 101 minutes; this is
the MOST orbital period. The other effect was the relaxation
time after the change of the observed field, during which the
CCD had to reach thermal equilibrium. This manifests itself by
a slowly decreasing offset that typically lasts several tens of min-
utes. The first effect was, with the exception of few observations
during eclipses, removed with a low-passband Butterworth fil-
ter (Butterworth 1930). The second effect forced us to neglect
all observations secured before RID = 56 522. The remaining
18 510 observations were then analysed.

The system was observed by four different spectro-
interferometers: The Mark III Stellar Interferometer' (Mark III)
(Shao et al. 1988), the Navy Precision Optical Interferometer
(NPOI) (Armstrong et al. 1998), the Visible spEctroGraph and
polArimeter (VEGA) (Mourard et al. 2009) mounted at the
Centre for High Angular Resolution Astronomy (CHARA) (ten
Brummelaar et al. 2005), and the Astronomical Multi-BEam
combineR (AMBER) (Petrov et al. 2007) attached to the Very
Large Telescope Interferometer (VLTI) (Glindemann et al.
2004). A journal of the spectro-interferometric observations is
listed in Table 4. The phase coverage of orbits 1 and 2 with all
spectro-interferometric observations is shown in Fig. 1. Details
on the spectro-interferometric observations and their reduction
are provided in Appendix C.

Reduced spectro-interferometric observations from all four
instruments are listed in the form of calibrated squared visibil-
ity moduli in Table D.6 and closure phases are provided in Ta-
ble D.7.

3. Spectroscopy

The spectral lines of all three components of the triple subsystem
(i.e. orbits 1 and 2) of £ Tau are clearly seen in all available spec-
tra. Component C was not detected in any of the spectra at our
disposal because its relative luminosity is lower than 1%, which
is beyond the detection limit of the available spectra. Attempts
to detect its spectral lines were carried out through spectral dis-
entangling and a comparison of the near-infrared spectra with
synthetic profiles, both with null results.

Two different approaches to derive the orbital elements of
the triple subsystem of { Tau were used. The first was a direct
analysis of RVs measured with the method described in Sect. 3.2,
and the second was the spectral disentangling (Simon & Sturm
1994; Hadrava 1995) in Sect. 3.3.

! Decommissioned in 1992.
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Table 3. Journal of photometric observations. For each row, N is the

number of observations in each of the filters used, AT is the time span

covered by each dataset, column ‘Passbands’ shows the photometric filters used, column ‘Comp/Check’ lists the names of comparison and check
star used. UBV denote the Johnson filters, and M O denotes the broad-band filter of the MOST satellite.

N AT Passbands Comp / Check  Instrument
(RJD)
441/451/452 46 324.6-56 882.6! UBV 4 Tau/ 6 Tau HVAR
69  47909.6-48695.0  V(Hp)? all-sky HIPP
26/26/26  55569.3-55579.4 UBvV 6 Tau / 4 Tau SAAO
131/133/135  55883.9-55956.8 UBV 4 Tau/ 6 Tau VILL
18510 56222.0-56238.0 MO all-sky MOST

Notes. 'Only three observations were taken before RJD = 54116, all

at RJD = 46 324. *The original Hipparcos H}, broad-band observations

were transformed into the Johnson V filter following Harmanec (1998). However, for the light-curve solutions the limb-darkening coefficients
corresponding to the original Hipparcos passband were used. Instruments: HVAR - Hvar Observatory 0.65 m Cassegrain reflector, photoelectric
photometer; HIPP - The ESA Hipparcos Astrometric Mission; SAAO - South African Astronomical Observatory 0.5 m Cassegrain reflector, Lucy
photoelectric photometer; VILL - the Four College 0.8 m reflector, photoelectric photometer; MOST - the Canadian MOST satellite.

20 T T T T T T T

15f q

104 4

Orbit 1

§(mas)

-10 -15 =20 =25

a(mas)

10

Fig. 1. Coverage of orbits 1 and 2 with the spectro-interferometric ob-
servations. The outer plot: the black line denotes the orbit of the centre
of mass of the eclipsing binary relative to component B (which resides
at the beginning of the coordinate system of the outer plot), and red
dots denote the relative position of the centre of mass of the eclipsing
binary relative to component B at the epochs of spectro-interferometric
observations. The inset plot: the black line denotes the orbit of compo-
nent Ab relative to component Aa (which resides at the beginning of
the coordinate system of the inset plot), and red dots denote the rela-
tive position of component Ab relative to component Aa at epochs of
spectro-interferometric observations. In both plots the orbital elements
are invariable, i.e. they do not show the true orbits 1 and 2 as they would
appear on the sky, but only demonstrate that the spectro-interferometric
observations sample the orbits well enough to constrain elements of
both orbits.

Additionally, we derived the basic radiative properties of
£ Tau using the comparison of the synthetic to observed and sep-
arated spectra (i.e. obtained through the spectral disentangling).

3.1. RVs measured by comparing the observed and
synthetic line profiles

The RVs were derived using an automatic method based on the
comparison of synthetic and observed spectra that searches for
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the best match with the optimisation of x? given by

N Nc 2
L [ Ioss (Ai) = 2255 Isyn s (Ai, RVj)
=) ( J; : S $h)
=1 '

where Iops is the observed spectrum, sy, ; the synthetic spec-
trum of the j-th component, Ny is the number of discrete ele-
ments of the digitised spectrum, N¢ is the number of the com-
ponents of the system, RV} is the radial velocity of the j-th com-
ponent, and o; the standard deviation of the i-th point of the ob-
served spectrum, which was estimated from the continuum and
adopted for the whole spectrum.

The majority of the spectra at our disposal
was acquired in three wavelength regions A\ €
{4200 — 4500; 4750 — 5000; 6200 — 6700} A. Each region

contains a Balmer line, which turned out to be the best for
measuring the RVs of component B and several metallic lines,
which gave accurate RVs of components Aa and Ab. These
regions were also extracted from echelle spectra, and RVs were
measured on each region independently. The last region (Ha)
contains a number of telluric lines, including the Ha line itself.
Our model is unable to account for a telluric spectrum, and
consequently it was not possible to measure accurate RVs of Ho
with this technique.

Initial RVs for the searching program were computed from
the orbital solution presented in Nemravova et al. (2013), and
we searched for the RV for each component in the interval
[~70;70] km s ™! that surrounds the initial estimate. The compo-
nents of the eclipsing binary Aa and Ab are very similar, there-
fore we had to verify that the two components had not been in-
terchanged by the program, especially near the conjunctions. If
they were, the search was repeated using a narrower search in-
terval.

The RVs and their uncertainty were estimated in the follow-
ing way:

1. The parameters of synthetic spectra were chosen randomly
from the Gaussian distributions centred at values listed in
Table 7, and the standard deviations were set to their uncer-
tainties.

. The synthetic spectra were fitted to the observed ones. The
procedure was repeated five hundred times for each spec-
trum, and the RV including its uncertainty was estimated
from the resulting distribution.
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This approach allowed us to estimate only the statistical
part of the total uncertainty. The statistical uncertainty ARVi¢at
was typically < 1kms~! for components Aa and Ab and <
10 km s~ for component B. Measuring the RVs of component B
was more difficult because the majority of metallic lines in its
spectrum is very shallow and smeared out by the high rotational
velocity of component B. The measurements are also very sen-
sitive to the choice of the model and its discrepancies.

The telluric lines in the red and IR parts of the spectra
were used to correct for the variations of the zero-point of the
RV scale. These corrections were typically < 2kms~! for the
Ondiejov spectra, hence all measurements for which the RV
zero-point could not be checked in this way were assigned an
uncertainty max(ARVigat, 2) kms™!, and the remaining ones
were assigned an uncertainty max(ARViat, 1) kms™!, where
1kms™! is the upper bound of the precision of the zero-point
correction for the Ondiejov spectra.

3.2. Direct analysis of RVs

Since we were not aware of any publicly available program for
orbital solutions of hierarchical systems with apsidal advance of
the outer orbit(s), JN developed such a program. The measured
RVs were fitted with a model, which takes into account the two
dynamical interactions between the three or four components.
The effects considered are the apsidal motion of orbit 2 and the
light-time (LITE) effect produced by orbits 2 (tr,1rg ~ 0.006 d)
and 3 (tpie ~ 0.013d). The RVs of the j-th component RV
were fitted with the standard Keplerian model:

RV;(t) = Z K [cos (w;(£) + vi(t)) + e; cosw; (£)] )

i

where the index ¢ goes over those orbits of £ Tau that are relevant
for the motion of the j-th component of the & Tau system, K is
the semiamplitude of the RV curve, w; the argument of perias-
tron, v; the true anomaly, e; the eccentricity, and ¢ is time. The
LITE Atprr was computed using the following formula:

3
P (1= ¢2) sin o (1) + vi(t)]
1+ e;cosv;(t)

AtriTe,j(t) = Z

i

3

21e

where the index ¢ goes over those orbits that are hierarchi-
cally above the orbit in which the j-th component lies (i.e.
over those that produce LITE), P is the orbital period, and ¢
is the speed of light. Otherwise the notation is the same as for
Eq. (2). The argument of periastron is a linear function of time
w;(t) = w;(to) + w; (t — to,;), where ¢ ; is the reference epoch
and w; is the mean apsidal motion of the i-th orbit.

The model elements were optimised by searching the mini-
mum of the following y?:

Ns N¢ No

=YY

k=1j=11=1 Ji

where the index k goes over Ng subsets of the measured RVs,
which are defined in Table 2, the index j over Nc components
of the £ Tau system for which RV's were measured, and the index
1 goes over N individual measurements of the RV and  is time
corrected for the LITE. o denotes individual rms of the RV's esti-
mated with the procedure described in Sect. 2, RVOBS the mea-
sured RV, RVSYN the model RV computed with Eq. (2), and
corrected for the LITE via Eq. (3), and ~ denotes the systemic

velocity. The minimum of the x? given by Eq. (4) was searched
for with the sequential least-squares routine (Kraft 1988).

As discussed above, RVs of component B are less accurate
than those of components Aa and Ab. Hence only RVs of the
members of the eclipsing binary were fitted to obtain the ma-
jority of orbital elements. The individual subsets for individ-
ual types of the spectra gave very similar values of the sys-
temic velocity (within 30), hence all available measurements
were grouped together and a joint systemic velocity was derived
for them. When a final solution was obtained, the measurements
were complemented with RV measurements of component B and
the mass ratio ¢, was optimised (keeping the remaining parame-
ters fixed). The parameters corresponding to the best-fit solution
are listed in Table 5. RVs and the best-fitting model are plotted
against time (to show the secular evolution of the periastron ar-
gument) for orbit 2 in Fig. 2, and against phase for orbit 1 in
Fig. 3.

The uncertainties and correlations of individual parameters
were estimated with the bootstrap method. One thousand sam-
ples were randomly chosen from all available RVs. Each sample
consisted of the same number (748) of measurements as the orig-
inal (meaning that some measurements repeat within a sample).
Each sample was fitted with an orbital model and the uncertain-
ties were estimated from the distribution of the results.

The reduced x? (denoted x% throughout the article) y3 ~
2, which is greater than ideal case of 1, is probably caused by
variations of the RV zero-point larger than we accounted for (we
note that the estimate is based on the variations of the zero-point
measured on the Ondfejov red spectra), and by the fact that the
synthetic spectra need not correspond to the observed ones in
all details, for which we cannot account properly. Moreover, the
model does not account properly for the dynamical interaction
(see Sects. 8 and 9) between all orbits.

We also fitted a model including orbit C fixed at the orbital
elements given in Table 10. The reduced x? was only marginally
(< 1%) lower than that in Table 5. This is expected because the
semi-amplitude of the RV caused by the revolution of the triple
subsystem around the common centre of gravity with compo-
nent C is &~ 1kms~! and the LITE produced by that motion is
= 0.013 d, which means that both are beyond the detection limit
of our measurements.

3.3. Spectral disentangling

We were only able to separate the spectra in the vicinity of five
major spectral lines Ha, HB, He1 4471 A, Mg11 4481 A, and
H~ because only these regions were available for both the slit
and echelle spectra. An attempt was made to separate the spectra
of individual components using only the spectra from the three
available echelle spectrographs. However, these separated spec-
tra had strongly warped continua and were unsuitable for further

[RV]-OBS@,Z) _ RV]_SYN (511) - ’Yk]27 (45nvest1gat10n.

We used the program KOREL (Hadrava 1995, 1997, 2009)
(release 04-2004), which not only separates the spectra, but also
fits the spectroscopic orbital elements. This gave us the oppor-
tunity to compare the orbital solution obtained directly from the
measured RVs with the result of KOREL. Only components B,
Aa, and Ab were fitted because component C is not detectable.
Relative luminosities of all three components were kept con-
stant during the orbital motion. This assumption, although not
exactly satisfied because of the shallow eclipses of components
Aa and Ab, was necessary for the stability of the disentangling.
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Fig. 2. RVs of the centre of gravity of the eclipsing binary (red triangles) and component B (blue triangles) against the best-fitting model (black)
corresponding to parameters listed in Table 5. Aaa ap (in km s~1) denote residuals of the fit for RVs of the centre of gravity of the eclipsing

binary, and Ap (in km s ™) residuals of the fit for RVs of component B.

The orbital elements presented in Table 5 served as the start-
ing estimates for the minimisation. The spectroscopic orbital el-
ements obtained with KOREL are listed in Table 6. The sepa-
rated profiles from the considered spectral regions are shown in
Fig. A.1. KOREL does not provide the uncertainties of the fitted
elements. Therefore a map of the 2 around the minimum found
with the minimisation engine was drawn for every combination
of two fitted parameters. The uncertainties, which are listed in
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Table 6, correspond to 68% confidence intervals (roughly one o)
estimated from these maps.

An attempt was carried out to separate the lines of compo-
nent C within two spectral bands in the near infrared, AA\jg =
{7750 — 7800, 8570 — 8800} A. The spectrum of component C
was not detected in either of these bands. It was probably caused
by the relatively low signal-to-noise ratio (S/N) of the echelle
spectra in the infrared region and their limited number.
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Table 5. Parameters of the two-orbit (1 and 2) fit given by Eqgs. (2)
and (3) to measured RVs. Pan denotes the anomalistic period, Ps the
sidereal period, Tiin the epoch of the primary minimum of the light
curve, and 77, the epoch of the periastron passage.

Table 6. Orbital elements obtained by KOREL (spectral disentangling)
for all available spectra containing at least one of the studied regions.
The orbital model consists of orbits 1 and 2.

Elem. Unit

EL Units Values Orbit 1 2
Orb. 1 2 Pan ) - 145.61240.056
Paxn  (d) — 145.579+0.048 Ps (d) 7.1466440.00002  145.123+0.072
Ps (d) 7.1466440.00002  145.113+0.071 Tnin (RJD-56220) 4.6963+0.0040 -
Tmin  (RID-56220)  4.706740.0025 - T, (RJD-56000) - 9.29+1.44
T, (RJD-55 600) - 9.46+0.52 K (kms™!) 87.524+0.59 37.55+0.57
K (kms~1) 87.79+0.25 38.37+0.19 e 0! 0.180+0.024
e 0.0! 0.210140.0053 ¢ 0.943+0.008 1.02+0.27
q 0.9438+0.0036 0.889+0.056 w (deg) 90! 8.52+4.1
w (deg) 90! 9.25+1.42 w (degyr™!) 0! 3.032+0.38
w (degyr™1) 0.0 2.90+0.33 & 1.19
N 748
XZR 2.128 Notes. ! The pxirameler was fixed. K refers to the primary of the eclips-

Systemic velocity ingA Ein/iigy K" and K> to the centre of gravity of the eclipsing binary
7 (kms D 8.05 £ 0.18 K

Notes. ' The parameter was fixed. K refers to the primary of the eclips-

ing binary K A2 and K> to the centre of gravity of the eclipsing binary
[ AatAb”
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Fig. 3. RVs of components Aa (red) and Ab (blue) relative to the centre
of gravity of the eclipsing binary against the best-fitting model (black)
listed in Table 5. Aaa ap are residuals of the fit for components Aa
and Ab.

We also note that we tried to use the separated profiles in-
stead of synthetic ones to measure RVs with the PYTERPOL
program written by JN. This worked well for components Aa
and Ab, but failed for component B. The reason is that the shape
of the separated spectral lines depends on the orbital elements,
for which the spectra were separated, and vice versa. Hence the
separated spectra partially “remember” the orbital elements for
which they were obtained, and if they are used for the RV mea-
surements, they would give a fine RV curve described by a solu-
tion close to these elements. This becomes a problem when one
or more orbital elements suffer from a large uncertainty, which
was the case for ¢ Tau in the mass ratio of orbit 2.

3.4. Comparison of observed and synthetic spectra

JN has developed a Python program PYTERPOL?, which inter-
polates in a pre-calculated grid of synthetic spectra to obtain es-
timates of the radiative properties of the components of multiple
systems. For ¢ Tau these parameters were the effective tempera-
ture Tog, gravitational acceleration log g, the projected rotational
velocity v sin ¢, RV, and the relative luminosity Ly. The parame-
ters of components Aa, Ab, and B were covered by the POLLUX
grid (Palacios et al. 2010), and component C was searched for
using the AMBRE grid (de Laverny et al. 2012). Solar metallic-
ity was assumed.

The fit was carried out in four spectral regions, but only three
relative luminosities were derived, since two of the regions are
very close to each other and the luminosities Ly are most likely
almost the same.

The spectral regions were A\ [4280, 4495] A, A,
[4815,4940] A, and AXs = {[6330,6390] ; [6660, 6695} A.

The relative luminosities were assumed to be constant over
each spectral region A\;.

Two of the regions contain a Balmer line, which constrains
the gravitational acceleration of all three components, and also
a large number of metallic lines, which constrain the tempera-
ture, RVs, and the projected rotational velocities. We fitted 137
spectra from the Ondiejov Observatory together because their
normalisation is straightforward (a first-order polynomial often
suffices to fit the continuum), so that the Balmer lines are not
affected by systematics often introduced by the normalisation.
The uncertainty of the relative flux was estimated from the con-
tinuum for each spectrum and set constant for each spectrum.

The bootstrap method was used to obtain a best-fit set of
parameters. We randomly drew 137 spectra from the pool of
137 Ondiejov spectra (meaning that one or more spectra can
be present multiple times within the random sample) and fitted
them. The initial set of parameters was randomly chosen from
intervals® which were established from the first trial fits. The ini-

% A detailed description with a simple tutorial how to use it is provided
athttps://github.com/chrysante87/pyterpol/wiki

° The intervals are the following: 7% € [13000,14500]K,
T4 € [9000,11500] K, T4 € [9000, 11 500] K,
logg® € [4.0,5.0], logg™* € [3.5,4.5], logg™® € [3.5,4.5],
vsind® € [200,250]kms™!, wsini** € [0,40]kms~?,
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Table 7. Parameters of the fit of the synthetic spectra to 137 observed Ondfejov spectra. The modelled spectral intervals are AX; = [4280, 4495];\,

Ay = [4815,4940]A and AXs = {[6330, 6390] ; [6660, 6695] }A.

Parameter Unit Value

Component B Aa Ab

Tott X 14190£150  10700£160  10480+130
log g (cgs) 4.52740.041  4.08+0.12 4.0140.10
vsini (kms=1)  229.2+17 12.642.6 14.343.1
LEM 0.660+£0.024  0.1794+0.018  0.165-£0.022
L 0.688+0.026  0.1624+0.024  0.155-0.027
L% 0.665+0.036  0.173+0.028  0.161+0.031
X& 0.87

Table 8. Parameters of synthetic spectra best-fitting the separated spec-
tra. v denotes the systemic velocity of £ Tau. The fit is plotted in
Fig. A.1.

Element Unit Value
Component
B Aa Ab
Toit &kK) 14.07(14) 10.26(14) 10.050(80)
10g jcgs) 3.99(4)  4.06(9) 4.02(4)
vsini (kms™) 253.6(16)  18.6(12) 10.2(10)
LEM 0.758(8)  0.168(3) 0.150(7)
L™ 0.711(6)  0.191(5)  0.149(3)
LE™ 0.686(7)  0.188(4)  0.161(7)
5 (kms D) 8.127)
X% 31.58

tial RVs were estimated from the orbital solution presented in
Nemravovi et al. (2013) and randomly put slightly off (within
30km s~! vicinity of the estimate) to secure robustness of the fi-
nal solution. The procedure was repeated five hundred times and
the final set of parameters was estimated from the distribution of
the results. The shape of the distribution was Gaussian-like, that
is, describable with a mean value and its standard deviation. The
results are presented in Table 7.

A comparison of four spectral regions with the model is
shown in Fig. 4. The reduced x% is lower than one, indicating
that we have slightly overestimated the uncertainty of the rela-
tive flux of the observed spectra.

3.5. Comparison of synthetic and separated spectra

We fitted the separated spectra corresponding to the solution
of Table 6 with the interpolated synthetic spectra to check the
results of Sect. 3.4. The program PYTERPOL was used again.
The following spectral regions were fitted:

A = {[4280,4400] ; [4455, 4495} A,

Ay = [4765,4970] A, and

ANz = {[6325,6395] ; [6510, 6620] ; [6655, 6695]}A.

The parameters corresponding to the best-fitting synthetic
spectra are listed in Table 8. The best-fit parameters were es-
timated with a MCMC simulation and the uncertainties reflect
only the statistical part of the uncertainty. The systematic uncer-
tainty — the warp in the continua and the need for its normal-
isation — cannot be easily quantified and is responsible for the
extremely high reduced x3 along with the very high S/N ratio of

vsini®? e [0,40]kms~!, LE € [0.55,0.8], LA* € [0.10,0.25],
LAY €10.10,0.25] .
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the separated spectra. Therefore the uncertainties of the parame-
ters listed in Table 8 are very likely underestimated.

This systematic effect corrupts the estimate of log g of all
components, especially component B, where the warping was
the most pronounced; therefore it also applies to the rotational
velocity of component B. The rotational velocity of compo-
nents Aa and Ab is strongly affected by the choice of the in-
strumental broadening, which is very difficult to estimate for
separated spectra and was set to 0.2 A. The total light is also
very likely affected by the re-normalisation, which (necessarily)
changes the depths of spectral lines (L = Z?:l Lﬁ)"z # 1 for
all studied bands).

Bearing all this in mind, we state that this result does not
contradict, but rather supports that obtained by fitting of syn-
thetic to observed spectra. A comparison of the synthetic spectra
corresponding to the parameters listed in Table 8, of separated
spectra, and of re-normalised separated spectra is in Fig. A.1.

4. Photometry

The preliminary analysis published in Nemravova et al. (2013)
has shown that the light variations can be attributed to the
eclipses of components Aa and Ab of orbit 1. They partially
eclipse each other and produce two very narrow and nearly iden-
tical minima, which are only ~ 0.1 mag deep in the Johnson V'
passband.

In addition to the binary eclipses, our new very precise
MOST satellite observations unveiled persistent low-amplitude
rapid cyclic light changes that are probably associated with com-
ponent B, since they remain during both binary eclipses. The
MOST light curve also allows determining very accurate radii
of components Aa and Ab as well as detecting variations of the
mean motion of the eclipsing pair. The zoomed parts of both
minima of the MOST light curve are shown in Fig. 5.

4.1. Period analysis of the light curve

Our first goal in the analysis of the MOST light curve was to un-
veil the nature of the rapid cyclic low-amplitude changes. Two
different methods were used to construct and investigate the pe-
riodogram of the light curve. The first is based on the Fourier
transform (FT hereafter) and is implemented in the program
PERIODO04 (Lenz & Breger 2004). The second uses the phase
dispersion minimisation technique (PDM) (Stellingwerf 1978)
and is implemented in the program HEC27*. The periodogram
of the whole light curve is dominated by the orbital period of the

4 The program and a short user guide are available at http://
astro.troja.mff.cuni.cz/ftp/hec/HEC27.
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Fig. 4. Example of the fit of the synthetic spectra (red) to three observ

residuals

6675 6680 6685 6690 6695
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ed spectra (black) in spectral regions: 1) AX\; = [4280,4495] A (top), 2)

AXg = [4815,4940] A (middle), 3) AXz = [6330,6390] A (bottom, left), 4) Az = [6660,6695] A (bottom, right). The synthetic spectra are

given by parameters listed in Table 7.

eclipsing binary P; ~ 7.147 d. To study the rapid low-amplitude
oscillation, we removed the eclipses (see Fig. 7, top).

The periodogram of the rapid oscillations (see Fig. 6)
shows a basic frequency of fo = 2.38d~!, most likely due to
rotation of component B, the first harmonics of the eclipsing
binary orbital frequency f; = 2/P; 0.279d7!; the fre-
quencies of fqg = 1.002738d7! and fumosTorbit = 14.2d7!
are instrumental (i.e. the orbital frequency of the satel-
lite). The remaining prominent frequencies falias
{15.1734,17.5385, 28.3896, 42.5825, 56.7745, 70.9720} d 1.
seem to be either integer multiples of fo., or its splittings
with f or f4. Remaining peaks (e.g. f = 87.1609d~!) have

relatively low S/N ratios. We are not aware of any instrumental
effect that would induce oscillations at fo = 2.38 d~1, hence
the low-amplitude variations arise from a physical process in
& Tau.

A closer look at Fig. 7 shows that the amplitude of the curve
varies. To quantify these changes, a harmonic function f(t) =
1+ Co + Agsin[2n(t — Tp) fo + ¢o] was sequentially fitted to
segments of the light curve Aty = Py /2d wide, and shifted with
a step Aty = P;/20, where P is the period of the eclipsing
binary. The scan revealed that both the basic frequency fy and
its amplitude A, vary on the time span of two orbital periods of
the eclipsing binary (see Fig. 7, middle and bottom panels).
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Fig. 5. Fit of the light curve from the satellite MOST. Only the light curve minima and their surroundings are shown. The primary (secondary)
minimum is on the left (right) on each panel. The left panel corresponds to the global circular solution e; = 0.0 and to orbital period P; =
7.14664 d. The right panel corresponds to a local solution, where small adjustment of the eccentricity and the orbital period was allowed. M O
denotes the satellite broad-band filter.
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Fig. 7. Normalised light curve as reduced from MOST photometry, but without intervals of primary and secondary eclipses (top panel), together
with the corresponding period Py (middle) and amplitude Ay (bottom) of the harmonic function f(t) = 1+ Co + Ao sin[27(t — To)/Po + ¢o],
which was sequentially fitted to the light curve, always in limited intervals AF; = 0.5 of the epoch (indicated by the black double arrow), shifted
with a step AE> = 0.05. The oscillations exhibit both frequency and amplitude modulations, with periods spanning Py = (0.42 + 0.01) d and
amplitudes Ao = (0.00060 £ 0.00015) mag. It seems that the longest Py and the largest Aq are observed at around primary eclipses and vice
versa.

The first option does not seem very likely, however, because
we do not know about any instrumental period of 0.42d (like
one day, or a satellite orbital period 0.07042 d in this case).

4.2. Nature of quasiperiodic oscillations

The quasiperiodic oscillations clearly visible in the MOST light
curve with an approximate period Py ~ (0.42 £ 0.01) d and an
amplitude Ap = (0.00060 £ 0.00015) mag exhibit both a fre-
quency (FM) and an amplitude modulation (AM) on the time
span of about the two shortest orbital periods P; (see Fig. 7). We
can think of several possibilities regarding their origin: an instru-
mental effect, a fifth component and ellipsoidal variations, rota-
tion with spots, or rotation and pulsations.

Article number, page 10 of 47

A hypothetical fifth component (second option) orbiting ei-
ther component B, Aa, or Ab with a period 27, can induce el-
lipsoidal variations of the order of A, but they would be ex-
pected to be very regular (without large AM, FM) and to man-
ifest themselves in one of the RV curves as well, which is not
the case. We do not see any peak in the Fourier spectrum at
fo = 1/Py = 2.38d7', even though the Nyquist frequency
for our spectroscopic dataset is fxy = 7.1d~'. Nevertheless,
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Fig. 6. Fourier spectrum of the MOST light curve from Fig. 7 (i.e. out-
side eclipses). Prominent frequency peaks are marked (see their descrip-
tion in Sect. 4.1).

the coverage and cadence are not uniform at all and the expected
amplitude is small (5 kms~1), which makes this particular argu-
ment weak. We would also expect to see some frequency modu-
lation due to the (classical) Doppler effect, P . = (1— %)y Py,
with v >~ 2vy.p1. However, for 0.423 d we would only obtain a
change by 0.001 d, which is one order of magnitude smaller than
the observed total variation.

The lower limit for the rotation period is the critical rotation,
Prin = 20(GM/R?)~1/2, and the upper limit is determined by
rotational broadening, Pyax = 27 R/(vsini) (cf. Table 8). For
component Aa or Ab, the admissible range is from about P,ox =
0.180d to 3.85d, for component B it is 0.325 to 0.634 d. The
observed oscillations are within both ranges, so that we cannot
distinguish the source component at this point. One can argue
that small axial inclination for components Aa, Ab is unlikely
when their orbital inclination is large, so that their true Po; >
Py. We thus prefer to attribute these oscillations to component B.
Additionally, this star is relatively brighter so that it is easier to
induce the oscillations of given amplitude Ag.

It seems difficult to distinguish between spots and pulsations
(options three and four above; as in Degroote et al. 2011). Es-
pecially for early-type stars, spots are infrequent, unless a star
is chemically peculiar or magnetically active (Bp), but we have
no observations and analyses at our disposal that could prove or
disprove this for & Tau.

Pulsating B stars (like § Cep, SPB) always exhibit a low-
frequency signal corresponding to the rotation and then a series
of pulsation modes, either pressure (high-frequency) or gravity
(low-frequency). The cadence of MOST photometric observa-
tions allows us to compute the Fourier spectrum up to fny =
719d71, corresponding to 0.00139d = 2min (Fig. 6). Except
for the basic rotational period, its aliases with the orbital period
P of the eclipsing binary, one-day and P, instrumental peri-
ods, we can unfortunately not unambiguously detect any pulsa-
tion modes with S/N > 5, to say nothing about rotational split-
tings, which would be conclusive.

4.3. Eclipse timing variations

The orbital period of the eclipsing binary P; = 7.14664d in-
troduces a small but clearly detectable shift Apyasg ~ 0.0003
between the two minima recorded with the MOST satellite. The
shift disappears if the orbital period and the eccentricity are opti-
mised. The local period and eccentricity, which do not cause the

phase shift, are P, = 7.14466 d and e; ~ 0.002. The problem is
illustrated in Fig. 5, where the comparison of an eccentric model
with the local value of the orbital period and a global circular
model is shown. An even larger phase shift Ap ~ 0.004 was de-
tected when a similar analysis was carried out for all photometric
observations.

This led us to investigate the eclipse timing variations
(ETVs) in all available photometry, divided into subsets covering
time intervals shorter than P»/4 (individual minima are shown
in Figs B.1 and B.2). The ETVs are very noisy, and the delays
themselves have an amplitude Atopg ~ 0.025+0.01 d that can-
not be explained by LITE (Aty;rg ~ 0.006 d). Moreover, they
seem to vary on a timescale comparable to the orbital period P.
Hence we assume that the dynamical interaction between orbits
1 and 2 is the reason for these delays. The first-order model of
the physical delay (Eq. 8 from Rappaport et al. 2013), which is
only a part of the total ETV, arising from dynamical interaction
of two orbits in hierarchical triple systems, gives an estimate of
the amplitude of the effect Atpoprr, =~ 0.02d, (i.e. in rough
agreement with the detected value). This is another proof of the
dynamical interaction in & Tau (the first is the apsidal motion
reported by Nemravova et al. 2013) and led us to develop an N-
body model (see Sect. 8) and a perturbation theory (see Sect. 9).

4.4. Global orbital model for all light curves

The program PHOEBE 1.0 (PrSa & Zwitter 2005, 2006) was
used to derive the light-curve solution. The mass ratio ¢; was
taken from the analysis of the RVs (see Table 5) because only
light curves were modelled and they do not constrain the mass
ratio for a detached system. The eccentricity was assumed to be
e; = 0.0 (although Sect. 8 shows that orbit 1 is slightly ec-
centric). The value of the semi-major axis a was adjusted after
each iteration based on a; siné given by the fit of the directly
measured RVs (see Table 5). The linear limb-darkening law was
adopted and the coefficients were interpolated in a pre-calculated
grid distributed along with PHOEBE. The bolometric albedos
were taken from Claret (2001) and the gravity brightening co-
efficients from Claret (1998) for the corresponding temperatures
of components of the eclipsing binary. The spin-orbit synchro-
nisation, that is, the synchronicity ratios FAa = FAd — 1 was
assumed, because radii R** and RAP from Nemravovi et al.
(2013) and rotational velocities from Table 7 give synchronicity
ratios F'A* = 1.1240.26, and AP = 0.7440.20; the deviations
from the corotation are small and probably arise from an incor-
rect determination of the radii. The primary effective tempera-
ture Té?cfa was set to the value found through a comparison of
synthetic and observed spectra.

The orbital inclination i1, Kopal surface potentials Q4®, Q4P
of both components and the epoch of the primary minimum
T'min,1, the secondary temperature Té}a, and the relative lumi-
nosity of component B L in each spectral band were optimised.
Initial estimates of these parameters were taken from Nemravova
et al. (2013), initial relative luminosities LB of component B
were estimated from the comparison of synthetic and observed
profiles (Table 7). The primary luminosities LA were adjusted
after each iteration.

The fitting was carried out in the Python environ-
ment of PHOEBE, and the minimum was determined with
the differential evolution algorithm (Storn & Price 1997).
The following parametric space was searched: T €
(56 224.68,56 224.78| RID, 41 € [84,90] deg, Qf* € [11,20],
QpP € [11,20], T4® € [10000,10700] K, LB € [0.55,0.78].
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Table 9. Parameters of the best-fitting circular orbital model obtained
with the program PHOEBE 1 . 0. All available photometric observations
were fitted. 2k denotes the Kopal surface potential here, and L the rel-
ative luminosity in the filter given by the subscript. U, B, and V denote
Johnson filters, MO denotes the broad-band filter in the MOST satellite,
and Hp denotes the broad-band filter of the satellite Hipparcos.

Element  Unit Value
Orbital properties

P (d) 7.1466440.00010
Tnin (RID) 56224.72482+0.00022
a Rp) 25.55240.097
q 0.94391
e 0.0
i (deg) 86.85+0.22
w (deg) 90

Component properties
Comp. Aa Ab
Ter (K) 10700* 10450+150
Qx 15.97+0.25 15.934+0.32
Ly 0.2044-0.020 0.17440.017
Lg 0.19640.021 0.1654+0.018
Ly 0.15740.012 0.13040.010
Lyio 0.203+0.008 0.16240.006
Ly 0.21240.023 0.18040.020

Passband luminosity of component B

L 0.6224-0.060
LE 0.639+0.069
LE 0.713+0.071
Lo 0.634+0.024
Lgp 0.608+0.067
X% 1.134

Notes. ! The parameter was kept fixed.

The last interval applies to each studied spectral filter (U, B, V,
MOST). The parametric space was densely sampled with mod-
els during the fitting (= 300 000 light curve models were com-
puted). This showed that the relative luminosity of component B
LB is poorly constrained.

After a global minimum was found, we split our data and
optimised the ephemeris, relative luminosity of component B,
and surface potentials using only observations from the MOST
satellite, after which we optimised the effective temperature of
component Ab and the relative luminosity of component B using
the Johnson UBV photometry. The epoch of the primary mini-
mum was also fitted for the UBV dataset to slightly adapt it for
the ETVs discussed in Sect. 4.3.

The parameters corresponding to the best-fitting model are
listed in Table 9. Our model is unable to account for either the
rapid light oscillations or the ETVs; therefore we raised the un-
certainty of observations from the MOST satellite to deal with
the former (Amyost = 0.006 given by the sinusoidal fit). The
uncertainties of parameters are estimated as 68 % confidence in-
tervals computed from a scaled x? (scaled to an ideal situation,
where the y% = 1), although in this case the scaling was almost
unnecessary, since the best solution has X%{ =1.134.

5. Astrometry of orbit 3

We used the existing astrometric positions listed in the WDS cat-
alogue (see Mason et al. 1999, and references therein) to improve
the orbital elements of orbit 3 published by Rica Romero (2010).
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Table 10. Orbital elements of orbit 3 based on a fit to astrometric mea-
surements published in WDS. The listed parameters are the orbital pe-
riod P, the periastron epoch T}, the eccentricity e, the semi-major axis
a, the inclination 4, the argument of the periastron w, and the position
angle of the nodal line 2.

Element  Unit Value

P (yr) 51.01£0.78
T, (RID) 54615+251

e 0.5728+0.0028
a (mas) 441.5+2.4

i (deg) 2541477

w (deg) 10.61+8.9

Q (deg) 106.4+2.2

Notes. ' The inclination is determined ambiguously. A solution with ¢ =
—25.4 deg has exactly the same x?.
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Fig. 8. Speckle-interferometric outer orbit 3 corresponding to the so-
lution of Table 10. The dotted line stands for the line of apsides, the
dashed line for the line of nodes.

The solution was carried out with the help of the program writ-
ten by PZ (see Zasche & Wolf 2007, and references therein). The
solution is listed in Table 10 and the orbit is shown in Fig. 8.

6. Spectro-interferometry

In this section we present an orbital analytic model of the £ Tau
system, which we fit to spectro-interferometric observations to
estimate orbital elements, radii, and fractional luminosities of
£ Tau.

6.1. Global model for all available spectro-interferometric
observations

The calibrated visibilities from VEGA/CHARA were fitted night
by night with a model consisting of three uniform disks using the
tool LitPro’® (Tallon-Bosc et al. 2008). The observations obtained

5 LITpro software available at http: //www. jmmc. fr/litpro
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during each single night were not numerous enough to safely
estimate the positions and radii of components Aa, Ab, and B on
the celestial sphere. In contrast to this, the NPOI observations
are numerous enough to provide good estimates of the relative
position of component B and the photocentre of the eclipsing
binary for each night. They are presented in Table C.1 along with
details on their acquisition (see Appendix C).

To circumvent the problem, we created a global orbital
model that computes instantaneous positions of components B,
Aa, and Ab with the following formula:

a;(t) = arctan (tan (Ui(t) + w;(t)) cosi;) + L, )
_ _ 1—e¢? cos (w;(t) + vi(t))

pilt) = %1 ¥ e; cos vl(t) cos (a;(t) — Q) ’ ©

T; = pisinag, @)

Yi = picosaq, (8

where index 7 denotes the component of a binary, v is the true
anomaly, w the argument of periastron, ¢ the orbital inclination
with respect to the celestial sphere, 2 is the position angle of the
nodal line, a the angular semimajor axis, and e the eccentricity.
The position angle «; is measured counter-clockwise from the
north, p; is the angular separation of a component, and the cen-
tre of mass, (z;,y;) is the same in Cartesian coordinates. The
instantaneous value of the argument of periastron is given as fol-
lows: w(t) = wo 4+ w (t — T}), where T}, is the reference perias-
tron epoch and wy is the value of the periastron argument at the
reference epoch. Instead of computing the semi-major axis for
each component of a binary, the semi-major axis a and the mass
ratio ¢ = M, /M, were used; the semi-major axes of primary
and secondary can be computed with the following formule:
ar = aq/ (1+4q), a a/ (14 q). The periastron argument
of the secondary is wy = wy + 7.

In our application of Egs. (5) — (8) component B is fixed at
the beginning of the coordinate system because the observations
are only sensitive to relative positions of the stars, not to the sys-
tem as whole.

When the positions of all three components are known, ob-
jects representing each component can be placed at these po-
sitions. The uniform disk was chosen because all three com-
ponents are detached and therefore only minor departures from
spherical symmetry can be expected. The squared visibility V2
and closure phase T3¢ for such a model can be computed ana-
lytically with the following formulz:

N 201 (70;B/ M) . —omi(for
2 Zj:l Ljk 0, B//\/k Lem2milh )
Vsi(f)” = N , 9
Z]‘:l Ljk
T3psk(fi f2) = arg[Vsx(fi)Vsx(f2)Vsr(—f1 — £2)],(10)

where index j denotes a component of the triple system, & the
spectral band, V' the visibility, f = (u,v) the spatial frequency,
L the luminosity fraction, B the length of the baseline, 6 the di-
ameter of the uniform disk, A the effective wavelength (the cen-
tral wavelength of the spectral band), .J; the first-order Bessel
function, r = (x;,y;) the Cartesian coordinates of a compo-
nent computed with Eqs. (5)—(8), and N the total number of
components in the system. The uniform disk diameter 6 is also
a wavelength-dependent quantity, therefore a different radius
should be derived for each spectral band. Nonetheless, the de-
pendency is very weak (order of 10~ for the whole wavelength
span of our data).

6.2. Orbital solution for all available
spectro-interferometric observations

The model given by Egs. (5) — (10) was fitted to cali-
brated squared visibilities from all four instruments, that is,
CHARA/VEGA, NPOI, MARKIII, and VLTI/AMBER. The
best-fit set of parameters was determined using the least-squares
method, that is, by minimising the following x2:

Nr Ny 2
Vi Ve ;
=3y Vi *( \)Sk\ () (D
k=1j=1
n iz Tsdi(f15,f2,5) — Tsps i (f1,5, f2 ) 2
o (fr;,f2,5)

k=1j=1

where V2 (T3¢) is the observed squared visibility (the observed
closure phase), VS2 (T3¢s) the synthetic squared visibility com-
puted with Eq. (9) (the synthetic closure phase, Eq. 10), f =
(u, v) the spatial frequency, o the standard deviation of an obser-
vation, Ny the total number of squared visibility observations,
Nr the total number of closure phase observations, and N the
total number of spectral bands.

The phase coverage of the inner and the outer orbits is good
enough (see Fig. 1) to allow fitting of all orbital elements. Our
strategy was to keep as many parameters free as possible, since
this model is independent of those presented in Sects. 3 and 4.
However, the angular size of the inner orbit is small and its
ephemeris is obtained with greater precision by the photom-
etry and spectroscopy. The eccentricity of orbit 1 was set to
zero (see Table 5) because there were no signs of a significant
eccentricity in previous analyses. A number of trial runs have
shown that the inclination i; and the mass ratio g; are poorly
constrained by the interferometric observations. If optimised,
both converged to values not consistent with previous analyses
(i =~ 78 £ 5deg, 1 = 0.8 £ 0.10). Investigation of X2 maps
surrounding these values has shown large shallow valleys that
spread up to regions with values consistent with photometric and
spectroscopic models. To stay on the safe side, we fixed both pa-
rameters at values obtained from the spectroscopy and photom-
etry because they were estimated with much higher precision.

The global minimum of Eq. (11) was determined with the
differential evolution algorithm (Storn & Price 1997) and was
locally optimised with the sequential least-squares routine (Kraft
1988). The parameters of the best-fitting model are listed in Ta-
ble 11. A large portion of the parametric space was searched.
The initial parametric space was equally sampled with a popula-
tion which consisted of 1 500 members. The population evolved
until the mean energy of the population (i.e. the mean x? di-
vided by its standard deviation and multiplied by the tolerance)
was greater than one. The tolerance was set to 1072 and the pro-
cedure took from 50 to 100 iterations to finish.

The final reduced x% ~ 5.806 is much larger than 1 because
the true uncertainty of the V2 derived with the reduction pipeline
is underestimated. The reason is that the high x is given mainly
by data that were acquired at low spatial resolution and are ex-
pected to be easiest to reduce. Another reason is that the angu-
lar slit width of all interferometric instruments is comparable to
the angular separation of component C and the triple, meaning

® The investigated parametric space is given by the following ranges
0 € [0.0,1.0]mas; Lp € [0.4,0.8]; Laa € [0.1,0.3]; Tp2 €
[65600.0,55620.0|RID; a2 € [13,18mas; ez € [0.1,0.3];
ia € [50,130]deg; wo € [0,180]deg; Q22 € [0,360]deg; w2 €
[1.5,4.0)degyr—'; a1 € [1.0,3.0] mas; Q1 € [0, 360] deg.
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that it cannot be guaranteed that it was recorded. The full am-
plitude of squared visibility variations caused by component C
ranges from 0.035 in the V' band to 0.050 in the K band. It in-
troduces systematic errors that we cannot correct for. The last
reason are imperfections of the model. We had to accept several
simplifications to stabilise the fit. Uncertainties of the best-fit
parameters were estimated at 68 % confidence intervals from the
X% scaled to one.

Several attempts have shown that we are insensitive to the
diameters of components Aa and Ab, because we lack enough
observations at very long baselines (reaching up to 300 m). If
they were set free, the solution would converge to unrealistic
values (2 1.0 mas), therefore they had to be fixed at values given
by the parallax of the system and the light-curve solution (see
Table 9). Convergence of the orbital parameters of orbit 1 was in
general slow because the bulk of observations (NPOI, AMBER)
was taken at low spatial resolution, at which this orbit is almost
mainly on observations from VEGA/CHARA.

Our model allows fitting separate sets of relative luminosi-
ties Ly for each passband because the visibilities were esti-
mated in narrow passbands: four for CHARA/VEGA, sixteen
for NPOI, and ~ 40 for VLTI/AMBER. It was not possible to di-
vide the data into a larger number of small groups and to densely
sample the relative luminosity of components Aa, Ab, and B
as a function of the wavelength. After a set of trial attempts,
we split the data into two subsets: visible (MARKIII, NPOI,
CHARA/VEGA) and infrared (AMBER). This sampling is jus-
tified by the very low variability of the luminosity ratios with
wavelength of all stars within the visible and infrared regions,
which we checked using synthetic spectra from the PHOENIX
grid (Husser et al. 2013). The relative luminosities of compo-
nents Aa and Ab did not converge to plausible values for the
infrared subset (it generally predicted a too low luminosity ratio
between the two components of orbit 1), therefore we decided to
use the estimate based on the PHOENIX grid and radii obtained
from the light-curve analysis for components Aa and Ab, and the
radius of component B was taken from Harmanec (1988).

The best-fit set of parameters is listed in Table 11 and a plot
of the model vs. the observations is shown in Figs. C.1 — C.10.
The model qualitatively fits the variations of the V2 (i.e. the cur-
vature of the model data agrees with the curvature of the ob-
served V2) for all spectro-interferometric data very well.

7. Summary of analyses based on simple
analytic models

Here we critically compare the results of individual observa-
tional methods and derive the properties of the system.

7.1. Performance of different observational methods

Despite the subtitle, the individual models we used to evaluate
different observational methods were not completely indepen-
dent because the results from one method often served as a start-
ing point for another. In some cases it was mandatory to take
a parameter value from another model to stabilise the conver-
gence to a steady solution. In the following paragraphs we dis-
cuss the outcome of different methods and their accuracy. An
overview of all fitted parameters is given in Table 12 obtained
through different methods (i.e. more values are given for some
parameters). Corresponding properties of the orbits and stars are
also listed. Orbital elements of orbit 3 are not listed because
their properties were constrained only by astrometry, and they
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are presented separately in Table 10. The mass of component C
is briefly discussed here.

— The spectroscopic elements: Elements (K, e, T}, P, w, w)
of both orbits are estimated better from the fit of directly
measured RVs with an analytic model (see Table 5, Eqs. 2
and 3). The spectral disentangling works with a much more
complex model, and the resulting orbital elements depend
on the shape of the separated profiles (and vice versa), which
come out warped (the degree of the warp is shown by grey
line in Fig A.1). The warp is most pronounced for compo-
nent B, meaning that especially the mass ratio go coming
from the method cannot be trusted. On the other hand, the
thin lines of components Aa and Ab constrain the RVs very
well even if the separated spectrum is not perfect, and for
the remaining orbital parameters the disentangling therefore
provides values that agree with the fit of directly measured
RVs.

— The ephemeris of orbit 1: The photometric solution pre-
sented in Table 9 yields the best ephemeris (Tinin,1, P1) of
orbit 1 especially thanks to high-precision observations from
the satellite MOST. The ephemeris for orbit 1 estimated from
the RVs does not agree within uncertainties with the photo-
metric one. It can be caused by the lower precision of RV
measurements around eclipses.

— The eccentricity of orbit 1: It was set to zero throughout
the analyses because the precision of data does not allow a
reliable determination. The analysis of the light curve from
the satellite MOST shows a hint of a small eccentricity, but
the relative position of minima is also affected by ETVs, and
we are unable to discern one from the other with the analytic
models. The dynamics of the system (see Sects. 8 and 9)
shows that the eccentricity should oscillate with an ampli-
tude Ae = 0.01. This introduces a jitter of the relative po-
sition of the primary and secondary minimum and increases
uncertainty of the radii when a circular model is applied.

— The inclination of orbit 1: It is determined accurately us-
ing the light-curve analysis presented in Table 9. The value
obtained from the interferometric model suffers from large
uncertainty and is about 10 deg off the photometric solution.
This is probably caused by the low number of observations
at high spatial frequencies and the calibration systematic er-
rors, which are likely more pronounced for high-frequency
data.

— The longitude of the ascending node: The longitude of
the ascending node of orbit 1 has a mirror solution )y =
Q1 + 180 deg with (almost) the same value of the X%{! while
the 29 is determined uniquely because the NPOI instrument
acquired a large number of closure phase measurements.
This means that it is not possible to say whether the motion
of orbit 1 relative to orbit 2 is prograde or retrograde based
solely on the spectro-interferometric data.

— The relative luminosities: They were determined from the
light-curve solution, the comparison of synthetic and ob-
served spectra, and from the interferometric solution.

e The light-curve solution best describes their variations
with the wavelength, but the values suffer from large un-
certainties because of correlations between the fitted pa-
rameters.

The fit of synthetic spectra to observed ones is quite in-

sensitive to relative luminosities, but this is the case only

because small parts of red spectra were fitted that contain
only three weak spectral lines. The relative luminosities
obtained in the regions around H+~ and H /3 roughly agree
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Table 11. Parameters corresponding to the best fit of all available interferometric observations with the model defined by Egs. (5) — (10). 6 denotes
the angular (uniform-disk) diameter.

Elements Units Values
Component properties
Component B Aa Ab
0 (mas) 0.407+0.031 0.25212 023112
Lﬁ’\l 0.63734+0.0085  0.19740.014  0.16610.016
L 0.60" 0.22! 0.18
Orbital properties
Orbit 2 1
Pan (d) 145.4714+0.045 -
Pg (d) 145.1504+0.061 7.146641
T (RID) 55609.36+0.64 -
Tnin - 56224.7248!
a (mas) 15.93+0.070 1.89+0.11
e 0.212+0.0040 0.0!
q - 0.945!
i (deg) 86.671+0.12 86.851
w (deg) 8.4+1.6 90.0t
Q (deg) 148.4531+0.066 148.435%4+1.9
w (degyr1) 2.02+0.31 0.0
X3 5.806

with the values obtained for the B band from the light-
curve solution.

The bulk of the interferometric observations falls some-
where between the V' and R bands. Therefore the relative
luminosities detected with the spectro-interferometry are
close to the V' -band value obtained from the light-curve
solution. We were not able to obtain plausible estimates
of relative luminosities for the infrared subset (AMBER)
because the observations have low spatial resolution and
do not resolve the eclipsing binary well.

— The effective temperatures: They are given better by the

fits of observed spectra to synthetic ones because the fit-
ted regions contain many spectral lines (especially the re-
gion A\ [4280,4495] A) where the photometry relies
on four broad-band filters alone. In addition, PrSa & Zwit-
ter (2006) stated that it is not possible to obtain accurate
effective temperatures of the two components of an eclips-
ing binary from the light-curve solution unless the colour-
constraining method (described by them) is employed. Ac-
cording to the authors, the problem is even more pronounced
when the two components are alike. Therefore we fixed the
primary temperature and only optimised the secondary tem-
perature. The result agrees with that obtained from the com-
parison of observed and synthetic profiles within the respec-
tive errors. The spectral types corresponding to these tem-
peratures are B9 for components Aa and Ab and B5-6 for
component B.

The semi-major axes and masses: The physical size of
the semi-major axes derived from the spectro-interferometry
and the Hipparcos parallax (orbits 1 and 2) and those de-
rived from the spectroscopy and photometry (orbit 1) and
spectroscopy and spectro-interferometry (orbit 2) agree with
each other within their uncertainties. The same applies to
masses, which seem to fall within the limits of normal main-
sequence (MS hereafter) masses corresponding to the respec-
tive spectral types (Harmanec 1988) - mA* = 2.25+0.03 €
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Notes. ' The parameter was kept fixed. Estimated from the solution from Table 9 and the Hipparcos parallax. ®A solution shifted by 180 deg is
also possible and has an identical reduced x%&. A\ = [500, 800] nm, and AXs = [1200, 2410] nm.

[1.71,2.41] Mg, mAP = 2.13 £ 0.03 € [1.71,2.41] Mo,
mPB = 3.89 4 0.25 € [3.63,4.6] M.

The total mass of the system and mass of component C:
Using the parallax m,, = 14.96 £ 0.51 and the solution pre-
sented in Table 10, we can estimate the total mass of the sys-
tem mA2+HAPTBHC — 9 88 4 1.06 M. A comparison with
the masses of the inner triple subsystem gives an estimate of
the mass of component C m® = 1.61 4 1.18 Mgthat agrees
with early F-type or late A-type star.

The component radii: All components seem to have normal
radii for their respective spectral type (again checked against
Harmanec 1988) — RA* = 1.70 4 0.04 € [1.40,2.06] Re,
RAP = 1.62 4 0.04 € [1.40,2.06] R, RE = 2.8+0.3 €
[2.13,2.85] Rg.

The dereddened colour index B-V: These are derived with
a high level of uncertainty because of the high uncertainty in
the luminosity ratios in different bands and the uncertainty of
bolometric magnitudes. We compared the dereddened colour
indices against tables computed by Flower (1996),

T rrower (—0.120) = 12370K,

T3 prower(—0.018) = 9810K, and

T2k prower(—0.015) = 9 760 K.

They very roughly agree with the values found by the com-
parison of the observed and synthetic spectra. The uncer-
tainty bars of the colour indices are very generous and match
a wide range of temperatures.

The distance: The number of applied observational methods
allows us to estimate the distance of £ Tau from the ratio of
the physical and angular size of the semimajor axes and from
the distance modulus. The former seems to prefer parallax,
which is slightly lower than the Hipparcos parallax (but still
within error bars), the latter also places & Tau farther than
the Hipparcos observations, but their uncertainties are large,
meaning that they do not contradict the Hipparcos parallax.
The parallax estimated from the ratio of the physical and an-
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gular size of the semi-major axis of the outer orbit yields the
most precise parallax, m,, = 14.96 £ 0.51 mas.

7.2. Conclusion of the analytic models

The spectroscopy, the photometry, and the interferometry were
studied with traditional (semi-) analytic models. We found that
results obtained from different methods are consistent with each
other, although some of them give better estimates of a particu-
lar set of parameters than others. We took advantage of this dif-
ferential sensitivity and compiled a resulting set of fundamental
properties of the system.

During the analyses described in previous sections, we noted
two effects that indicate the dynamical interaction in £ Tau: the
advance of the apsidal line of orbit 2, and the eclipse timing vari-
ations (ETVs) in system 1. The first effect was explicitly taken
into account because omitting it would cause significant incon-
sistency between observations and model. The latter effect was
almost overlooked if it had not been for the indication in the very
accurate photometric data from the MOST satellite. However,
the analytic models above give only limited insights into dynam-
ical effects in a four-body system such as £ Tau. Nonetheless,
they provide very good results that are also needed as a start-
ing point for a more sophisticated solution based on an approach
that includes dynamical evolution in a more complete way. We
proceed in two steps.

In Sect. 8 we develop a numerical model that consistently
takes into account the gravitational interaction of all stars in the
¢ Tau . We use a fully numerical implementation, basically a
standard N-body integrator, which we extend by subroutines that
allow us to model several types of observables relevant for the
£ Tau dataset.

Next, in Sect. 9 we summarise relevant analytic formula ob-
tained by methods of perturbation theory, which provide insights
into results from the fully numerical approach in Sect. 8. Despite
their limitations, we find the analytic formulation of the most im-
portant orbital perturbations useful. It does not only allow us to
understand basic features in the numerical integrations, but also
readily provides the parametric dependencies.

8. N-body model of ¢ Tauri with mutual
interactions

The quadruple nature of ¢ Tauri and its relatively compact pack-
ing require us to proceed with an advanced N-body model that
can account for mutual gravitational interactions of all four com-
ponents. To this point, we now describe our numerical integrator,
a definition of a suitable X2 metric, and the overall results of our
fitting procedure.

8.1. Numerical integrator and x? metric

We use a standard Bulirsch—Stoer N-body numerical integra-
tor from the SWIFT package (Levison & Duncan 2013). Our
method is quite general. We can model classical Keplerian or-
bits, of course, but also non-Keplerian orbits (involving N-body
interactions). We treat all stars as point masses only, however.
We have no higher-order gravitational terms and no tides in our
model.

As explained below, this is a significant improvement of
our previous application in BroZ et al. (2010) because we can
now account not only for the light-time effect, but for complete
eclipse timing variations (ETVs) of the inner binary that arise
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from both direct and indirect gravitational perturbations. At the
same time, we do not use the simplification of Broz et al. (2010)
and consider all the components separately because the equiva-
lent gravitational moment

1 /a1\2 m*m
J. 27(7) e 2 x 1073
>T o2\ ) (mAa f ARy

Ab
(12)

of the inner eclipsing binary Aa+Ab is large at the distance of
the component B.

We used five different coordinate systems: (i) Aa-centric
(to generally specify initial conditions and eclipse detection),
(ii) barycentric (for the numerical integration itself), (iii) Aa+Ab
photocentric (to compare with interferometric observations of
component B), (iv) Aa+Ab+B photocentric (ditto for compo-
nent C), and (v) Jacobian (to compute hierarchical orbital ele-
ments).

Initial conditions at a given epoch T, can be specified ei-
ther in Cartesian coordinates with x, y in the sky plane and z in
the radial direction, or in osculating orbital elements. This very
choice has a substantial role because the outcome of the fitting
procedure will be generally (slightly) different. The orbital ele-
ments can be considered less strongly correlated quantities than
Aa-centric Cartesian coordinates.

We accounted for as many observational data as possible us-
ing the following joint metric:’

X = X3+ Xow + Xoay + Xy s (13)
N, ( 2
A ijz +’V*Umd]z)
X = — : (14)
J:1 =1 IV/L
Netv ’ 2
2 _ (ta: —tai)
Xew = D (15)
i=1 etvi
Neav (EfA _ GA')2
2 i 1
Xedv = Z #7 (16)
i=1 edvi

o
(Azj;, Ayj) =R (*cﬁenipse — g) X (I?ﬂ IP??) ,  (17)

Ypji — Ypiji
4 Nekyj

>3 ]
Jj=3 i=1

bky minorjz
where the notation is briefly described in Table 13. The dashed
quantities are the model values linearly interpolated to the exact
times ¢; of observations. The index j goes over the list of com-
ponents Aa, Ab, B, C (i.e. j = 1 = Aa, ...), while the index 7
corresponds to the observational data.

In our N-body model we do not fit the observed spectra using
synthetic ones, individual light curve points, or interferometric
fringes. We use higher-level observational data instead that were
reduced and derived in previous sections. Hence we fit RV mea-
surements for the three components Aa, Ab, and B, altogether
N,, = 843, minima timings for the eclipses in the inner binary
(Aa+Ab), Nety = 35, and astrometric observations for compo-
nents B and C, N, = 49. The latter is a subset of measure-
ments from NPOI and WDS, for which it was possible to convert
fringe visibilities (averaged over one night) into distance—angle

Arﬂ

Xy = (18)

bky majorji

7 The program used for these computations, including sources and all
input data, is available at http://sirrah.troja.mff.cuni.
cz/~mira/xitau/.
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Table 13. Notation used for various coordinates, velocities, and uncer-
tainties that we used in our N-body model.

T,Y, 2 Aa-centric coordinates

Vg, Uy, Uz Aa-centric velocities

TpB, YpB Aa+Ab photocentric sky-plane coordinates
(of component B)

TpC YpC Aa+Ab+B photocentric coordinates
(of component C)

Vsb barycentric radial velocity

o systemic vel(?city )

Vrad observed radial velocity

ta mid-epoch of an eclipse of the Aa+Ab pair

€A eclipse duration

Orv uncertainty of the radial velocity

Ooty uncertainty of the eclipse mid-epoch timing

Oedv uncertainty of the eclipse duration

uncertainty of the astrometric position,
angular sizes of the uncertainty ellipse
position angle of the ellipse

the corresponding 2 x 2 rotation matrix

Osky major, minor

Qellipse

values. The individual uncertainties of the observations used in
this section were modified as follows: o, > 2kms~! due to
calibration uncertainties, ¢t > 0.001 d = 1.5 min because the
quasi-periodic oscillations visible in the MOST light curve shift
minima timings in a random fashion, and og, = 3mas (as in
Tokovinin et al. 2015) or 5 mas if not reported in WDS.

We assumed the nominal distance d = 64.1 pc for £ Tau.
The stellar radii for an eclipse detection were RA2 = 1.700 Ry,
and R*P = 1.612 R, in agreement with the photometric inver-
sion. The expected correlation among R?, RAP, eclipse depth,
eclipse duration and third light contribution is removed to some
extent through spectroscopic observations (cf. Table 9).

The synthetic minimum distance A’ between components Aa
and Ab in the sky plane was determined analytically as the dis-
tance of the piece-wise straight line (b, yap) from the origin
in the Aa-centric coordinates, as provided by the numerical inte-
gration. The condition for an eclipse is then A/ < RA® 4 RADP
and the corresponding time ¢, is linearly interpolated from
neighbouring points. The eclipse duration is then given by a sim-
ple geometry, €, = 24/(RA2 + RAP)2 — A’2 /5, where v de-
notes the average velocity between the points. We thus straight-
forwardly account for disappearing eclipses and their durations,
but we do not model (possible) eclipse depth variations at this
stage.

To remove minor systematics in minima timings and eclipse
duration, we attempted to suppress quasi-periodic oscillations
visible in the MOST light curve by subtracting a function of the
following form:

ft)

Co+ Ci(t —Th)

- 27T(t—T1)

—[Ao + As(t — T1)] sin {m

} . (19)

Its coefficients (Cy, Cy, T4, Ao, A1, Po, P1) were always deter-
mined by a local fit in the surroundings of the given minimum.
The resulting data are reported in Table 14.

The relative luminosities for photocentre computations were
set to LA* = 0.204, LAY = 0.174, and L® = 0.622, again in
agreement with photometric observations.

Mass constraints also arise from the spectroscopic classifica-
tion of the & Tau components (A9V, A9V, B5V, and FV). We

Table 14. Subset of minima timings ¢tA and eclipse durations es de-
termined from MOST light curves, which were corrected for quasi-
periodic oscillations by means of Eq. (19), and corresponding uncer-
tainties oetyv and Oedy.

ta Oetv €A Oedv
RID day day day
56224.7242  0.0010 0.2656 0.0069
56228.3017 0.0012 0.2611 0.0035
56231.8686 0.0010 0.2678 0.0069
56235.4452  0.0010 0.2573 0.0035

can easily enforce reasonable limits for the component masses
with the following artificial term:

4 100
e = [(m__mjminerjmax) 2 }
mass =1 ’ 2 Mj max —Mj min ’
(20)
where we used mA* and m*® € (0.9,3.0) My, mP €

(3.5,3.9) Mg, mC® € (0.9,2.0) My, as the limits; the exponent
is rather arbitrary.

The integrator and its internal time step were controlled by
the parameter egs = 10~% (unitless), which ensures a sufficient
accuracy. The integration time span was 1000 d forward and
11000 d backward, and the output timestep At = 0.5 d for ini-
tial runs. We verified that this sampling is sufficient even for the
trajectory with the strongest curvature and all necessary interpo-
lations to the times of observations. For the final optimisation we
decreased the value further to At = 0.1d to suppress interpola-
tion errors.

We used a standard simplex algorithm (Press et al. 1993)
to search for local minima of x2. We have 23 potentially
free parameters, masses m;, coordinates x;,y;, z;, velocities
Ugj,Vyj,Vzj in the Aa-centric frame, or, alternatively, masses
m; and three sets of orbital elements a;, e;, [;,€2;,w;, M; in
Jacobian coordinates, and the systemic velocity 7. The conver-
gence tolerance for x? was set to ¢, = 107°, and the maximum
number of iterations to 10 000 or to as low as 300 for extended
surveys of the parameter space. We verified that this low number
is sufficient to quickly detect local minima or to exclude their
existence.

The initial epoch Ty = 2456 224.724705 is very close to
the first precise minimum of the MOST light curve. We can thus
(almost) fix zap =~ yanp = 0. At the same time, it is possible to
(approximately) fix positions xB, ypB and z,c, Ypc, derived by
interferometry for an epoch close to Tp.

8.2. Resulting best fits

As expected, the 23-dimensional parameter space is vast and full
of local minima, even at high x2. We proceeded sequentially to
avoid complications and used a set with 2012 data only, a set
with data from 2011-2013, and one set with all observational
data. Next we performed a survey of the parameter space (to
ensure we did not miss an obvious global minimum), an opti-
misation of individual orbits (2 and 3), the mutual inclination
of orbits 1 and 2, and then we switched from Cartesian coordi-
nates to orbital elements. Finally, we let all parameters be free.
The optimisation means that we started the simplex from scratch
many times (with different initialisation) and let it converge (for
a limited number of iterations). Our largest survey consisted of
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10° simplex runs, 300 steps each, that is, 3 x 107 models in total,
so that we are confident that there is no other hidden minimum,
at least within the ranges searched so far.?

We are aware of three mirror solutions (and 23 combina-
tions), namely the inner binary can orbit in a retrograde or pro-
grade sense with respect to orbit 2, so that i{ = 180° — ;. More-
over, its node can be shifted by 180°, 2} = Q; + 180°. Last but
not least, orbit 3 can have the opposite inclination, i = —i3
(we have no direct RV measurements). These ambiguities are
discussed and partly resolved in the following paragraphs.

Our best fit is presented in Fig. 9 and Table 15. We note
that this is not the only fit that seems reasonable; there are many
more available in the surroundings. This can be partially seen in
Fig. 10 where one-dimensional 2 maps exhibit relatively broad
minima for the plotted parameters. Consequently, if we were to
use simplex within these ranges, we would surely find a different
minimum with slightly larger x2 (or even slightly smaller).

We clearly see that the value of x? = 2578 is still about
three times higher than the number of degrees of freedom, v =
Naata — Mfree = 931 — 23 = 908, and formally speaking, we
should be ready to admit that our model is plainly wrong. Nev-
ertheless, the residua seem to be distributed normally, and re-
alistic uncertainties (including some systematics) may be larger
than expected. To obtain x? ~ v we would need measurement
uncertainties as large as o, ~ 3.5km s71, Oty ~ 10min,
Osky =~ 1 mas (for component B) or 10 mas (for component C).
We consider these numbers to be quite realistic given the hetero-
geneous data set we have. Additional problems may contribute
to the error budget, such as nightly and night-to-night variations
of dispersion relations, unaccounted blending of spectral lines,
systematics due to the normalisation procedure, or photocentre
motions of the inner binary affecting astrometric positions.

8.3. Differences between traditional and N-body models

Most importantly, orbital elements do change in the course of
time; especially 41, 21, w1, 2, ws seem to be critical in the case
of ¢ Tau (see Fig. 11). While the precession of w, was ac-
counted for, the remaining terms were not. The precession of
nodes €21, {25 about the total angular momentum axis occurs with
a =~ 19 year period. In the Laplace plane, which is perpendicular
to the total angular momentum, this would cause a circulation
of 2’s from 0° to 360°, but we can only see an oscillation of
at most 3.5° that is due to the purely geometrical projection to
the plane of the sky. There are also inevitable coupled oscilla-
tions of inclinations, with ¢; ranging from 84.5° to 88.2°. All
these rather expected secular effects are discussed in much more
detail in Sect. 9.1.

Additionally, there are short-period oscillations not de-
scribed by the secular theory. While ajand as only oscillate
about constant mean values, there seems to be a mid-term evolu-
tion of both ejand ey, with amplitudes reaching 0.008, which
is larger than the uncertainty of their initial values, that is,
ez = 0.197415-059% In this particular case, this is related to the
periastron passage of component C.

8 The ranges expressed in Cartesian coordinates were
zap € (—0.148,-0.088) au, 2z € (—1.47,—0.87)au,
zc € (—8.72,-2.72)au, vyar, € (—0.092,—-0.032)au d-t,
vyab € (0.050,0.110)aud ™, v,z € (—0.078,—0.018) aud ™",
vy € (0.042,0.102)aud ™!, v, € (—0.022,0.038) aud™!,
vec € (—0.082,-0.022) aud !, vyc € (0.025,0.085) aud~?, and
v.c € (—0.030,0.030) aud "
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Fig. 12. Comparison of the osculating semi-major axis a1 (bottom) and
eccentricity e; evolution (middle) as computed by our N-body model
for two mirror solutions with ©; ~ 331° (bold solid) and €} ~ 151°
(red dashed). Only a short time span of 12 days is shown, close to the
epoch Tp. The corresponding ETVs of minima observed by MOST are
also shown at the top. The former solution €; ~ 331° has the corre-
sponding xZ., (for all Ny, = 35 measurements) significantly lower
than the latter, 150 vs 390, so that we consider it as the preferred value.

We emphasise that it is absolutely necessary to use an N-
body model (like ours), otherwise traditional methods assuming
constant orbital elements (or precessing ws only) may result in
systematic discrepancies or artefacts. When the parameters re-
ported in Table 15 are compared to those derived by classical
models (Table 12), the general agreement between the elements
is evident, but their uncertainty intervals do not always overlap.
This is probably to be expected because we compare osculating
(apples) and fixed orbital elements (oranges).

An outstanding example of how classical methods may fail is
a detailed analysis of MOST light curves and the corresponding
minima timings from 2012. At first, we thought that the uneven
spacing of minima indicates a non-zero eccentricity of the in-
ner orbit, e; ~ 0.002. However, this is in stark contrast with
past RV measurements, which constrain forcing of e () due to
perturbations by component B and require e;(t = Tp) — 0.
Figure 12 shows upon close scrutiny that the oscillation of the
semi-major axis a; has a period 3.76 days, which is half of the
synodic period Fyy,1 of orbit 1, in a system that corotates with
orbit 2. Moreover, its amplitude slightly decreases as compo-
nent B moves farther away. These tiny perturbations are the real
cause of the observed eclipse timing variations. They also allow
us to discard mirror models with Q] # Qs and prefer those with
Q1 =~ Q because the resulting %, = 390 vs 150 is signif-
icantly different. Again, the eclipse variations are explained in
more detail in Sect. 9.2.

8.4. Model with closure phases to resolve mirror solutions

The admissible solutions presented in Table 15 are degenerate
in the sense that we cannot distinguish among several mirror
models (in particular 7/, i4). To resolve this degeneracy, we con-
structed an N-body model that accounts for interferometric vis-
ibilities and closure phases. The latter are especially suitable to
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Fig. 9. One of the best-fit solutions for the £ Tau system with our N-body model and using all available observational data. In this case, the
resulting total x? is 2 578, while the number of degrees of freedom v = 908. Top: Radial velocities v-bAa, VzbAb, VzbB, Vzbe Of the individual
components; model values are denoted by lines (component Aa is black, not clearly visible, Ab grey, B blue, and C orange), observations by black
error bars and residuals by thick red lines. Middle: O — C' values for both primary and secondary minima timings; model timings are denoted
by black points (very densely packed), observations by grey crosses, and O — C' with its uncertainty by red error bars. Bottom left: Astrometric
positions of component B based on NPOI interferometric observations; model orbit x5, ¥, With respect to photocentre Aa+Ab (i.e. not w.r.t. B,
as usually) is again denoted by a blue line, observations by black error bars and residuals by thick red lines. The orbit is not a single ellipse, but
rather a complex trajectory that quickly precesses and is moreover affected by (slight) photocentre motions. Bottom right: Similarly, astrometric
positions of the distant component C z,c, ypc With respect to the Aa+Ab+B photocentre is denoted by an orange line. Component B is relatively
luminous, which makes the orbit in these photocentric coordinates slightly jagged.

detect any asymmetries, while the former are necessary to cor- (21)
rectly obtain (symmetric) angular positions and separations.
In addition to Egs. (14) to (18), we have a few more relations:

4
1 Ji (7r9 -\/u2+112) o , Xi+AN; /2
V'(u,v) = — g L2022 7 o 2miuzy;toyy) | B P~ 2 )
(x:0) tot 5= “ w0/ u+v? Lij(Tewj, 1) ~ AL /2 4m R B (Tesrj) dX, (22)
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Fig. 10. Example of the one-dimensional x> mapping used to derive uncertainties of orbital elements for the & Tau system. The dependencies
of the x? values on the three nodes 1, Qa, 23 are shown, while the remaining elements correspond to the best-fit values from Table 15. The

preferred solution for Q; ~ 331°, with x?

= 2578, and a hint of a mirror solution at 2; ~ 151° are clearly visible. If the latter is optimised

separately, we would obtain x? as low as 2 749. The sudden increase of xZ, corresponds to the disappearance of the eclipses of the inner binary,

which naturally results in extreme O — C"s.

Table 16. Notation used for additional coordinates and quantities
needed in our extended N-body model.

Ty Ya Aa-centric angular coordinates

V complex visibility; squared visibility is |V |?
T3 complex triple product; closure phase is arg 73
u, v projected baselines (expressed in cycles, B/\)
0= % angular diameter

d distance to the system

L,Li,;  component luminosity and the total luminosity
Ter effective temperature

R stellar radius (uniform disk)

A, AN effective wavelength and bandwidth

Bx(T)  the Planck function

Ovis uncertainty of the squared visibility

Oclo uncertainty of the closure phase

Mo (1! (as )~ V)
Xvis = . 0_2‘”‘ )
i=1 vist

Té = V/(ul,vl)V’(uz7 ’UQ)V

(23)

,(—(U1 + UQ), —(’Ul + ’Uz))7 (24)

21: (arg Ty — arg T’iz’)2

Xoto = (25)

Uclo i
with the notation described in Table 16. The complex visibil-
ities V' and their triple products T were computed assuming
uniform disks for individual components. Relative luminosities
L;j at a given effective wavelength \ were computed by a black-
body approximation.

This extended model minimises x? = X2, + x%, + X2, +
X2y T X3is + X21o and has nine additional free parameters: dis-
tance d to ¢ Tau , uniform-disk radii R2;, and effective temper-
atures Teg; of all the components, even though the contribution
of component C is only minor (clearly lower than 10 % at the
longest wavelength, A = 2.6 pm).

‘We used all observational data from the MARKIII, NPOI,
CHARA/VEGA, and VLTI/AMBER spectro-interferometers,
with Nyis = 17391 measurements of the squared visibility |V|?
and N¢, = 4856 measurements of the closure phase arg T3
(from NPOI and VLTI/AMBER). The total number of degrees
of freedom is thus v = Ngata — Miree = 28019 — 32 = 27987.
At the same time, we did not use astrometric positions (kay) of
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component B because they are not independent; all the informa-
tion should be contained in |V'|? and arg T3 measurements.

Initially, we used nominal uncertainties and weights wyis =
1, weo = 1, but the resulting Xm + Xcl value was too
high (=~ 10°), even for our best-fit models (cf. Fig. 13). The
most likely reason is that we did not account properly for
all calibration uncertainties. To resolve this problem, an inter-
nal re-calibration would be necessary. A possible explanation
for the too high x? has been given in Sect. 6. For example,
CHARA/VEGA interferometry from Sep 29 2012 exhibits un-
realistically quick changes of | /|2 at an almost constant baseline
B/X ~ 1.3 to 1.4 x 10 cycles (see Fig. C.8). In our case, we de-
creased the weight wyis = 0.1 to avoid it dominating other x?
contributions (e.g. eclipse timing variations).

We focused on a limited set of seven mirror models, al-
ways with one or two modified orbital elements (see Table 17).
For each of them, we performed one simplex run, verified by
simulated annealing with the initial temperature 100 000 kelvin,
schedule 7! = 0.997" and 100 iterations at given 7%, so that
other free parameters were able to adapt themselves to a new sit-
uation, and we computed s that are reported in the same table.
If the final value remains relatively high, it means the model is
not compatible with the respective interferometric data.

Clearly, we are sufficiently sensitive to resolve 25 and is,
that is, the longitude of the ascending node and the inclination
of component B (see Fig. 14), but not directly to resolve 21, i1,
or iz elements. Consequently, we can discard €, i}, and prefer
Qo =~ 331°, is =~ 86° solution on the basis of the closure phase
measurements alone.

Moreover, because our N-body model is constantly con-
strained by RV, ETV, ETD, and astrometric data, which prevent
a convergence to unrealistic values of all the parameters, we can
spot (in Table 17) that the squared visibility measurements are
not compatible with 2} and ¢}, therefore they were discarded as
well and the ; ~ 329°, i; ~ 86° solution was preferred.

Finally, as demonstrated in Sect. 8.3, the N-body dynamics
and ETV measurements allow us to safely discard any €, # Qo,
therefore we clearly prefer (2, = 329°. The only remaining am-
biguity is thus the inclination ¢3 vs i4. To conclude this section,
a combination of approximately orthogonal measurements (RV,
ETV, ETD, |V |?, arg T3) leads to interesting and solid results,
which is as expected.

We also comment on the fact that even this type of model
may be insufficient. Other physical effects exist that we did not
account for, such as tidal interactions of non-spherical stars,
spin—orbital coupling, various magneto-hydrodynamic phenom-
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Fig. 11. Time evolution of the osculating orbital elements over a time span —11 000 to +1 000 days from the epoch Ty = 2456 224.724705,
covered by observations of ¢ Tau. Left: The semi-major axis a1, eccentricity e, inclination 71, longitude of ascending node 21, and the argument
of pericentre wy (poorly defined because e; — 0) of the inner, eclipsing binary orbit (components Aa and Ab). Right: The same parameters
a2, ea,i2, Qa, wo for orbit 2 (i.e. components (Aa+Ab) and B). All these plots correspond to the simulation with x? = 2578, presented in Fig. 9.
Variations in the inclination 4, and argument of pericentre wo are of major interest, since they result in observable effects. On the other hand, the
distant orbit 3 (not shown here) exhibits only minor variations of its elements. The bump in the osculation elements of orbit 2 at JD ~ 2 455 500

is related to the passage of component C through its pericentre.

ena, or pulsations of (all) components. Their importance for the
dynamics of £ Tau is yet to be assessed.

9. Dynamical evolution of the Aa+Ab+B
subsystem

The osculating orbital elements shown in Fig. 11 exhibit many
variations over different timescales, from the short period of the
inner eclipsing binary, to the intermediate period of the orbital
motion of component B with respect to the eclipsing binary, up
to long periods of tens to hundreds of years. Are we able to un-
derstand some of these terms, including their amplitude, and de-
termine parametric dependencies on stellar masses and periods
of orbits 1 and 2? To do so, we need to turn to perturbation the-
ory. In this section we neglect dynamical effects of the distant
component C and focus on the triple subsystem Aa+Ab+B.

The hierarchy of the & Tau system implies a preferential
choice of Jacobi coordinates to describe its dynamics, in which
on the one hand, r is the relative position of Ab with respect
to Aa, and on the other, R is the relative position of compo-
nent B with respect to the barycentre of orbit 1. The conju-
gate momenta involve reduced masses m} = m*2mAP /M and

Table 17. Summary of xZ; and X2, values for squared visibility |V|?
and closure phase arg T3 measurements. Only a limited set of mirror
models is shown with respect to the nominal model (€1 ~ 331°, Q3 ~
329°, Q3 ~ 110°, i1 ~ 86°, iz ~ 86°, i3 ~ —24°). The closure
phase measurements allow us to discard four of them, namely those
with Q5 and 45, because the 3-o level corresponds to a relative increase
by 1.051, i.e. X2, =~ 24 331. Moreover, the |V'|* measurements do not
favour ) and ¢} (30 is at 1.028, x2;; ~ 137229). The symbol x in
the last column indicates we discard this possibility.

Orbital elements i X%, Note
nominal 133492 23151
1= +180° ~151° 162632 23053 X
5 =y +180° ~ 149° 355456 105975 X
(2, %) 322079 100480  x
i) = 180° — i3 =~ 94° 149901 24683 X
iy, = 180° — ip ~ 94° 734267 69102 X
i = —ig =~ 24° 138316 23393
(i1, ) 755013 69463  x

mly = mBM,; /My of orbits 1 and 2, with M; = m»® 4+ mAP
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Fig. 13. Distributions of normalised residuals (|V'|*> — |V|?)/ovis:
of the squared visibility for our best-fit model with X2, = 133492,
while the total number of measurements is Nyis = 17391. Four
separate datasets are shown, corresponding to the MARKIII, NPOI,
CHARA/VEGA, and VLTI/AMBER interferometers. The distributions
are not perfectly symmetric about zero and for CHARA/VEGA data are
significantly wider, probably due to unaccounted calibration uncertain-

ties.
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Fig. 14. Distributions of normalised residuals (arg T4 — arg T3;)/0clo i
of the closure phase measured with the NPOI instrument for two best-
fit models with different values of the longitude of the ascending node
Qs = 329° and Q5 = 149°. Both distributions seem symmetric about
the origin, indicating there are no serious systematics in arg 73 mea-
surements. However, the former distribution is substantially narrower
than the latter, so that the mirror solution Q5 can be discarded.

and My = M, +mPB. To zero-order approximation, both systems
evolve on Keplerian orbits, but their interaction introduces a per-
turbation that causes r and R to follow trajectories described
by numerical integrations in Sect. 8 that are more complicated
than Keplerian orbits. The elliptical approximation may be only
applicable to a certain interval of time. The latter becomes short
especially for compact systems. ¢ Tau is a good representative of
this class.

In the world of perturbation theory, both orbits 1 and 2 are
represented by a set of osculating orbital elements that evolve
in time as a result of their mutual interaction. From a plethora of
perturbations described in this way, we recall two results relevant
for the observed features of the £ Tau system. We first describe
the secular effects, whose duration is conveniently short for this
compact system to be detected, and then some of the long- and
short-period eclipse time variations in the eclipsing binary.

9.1. Secular effects

We define Delaunay momenta L, = m//GMya; = m/nia?
and L; = mhy/GMaaz = mhnaa3 of orbits 1 and 2 (e.g. Har-
rington 1968, 1969; Soderhjelm 1975; Breiter & Vokrouhlicky
2015). Here nq and no are the mean motion values of the orbits 1
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and 2, both related to the semi-major axes a; and ay through the
third Kepler law: n?a$ = GM; and n3a3 = GM> (G is the
gravitational constant). In a secular approximation, when the or-
bital longitude for both orbits 1 and 2 is removed from the inter-
action (e.g. Harrington 1969; Breiter & Vokrouhlicky 2015), the
semi-major axes a; and ay are constant.

The dynamics of the Aa+Ab+B system may in principle be
studied in an arbitrary reference frame. However, its description
becomes very simple in a preferred frame that is often called
Laplacian. The z-axis of this frame is aligned with the total or-
bital angular momentum of the system. To distinguish osculating
orbital elements in the observer-oriented frame we used above,
we denote the elements in the Laplacian frame with a tilde. For
instance, the orbital inclinations for orbits 1 and 2 are denoted 7
and 73, and the corresponding longitudes of nodes €2; and $25.

The secular evolution of the triple system is particularly sim-
ple when three conditions are met: the eccentricity e; of the
inner orbit is negligible, the mutual angle .J = 7; 4 72, of orbital
planes 1 and 2 is small, and the system is wide enough, such
that on the timescale of interest only the quadrupole interaction
of the inner and outer orbits is relevant. The mutual angle .J can
be determined by the orbital elements in the observer reference
frame using
cos J = cosig cosiy + sinig siniy cos (21 — Qo) . (26)
These conditions fortunately currently apply to the & Tau sys-
tem.We also note for the third condition that the octupole interac-
tion is very small because of nearly equal masses in orbit 1, i.e.,
mA® ~ mAP_ The next secular contribution would arise from the
non-linear quadrupole effect (e.g. Breiter & Vokrouhlicky 2015),
which is small on a timescale of some decades. Then, e; = Oisa
stable solution, and e5 and J are constant in time. When the or-
bital elements are referred to the invariable plane that is normal
to the total angular momentum, the orbital inclinations #; and 7
of orbits 1 and 2 are constant as well, and both orbital planes
uniformly precess in the inertial space about the total angular
momentum direction. Their nodes Ql = 0 and Qg =Q+n
linearly advance with a rate (e.g. Soderhjelm 1975; Breiter &
Vokrouhlicky 2015)

f;l 3 mPBny - ~
— ~———=cosJy/1 242 5. J,
P 4713 My cos + %+ 2ycosJ,

where v = L; /(La732) is the ratio of the angular momenta of the
two orbits, and 72 = /1 — €3. In triple systems the outer orbit
typically has a dominant share of the total angular momentum
of the system, thus v < 1. For £ Tau we have approximately
vy =~ 0.132. Unless precisely coplanar, the main effect of the
orbital-plane precession is in periodic changes of inclinations 7
and 2 in the observer system. These variations directly affect
magnitude depths of the eclipses, or might eventually cause the
system to become non-eclipsing for a certain period of time.

In addition to the steady precession of the orbital planes, the
second secular effect in the given setup consists of precession of
the pericentre of the outer orbit. Denoting its longitude oo, we
have

(e2))

o 3 mBn,

~ = 2~ (3cos?J—1
ny 83 My ny ( €08

v sin Jsin2.J

1+vcosj+\/1+72+2vcosj)

(28)
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Comparing Egs. (27) and (28), we note that the pericentre pre-
cession frequency of the outer orbit is slower by a factor ~ ~
than the nodal frequency (assuming J sufficiently small). Thus
nodes and inclinations vary on shorter timescales than the argu-
ment of pericentre of orbit 2.

9.2. Long- and short-period eclipse variations

The mutual interaction of the orbits also results in a palette of
periodic perturbations. So far, the long-period effects, namely
those with a period P, of orbit 2, have been extensively studied
(e.g. Soderhjelm 1975, 1982; Borkovits et al. 2003, 2011, 2015).
We here focus on the ETVs, that is, on advances and delays dtp,p
in epochs of eclipse of orbit 1 that are due to the variations in its
mean motion n; caused by component B. Assuming for simplic-
ity coplanar orbits J = 0 deg, we obtain (e.g. Soderhjelm 1975;
Borkovits et al. 2011, 2015; Rappaport et al. 2013, which also
contain terms proportional to oc J2 )

m B

ne
nidtip ~ A—[Zn—f W (ea,62), (29)
with
W (e2,l2) = fo — £2 + egsin fo, (30)

where f5 and /5 are the true and mean anomalies of orbit 2. For
a low eccentricity e; we have W =~ 3es sin £2. Obviously, the
principal component of ETV in (29) becomes zero for a circu-
lar orbit 2 because it is related to variations of n; triggered by
variations in the distance R to component B.

In the course of this work, we noted that dominant short-
period effects may also be of interest (those with the period of the
inner orbit 1), provided high-quality eclipse data are collected.
Using methods of first-order perturbation theory, we found that
the leading short-period term reads

7L22(I,2 3‘,2)\ 7

nl) (R) s (1 2)’
where R is the distance of component B to the barycentre of
the inner binary system, and Fy, = s + f> is its true orbital
longitude. The term has a period equal to half the synodic period
of the Aa+Ab system in a reference frame corotating with the
motion of component B.

This effect is not primarily dependent of the eccentricity e
because it is triggered by variations in the mutual positions of
components Aa and Ab with respect to component B. Its magni-
tude is smaller by a factor 0.4 at periastron and by 0.1 at apoas-
tron of orbit 2. Nevertheless, the effect is not entirely negligible,
and we found that it contributes to the observed eclipse shift in
the MOST data (see Fig. 12).

21 mPB
ni1dtsp ~ — ——

1
8 My @D

9.3. Comparison of the secular theory with the results of
the analytic and numerical models

Here we compare the apsidal motion detected with both analytic
and numerical methods and additional secular and periodical
variations of orbital elements predicted by the numerical model
presented in Sect. 8

— The apsidal motion of orbit 2: First, we use results of
the analytic theory above. Using nominal orbital parameters
from Table 12, we obtain J = 0.19 + 1.89 deg, and conse-
quently Wy = 2.185 + 0.045 deg yr~1. We note that &y may

be directly obtained from Eq. (28) because the nodal longi-
tude €25 in the observer frame oscillates without any secu-
lar drift. This is about a third lower than the value detected
with the analytic RV curve model (see Table 5), but in excel-
lent agreement with the N-body model, whose prediction is
@y = 2.11degyr~?, and with fit of the interferometric ob-
servations (see Table 11).

The nodal motion of orbits 1 and 2: Inserting nominal
parameters from Table 12 provides the mean nodal drift

Q 18.98 + 0.53degyr~! (Eq. 27), which is again in
excellent agreement with results of the N-body model; we
note that the periods of the nodal oscillations are effec-
tively ~ 19.43 deg yr—" for orbit of component A (£2;) and
~ 19.81degyr~! for orbit B (£2;). Values are not exactly
the same, probably because of interaction with component C,
which was not included in the perturbation theory. There is
a hint of a shallower depth of the Hvar photometric observa-
tions from early 2007 when our model predicts a higher value
of the inclination i;. However, to determine the inclination
variations, we need more accurate photometric observations
in the future.

Eclipse-timing variations — orbit 1: Eqgs. (29, 30, and 31)
provide amplitudes of the ETVs (assuming that component B
is at periastron) of orbit 1 §tgTv jong = 0.0162 £ 0.0007d,
0tETV short = 0.0068 £ 0.0003 d. Their sum agrees with the
detected amplitude of ETVs (6tgrv,oBs = 0.025+0.010d).
We also note that the two primary eclipse minima in the
MOST data were found to be phase-shifted by ~ 0.0003 in
Sect. 4.3. This is about 0.1° in orbital longitude of inner or-
bit 1. Combining results in Eqgs. (29, 30, and 31) and taking
into account o ~ 86° and \; ~ F5 from Table 15, we obtain
very good agreement with the observed shift.

10. Motivations for future observations of ¢ Tauri

First, it seems desirable to continue the observations of the times
of minima and, more importantly, eclipse duration and depth. At
an epoch after approximately RJD 59 405.0, that is, in the second
half of 2021, we would expect either persisting or disappearing
eclipses of the inner pair Aa+Ab for different mirror solutions.
Consequently, this is a direct and independent test of our anal-
ysis of closure phase measurements in Sect. 8.4. We note that
the nominal solution shown in Fig. 11 exhibits too small vari-
ations of 7, such that the eclipsing binary would be eclipsing
constantly.

Nevertheless, even the nominal solution predicts nearly 4°
full amplitude of variation in 4; and we expect fairly well ob-
servable effects. We suggest, for instance, a space-born observa-
tion of a similar quality to that of MOST, obtained at the turn
of 2016 and 2017, when the predicted ; value would be highest
(about 88.2°). The change in eclipse depth, as compared to the
MOST data, should be about 0.05 magnitude, which is very eas-
ily detectable. Such a single observation would further constrain
parameters of & Tau with an exceptional accuracy.

It would be of great help if the line spectra of the faint com-
ponent C, separated by 200 to 600 mas from the triple Aa+Ab+B,
were obtained and the corresponding radial velocity measured.
This would also allow us to distinguish between the remaining
two mirror orbital solutions for the motion of this component.

Precise and uninterrupted space-based photometry on a
longer time-span would be useful to unambiguously resolve os-
cillation modes and splittings. Given the high rotation frequency
frot = 2.38d71 ~ 27.5 uHz, it should not be that difficult (the
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minimum time-span At ~ 1/f,o), but currently aliases with
instrumental frequencies seem to limit the S/N in the Fourier
spectrum.

As an alternative, series of high-resolution high S/N spectra
would be needed to detect the oscillation modes independently,
as the travelling sub-features in the line profiles of component B
are broadened by a relatively high rotation. Precise RV measure-
ments of components Aa and Ab may also reveal the Rossiter-
McLaughlin effect, which gives the rotational sense of the two
components.

A new series of long-baseline optical spectro-interferometric
observations including measurements of closure phase are
highly desirable, because they would provide a fully independent
estimate of the orbital elements of orbit 1, would independently
determine the sense of revolution of the components of orbit 1
with respect to orbit 2, and would finally provide an independent
estimate of the radii of components Aa and Ab.

11. Conclusion

We have conducted an in-depth study of the quadruple stellar
system & Tau, starting from simple analytic models for differ-
ent types of observations (see Sects. 3-7), and concluding with
a complex N-body model that combines astrometric, photomet-
ric, spectroscopic, and spectro-interferometric observations to a
certain degree (see Sect. 8). We were able to set tight constraints
on three components of £ Tau, and they will provide an excellent
test case for models of stellar evolution, while the full descrip-
tion of the geometry of the hierarchy will provide a test of the
binary formation.

The analytic models allowed us to estimate properties of
components Aa, Ab, and B that are highly consistent (see the
critical summary of the analytic models in Sect. 7) and mean or-
bital elements of orbits 1, 2, and 3 using different methods that
are again consistent with each other, but provided limited-to-no
insight into the dynamic evolution of orbits of the £ Tau.

This discrepancy was fixed with the N-body model, which
properly accounts for the dynamic interaction within the system
and is able to fit RVs, ETVs, and astrometric positions simulta-
neously. It provided a set of osculating elements and component
masses whose evolution fits the observables (see Table 13). It
also provided insight into the long- and short-term evolution of
the osculating elements (see Fig. 11) and also resolved the pro-
grade and retrograde solution (between orbits 1 and 2) solely
from ETVs. The result also supports previous analyses because
it did not vary much from their outcome.

Perturbation theory shows that the most pronounced secular
evolution of elements, that is, the advance of the apsidal line
of orbit 2, the harmonic variation of the inclination ¢; o, and
the longitude of the ascending node €2, » , are explained by a
quadrupole interaction between orbits 1 and 2. The same applies
to the predicted size of ETVs, which agree well with observa-
tions.
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Table 12. Summary of parameters derived from the spectroscopic, photometric, and spectro-interferometric analyses. In some cases more values
are listed for a parameter, to show that the methods do not contradict each other. Because they were safely resolved only with the astrometry,
elements of orbit 3 are not listed here, but in Table 10 and the mass of component C is estimated and briefly discussed in Sect. 7. The listed
parameters are the anomalistic period Pan, the sidereal period Ps, the periastron epoch 7}, the epoch of the primary minimum Ti,in, the semi-
major axis a, the mass ratio ¢, the eccentricity e, the inclination ¢, the periastron argument w, the position angle of the nodal line §2, the effective
temperature 7%, the surface gravitational acceleration log g, the projected rotational velocity v sin ¢, the mass m, the radius R, the angular diameter
0, the bolometric magnitude Mpor, the Johnson V magnitude and colour indices V, B — V, U — B, the dereddened Johnson V magnitude and
colour index Vy, By — Vo, and the parallax 7.

Parameter Unit Source Value
Orbital properties
Orbit 2 1
Pan (d) RV/LC 145.579+0.048 7.14664+0.00002
Ps (d) RV/LC 145.1134+0.071 7.14664+0.00002
Ty (RID) RV/- 55609.46+0.52 -
Tinin (RID) —/LC - 56224.72482+0.00022
a Re) IF+HP/IF+HP 219+15 26.1+£2.3
Re) IF+RV/IF+RV *229.0+7.7 -
(Re) —/RV+LC - *25.550+0.090
Gangular (mas) IF/IF 15.93+0.10 1.89+0.11
e RV/- *0.2101+0.0053 0.0
IF/- 0.2120£0.0040 0.0
q RV/RV 0.889+0.056 0.9438+0.0036
i (deg) IF/IF 86.67+0.12 86.85%
(deg) —-/LC - *86.85+0.22
w (deg) RV/- *9.2541.42 90.0*
(deg) IF/- 8.4+1.6 90.0*
w (degyr™1) RV/- 2.90+0.33 0.0
W (degyr™h) IF/~ 2.02:+0.31 0.0
Q (deg) IF/IF 148.4534+0.066 148.42+1.9
Component properties
Component B Aa Ab
Tes (K) SP 14190+150 107004160 *10480+130
(K) LC - 10700" 10450+£150
10g g[cgs) SP 4.527+0.041 4.08+0.12 4.01£0.10
RV+LC 4.09£0.11 4.3304+0.019 4.3484+0.022
vsini (kms~1) SP 229.2+1.7 12.6+2.6 14.3£3.1
m Mg) RV+LC *3.8940.25 *2.2524+0.027  *2.125+0.027
Mp) RV+IF 3.60+0.52 2.084+0.48 1.9640.45
R Re) RV+LC - 1.700+0.035 1.618+0.039
Re) IF+HP 2.81+0.28 - -
0 (mas) IF 0.407+0.031 - -
(mas) LC+HP - 0.247+0.017 0.235+0.017
Mpor, (mag) LC+RV+IF -1.1440.22 0.923£0.079 1.120£0.075
(mag) LC 4.250£0.10 5.46+0.11 5.63+0.11
B-V (mag) LC -0.124+0.16 -0.05+0.16 -0.03£0.14
U-B (mag) LC -0.446£0.16 -0.09+0.14 -0.07£0.14
Vo (mag) LC 4.24+0.65 5.5440.65 5.68+0.65
By —Wy (mag) LC -0.1204+0.085 -0.018+0.167 -0.0154+0.162
Parallax
Tay (mas) 15.91 +0.93
Tay (mas) %x14.96 £+ 0.51
TDM,Aa (mas) 14.3+4.3
TDM,Ab (mas) 144+4.4
TDM,B (mas) 13.3+22

Notes. ' Assumed. %A solution where ; = 328.4 = 1.9, is also plausible and has identical . *Parameters that are likely the closest to the true
nature of £ Tau. Sources: RV.. solution of the RV curve presented in Table 5, SP.. comparison of the observed and synthetic spectra presented in
Table 7, LC.. solution of the light curve presented in Table 9, IF.. solution of the V2 and T3¢ presented in Table 11, HP.. the Hipparcos parallax
m = 15.60 £ 1.04 mas. The parallaxes: m,, estimated from the size of the semi-major axis of orbit 1 (physical and angular), 7., estimated
from the size of the semi-major axis of orbit 2 (physical and angular), Tpn, Aa estimated from the distance modulus of component Aa, Tpn,Ab
estimated from the distance modulus of component Ab, mpa,ab estimated from the distance modulus of component B.
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Table 15. Initial osculating orbital elements a;, €;,%;,2;,w;, M; of the £ Tau system as derived by our N-body model. The epoch is Ty =
2456 224.724705. The values below correspond to that of best-fit solutions with x> = 2578, with individual contributions: Y2, = 2237,
thv =151, x%3, = 3.3 and ngy = 185. The masses of components in M, units were m*® = 2.232911f8:2338§§, mAP = 2.0099481“3:38883%,

= 3.734370-097% and m® = 0.90773. Component B is on its lower limit m>,. The mass of component C is very poorly constrained,
11 lS more of a distant test mass compared to the others. The 3-0 uncertainties of the elements were determined by a simplified one-dimensional
x? mapping, assuming a relative increase of x> by a factor of 1.13, i.e. suitable for the number of degrees of freedom we have (v = 908). The
uncertainty values were verified using the bootstrap method with 100 random selections of datasets and corresponding simplex ¢ gtlmlsatlon but
realistic uncertainties are likely to be larger than that because there are a number of local minima with statistically equivalent x~ values. We do
not report a full correlation matrix of our solution here. Its non-diagonal terms indicate higher values of uncertainties for those elements that are

strongly correlated or anti-correlated with others (e.g. 7,44, = 0.74, 74,0, = —0.77, 74, ,w, = —0.80, Tay,i3 = —0.79).
Parameter  Value Unit Note
a 0.11756730:0000007 @z 1082967099053 a5 28.35108L  au
e1 0.00009-5029 es  0.1974700%09 ey 0.56915:022
i 86.5138 i 86.77%3 iz —26.37100  deg
o8 331.4754 Qf 3289714 Qs 108.3733  deg
w 274.117915 wy  9.627014 wy  9.0733 deg
M, 176.027513 M, 85687513 Mz 31.371% deg
v 85718 kms~!
il 93.51%:2 deg mirror solution with x? = 2545,
Aa+Ab eclipses partially disappear
Qf 148.5%5%8 deg mirror solution with x* = 2749,

Aa+Ab eclipses partially disappear,
orbit 1 is retrograde w.r.t. orbit 2
iy 25.67,03 deg mirror solution with x* = 2678

Notes. T The value is expressed in hierarchical Jacobian elements, with respect to Aa+Ab barycentre because this pair is the most compact and
massive. If the reference point were the photocentre of the brightest component B instead, then the longitude of the ascending node would be
shifted by —180°.
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Appendix A: Supplementary material to the
spectroscopic observations and their
analyses

Details of the reduction procedure of the spectroscopic observa-
tions used in this study along with supplementary material to its
analysis are given in this section.

Appendix A.1: Acquisition and reduction of the
spectroscopic observations

The reduction procedure applied to spectra from different obser-
vatories (the labelling of observatories corresponds to that intro-
duced in Table 2) were the following:

i) OND: All slit spectra were secured at the coudé focus of
the 2m reflector in Ondfejov, Czech Republic, and were
recorded with the CCD detector PyLoN 2048x512BX. The
bias subtraction, flat-fielding, and wavelength calibration
were carried out using IRAF’ (Tody 1986, 1993). The spec-
tra were normalised with Hermite polynomials (order k£ <
10).

ii) FER: The echelle spectra were acquired with the 2.2m

ESO/MPG reflector at La Silla, Chile, and were reduced

(bias subtraction, flat-fielding, and wavelength calibration)

with a MIDAS pipeline developed specifically for the in-

strument (Kaufer et al. 1999). The studied regions of the
reduced spectra were normalised with Hermite polynomials

(order k < 10).

BES: The spectra were acquired with an echelle spectro-

graph mounted at the 1.5m Hexapod Telescope at Cerro

Amazones, Chile, which is the same as the FEROS spec-

trograph, and the same MIDAS pipeline was used to carry

out the reduction (bias subtraction, flat-fielding, wavelength
calibration). The studied regions were normalised with Her-

mite polynomials (order k£ < 10).

iv) ELO: The echelle spectra were obtained with the 1.93 m
reflector at Observatory Haute Provence. The initial reduc-
tions (bias subtraction, flat-fielding, wavelength calibration)
were carried out with a pipeline described in Baranne et al.
(1996). The studied regions were normalised with Hermite
polynomials (order k& < 10).

v) DDO: The slit spectra were acquired with the 1.88 m reflec-
tor at the David Dunlap Observatory. The initial reductions
(bias subtraction, flat-fielding, wavelength calibration) were
carried out using IRAF. The spectra were normalised with
Hermite polynomials (order k£ < 10).

vi) LIS: The slit spectra were acquired with the 0.356 m reflec-
tor at the Astronomical Observatory of the Instituto Geogra-
fico do Exército, Lisbon. The dark-frame subtraction and
flat-fielding were carried out in Maxim DL!°, The wave-
length calibration was carried out using neon comparison
spectra and telluric lines in the program Visual Spec!!. The
instrumental response was also removed in this program,
using Castor as a reference star. The spectra were nor-
malised with Hermite polynomials (order k£ < 10).

iii)

° IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.

10 Maxim DL is a commercial software designed for astronomical
imaging http://www.cyanogen.com/maxim/main.php.

" Visual Spec is a freeware designed for the wavelength calibration
and the instrumental response removal http://www.astrosurf.
com/vdesnoux/index.html.
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Appendix A.2: Supplementary materials to the analysis of
spectroscopic observations

The spectroscopic supplementary material consists of Fig. A.1
that shows a comparison of the separated and synthetic profiles.
The related analyses are described in Sects. 3.5 and 3.3.

Appendix B: Supplementary material to the
photometric observations and their analysis

Details on the reduction procedure of the photometric observa-
tions used in this study along with supplementary material to
their analysis are given in this section.

Appendix B.1: Acquisition and reduction of the
photometric observations

The reduction procedure applied to photometric observations
from different observatories (the labelling of observatories cor-
responds to the labelling introduced in Table 3) were the follow-
ing:

i) HVAR: The differential observations were obtained with
the 0.65m reflector at the Hvar Observatory, Croatia,
which is equipped with a photoelectric photometer with an
EMI 6256 tube. The observations were acquired relative to
the comparison star 4 Tau with the check star 6 Tau ob-
served as frequently as £ Tau and transformed to the stan-
dard UBV system (UBVR for observations acquired after
RJID = 56 000) using the non-linear transformations imple-
mented in the reduction package HEC22'? (see Harmanec
etal. 1994; Harmanec & Horn 1998). All observations were
reduced with the latest release 18, which allows for time
variation in the linear extinction coefficients in the course
of the observing night.

ii) HIPP: The all-sky observations were acquired with the

0.29 m reflector of the Hipparcos satellite and transformed

to V magnitude using the formule derived by Harmanec

(1998).

SAAO: The differential observations were acquired at the

South African Astronomical Observatory, South Africa

with 0.5 m reflector equipped with a photoelectric photome-

ter. The observations were acquired relative to the compar-
ison star 4 Tau and 6 Tau served as a check star and were
transformed to the standard Johnson system using HEC22.

iv) VILL: The differential observations were acquired with
the Automatic Photometric Telescope at Villanova, USA.
The observations were taken relative to the comparison star
4 Tau and 6 Tau served as a check star.

v) MOST: The all-sky observations were obtained with the
0.15m reflector in the MOST satellite. The initial reduc-
tion was carried out according to Walker et al. (2003) and
references therein. Removal of the remaining instrumental
artefacts and the stray light from Earth’s atmosphere is de-
scribed in Sect. 4.

iii)

Appendix B.2: Supplementary materials to the analysis of
the photometric observations

The photometric supplementary material consists of Figs. B.1
and B.2 that show the available primary and secondary light-

12" The whole package along with a detailed manual, auxiliary data files,
and results is available at http://astro.troja.mff.cuni.
cz/ftp/PHOT
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Fig. A.1. Comparison of the separated and synthetic spectra. The parameters defining the synthetic spectra are listed in Sect. 3.5. In each panel
we show in the top spectrum component B, in the middle spectrum component Aa, and in the bottom spectrum component Ab. The thick grey
line plots spectra, the thin black line separated and re-normalised spectra, and the thin red line synthetic spectra. The residuals are computed for

synthetic and re-normalised separated spectra.

curve minima. All minima cover a time interval no longer than
30d. See Sect. 4 for related analyses.

Appendix C: Supplementary material to the
spectro-interferometric observations and their
analyses

Details on the acquisition and reduction of the spectro-

interferometric observations, along with tables and figures illus-
trating the analysis are presented in Sect. 6.

Appendix C.1: Mark Ill observations

The observations were carried out using a single north-south
baseline three times on January 19, October 19, and November
2, 1991. The baseline length was 32 m on the first night and
15 m on the two other nights. Visibilities were recorded in three
narrow-band channels at 5000 A, 5500 A, and 8000 A. 1 and 7
Tau (limb-darkened diameters of 0.41 mas and 0.98 mas, respec-
tively, with 10% uncertainties) served as the calibrators. The cal-
ibrated visibilities were obtained from the Mark III data archive,
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Fig. B.1. All available primary minima of orbit 1. The filters are denoted as follows: U BV - Johnson UBYV filters, M O the MOST filter, and A
differential measurements taken in the visible without any filter. Mean RJD is given in the bottom left corner of each panel.

which was created using the reduction and calibration methods
described by Mozurkewich et al. (2003).

Appendix C.2: NPOI observations

The observations were carried out with the three-beam com-
biner in 1998 and 2000, and from 2003 to 2013 with the six-
beam combiner. Visibilities, complex triple amplitudes, and clo-
sure phases were recorded in 16 narrow-band channels between
5500 A and 8500 A. The journal of the NPOI observations in-
cluding the calibrator stars is given in Table C.2, and the calibra-
tor information is given in Table C.4.

The calibrators were taken from a list of single stars main-
tained at NPOI with diameters estimated from V and (V —K) us-
ing the surface brightness relation by Mozurkewich et al. (2003)
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and van Belle et al. (2009). Values of E(B — V') were derived
from comparison of the observed and theoretical colours as a
function of spectral type by Schmidt-Kaler in Aller et al. (1982).
Values for the extinction derived from E(B — V') were com-
pared to estimates based on the maps by Drimmel et al. (2003),
and used to correct V' if they agreed within 0™5. Even though
the surface brightness relation based on (V' — K) colours is to
first order independent of the reddening, we included this small
correction. The minimum (squared) visibility amplitudes corre-
sponding to the diameter estimates are given in Table C.4 for
all NPOI observations and show that the calibrators are either
unresolved or only weakly resolved.

NPOI data and their reductions were described by Hum-
mel et al. (1998) and Hummel et al. (2003). For the first time,
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Fig. B.2. All available secondary minima of orbit 1. The filters are denoted as follows: U BV - Johnson UBV filters, M O the MOST filter, A
differential measurements taken in the visible without any filter. Mean RJD is given in the bottom left corner of each panel.

we used a pipeline written in GDL'3 for the OYSTER'* NPOI
data reduction package. The pipeline automatically edits the one-
second averages produced by another pipeline directly from the

3 http://gnudatalanguage.sourceforge.net

" http://www.eso.org/~chummel/oyster

raw frames, based on expected performance such as the variance
of fringe tracker delay, photon count rates, and narrow-angle
tracker offsets. Visibility bias corrections are derived as usual
from the data recorded away from the stellar fringe packet. Af-
ter averaging the data over the full length of an observation, the
closure phases of the calibrators were automatically unwrapped
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so that their variation with time, as well as that of the visibility
amplitude, could be interpolated for the observations of ¢ Tau.
For the calibration of the visibilities, the pipeline used all cali-
brator stars observed during a night to obtain smooth averages
of the amplitude and phase-transfer functions using a Gaussian
kernel of 80 minutes in length. The residual scatter of the cali-
brator visibilities and phases around the average set the level of
the calibration uncertainty and was added in quadrature to the
intrinsic data errors. The amplitude calibration error of typically
a few percent in the red channels up to 15% in the blue channels
was added in quadrature to the intrinsic error of the visibilities.
The phase calibration was good to about a couple of degrees.

Appendix C.3: VEGA/CHARA observations

The observations were carried out during two runs in 2011 and
in 2012. Preliminary results, based on the observations obtained
during the first run, were published by Nemravova et al. (2013).
The reduction procedure was the same for both runs.

Five observations were acquired in 2011. All observations
were obtained in the three-telescope (3T) mode and included
the CHARA baselines EIE2W2, W1W2S2, and W2E2S2, rang-
ing from 63 m to 245m (El, E2, S1, S2, W1, and W2 denote
the telescopes in the CHARA telescope array). Ten new obser-
vations were secured in 2012. Four of them were taken in the
3T mode and the remaining six were taken in the two-telescope
(2T) mode. The 2T observations included the CHARA baselines
S2S1 and E2El, their projected lengths ranging from 34 m to
66 m. The 3T observations contained the E2EIW2 and W2W1S1
baselines, their projected lengths were from 65m to 279 m. A
detailed journal of all interferometric observations with the in-
strument CHARA/VEGA is in Table C.3.

The observations were obtained with two cameras centred
on 5350 A (denoted BLUE) and 7300 A (denoted RED) at
spectral resolution R ~ 5000. Individual frames were recorded
with a frequency of 100 Hz and grouped into blocks contain-
ing 2500 frames. Each block was coherently summed and
each observation had from 20 to 90 blocks. Two 20nm wide
bands were chosen in the BLUE region and two 30nm wide
bands in the RED region. The four bands used are A\jp =
{5320 — 5520, 5400 — 5600, 7000 — 7300, 7300 — 7600}'% A.
The frames were summed within these bands and the raw
squared visibility Vg aw was derived from the sum. The spectral
bands have to be narrow because of the limited coherence of the
waves due to the atmospheric turbulence. There are no strong
stellar lines in any of the four spectral bands used; the spectral
band 7300 — 7600 A is affected by the telluric water vapour
lines, but even those are smeared out by the low resolution of
the spectra.

A calibrator was observed before and after each observation
of £ Tau. Calibrators were selected with the tool SearchCal (Bon-
neau et al. 2006), and their list along with their basic properties
is given in Table C.5. The instrumental visibility was estimated
according to the formula

2
VCAL—UD

(u,v), (C.1)

2 _ 12
Vser(uw, v) = Vier_raw V2
CAL—RAW

5 The only difference between the reduction procedure of the
observations acquired in 2011 and 2012 is in the choice of
the spectral bands. The following bands were used in 2011
AlpoLp)y = {5350 — 5450, 5450 — 5600} A, and AMr(oLD) =
{7000 — 7200, 7100 — 7300, 7200 — 7400} A.
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where V& is the calibrated visibility of & Tau, V& g aw the
raw visibility of £ Tau, V3,1 _yp the visibility of a uniform disk
with a diameter listed in Table C.5, and VZ,; _gpaw the raw
visibility of a calibrator. To avoid inaccurate observations, we
removed all blocks with a S/N<2 and whose optical path de-
lay (OPD) differed from the mean OPD by more than 2¢. Such
blocks usually represent only random noise rather than a phys-
ical signal. In rare cases, when the raw visibility of £ Tau was
close to zero, but safely detected, and there was no suitable ob-
servation of a calibrator, the raw visibilities of £ Tau were used
in the analysis as if they were calibrated, but they were assigned
an error AV2? = 0.05. This allowed us to save more usable ob-
servations for very long baselines giving strong constraints by
low-visibility measurements.

Appendix C.4: VLTI/AMBER observations

¢ Tau was observed by VLTI/AMBER in 2012 Dec 03. The ob-
servations were acquired in three-telescope mode in J, H, and K
bands and the low-resolution regime (R = 35). The baselines
ranged from 41 m to 139 m.

The unprocessed observations were downloaded from the
ESO archive and the reduction was made with the AMBER data
reduction software amdlib (Benisty et al. 2015). Following the
manual step by step, we applied the bad pixel and flat-field maps,
computed pixel-to-visibility matrix, subtracted the dark frame,
and performed frame selection based on the fringe S/N ratio (the
best 20 % were kept).

Four stars were used as calibrators; they are listed along with
their basic properties is in Table C.5. The uniform-disk diam-
eters were taken from the JMMC Stellar Diameters Catalogue
(Lafrasse et al. 2010). The calibration was made using the li-
brary amdlib.

Additionally, we had to filter the data. Observations
with an effective wavelength at the edges of the J, H,
and K bands were not removed, although they had large
uncertainties and displayed an abrupt drop in visibility in-
consistent with the remaining data. Only observations whose
effective wavelength lay in any of following bands A\ €
{1.155 — 1.34;1.49 — 1.77; 2.02 — 2.05;2.075 — 2.41} um
were used. Furthermore, several observations suddenly had very
low visibility compared to neighbouring data, which was very
likely caused by an instrumental and/or atmospheric effect.
These are data taken at RJD = 56264.767145, all data with
B/X < 1.76 x 107, and data taken from RID = 56264.776653
to RID = 56264.778568 with B/\ > 9.25 x 107.

Appendix C.5: Night-by-night analysis of NPOI
observations

The calibrated visibility and phase estimates are rich enough to
permit night-by-night estimation of positions of individual com-
ponents. Owing to the lower resolution, the NPOI interferometer
is almost insensitive to orbit 1 and diameters of the three com-
ponents (Aa, Ab and B) of £ Tau. Therefore the system was rep-
resented by two point sources, and the relative position of com-
ponent B and the eclipsing binary was estimated. The results of
the night-by-night analysis are given in Table C.1.

The uncertainty ellipses of position of the photocentre of or-
bit 1 (which is almost identical with its centre of mass because
the two components of the eclipsing binary are similar) relative
to component B were computed from fits to contours of the x>
surfaces at the minima instead of deriving them from the interfer-
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Table C.1. Astrometric positions of the photocentre of orbit 1 rela-
tive to component B derived from night-by-night analysis of MARK III
and NPOI observations. p is the separation, 6 the position angle mea-
sured counter-clockwise from the north, a, b and « are the semi-major
axis, semi-minor axis, and the position angle (again measured counter-
clockwise from the north) of the uncertainty ellipse.

RID p 0 a b @
(mas) (deg) (mas) (mas) (deg)
NPOI
51093.906 9.71 145.08 0.831 0.157 177.1
51097971 11.87 148.00 0.838 0.169 169.1
51171.722 1831 327.53 0.844 0.153 173.7
51815933 736 142.65 0.842 0.156 176.2
51835927 11.98 149.63 0.853 0.163 171.7
52913.988 18.72 327.60 0.628 0.111 151.8
52927944 1846 328.68 1.962 0.223 149.7
52930.924 1830 329.24 0.608 0.263 167.0
55463.974 12.48 148.89 1.874 0.256 152.7
55464970 1223 148.82 0.675 0.256 162.2
55465970 1222 14996 0.666 0.252 162.2
55466.962 11.74 149.30 0.653 0.254 162.7
55467.963 11.41 150.01 0.651 0.256 162.8
55468.959 11.12 150.03 0.650 0.257 162.7
55469.886 1093 150.16 0.624 0.274 180.0
55470.955 10.11 150.39 0.643 0.272 163.5
55999.608 10.00 334.30 2952 0.229 130.3
56001.610 830 33523 3.155 0.250 126.8
56221917 590 31892 0424 0.091 158.9
56227.894  9.59 322.81 0.544 0.081 160.8
56228.900 10.52 324.06 0.609 0.098 154.1
56229.901 11.28 324.86 0.620 0.095 154.8
56230.899 11.53 324.83 0.631 0.088 156.9
56235.880 14.12 325.89 0.527 0.081 160.3
56236.878 14.59 32594 0.497 0.088 158.4
56237.869 15.02 326.35 0.552 0.080 161.1
56238.864 1545 326.38 0.550 0.080 161.2
56297.679  4.12 337.15 0.787 0.107 178.3
MARK IIT
48275.689 18.18 328.84 0.852 0.146 80.6
48548.925 1520 323.62 2490 0.219 728
48562.870 18.02 327.93 1.066 0.314 85.6

ometric PSF to take the limitations of fitting a component posi-
tion very far from the phase centre into account. For the contour
we chose 25% above minimum to obtain a reduced 3.

An astrometric fit to positions listed in Table C.1 confirms
that NPOI is insensitive to the eclipsing binary because the de-
rived orbital properties do not differ significantly from those ob-
tained from a global fit to V2 presented in Table 11.

Appendix C.6: Supplementary materials to the analysis of
the spectro-interferometric observations

The spectro-interferometric supplementary material consists of
the following tables and figures:

i) Table C.2 lists all available spectro-interferometric obser-
vations acquired with the NPOI and MARK III instruments.
For each observation the observing stations, its baselines
[Bmin; Bmax], phase coverage of orbits 1, and 2 ¢, and,
9, and associated calibrators are given. The numbering of
calibrators is given in Table C.4.

ii) Table C.3 lists all available spectro-interferometric obser-
vations acquired with the CHARA/VEGA instrument. For
each observation the lengths of the projected baselines B
and their orientation 6, the phase coverage of orbits 1, and 2
1, and, ¢2, and associated calibrators are given.

Table C.4 lists all calibrators which were used to calibrate
the NPOI observations of ¢ Tau. For each calibrator its
Johnson V' magnitude, spectral type, colour index V' — K,
interstellar reddening E(B — V'), the minimum amplitude
squared visibility V2 , and the uniform disk diameter fy_x
for wavelength range from V' to K band are given.

Table C.5 lists all calibrators which were used for calibra-
tion of the CHARA/VEGA and VLTI/AMBER observa-
tions. For each calibrator the spectral type, effective temper-
ature Tog, gravitational acceleration log g, Johnson V (K)
magnitude V' (K), and the uniform disk diameter in these
bands v, Ok are given.

Figures C.1 — C.10 show fits of the global model given by
Eq. (9), and corresponding parameters are listed in Table 11.

iii)

~

iv

v

~

Article number, page 33 of 47

184



A&A proofs: manuscript no. Xitau

MARKIII 1991-01-19 / 48275.69

MARKIII 1991-10-19 / 48548.93

1.0 1.0 m Y
038 }} . ‘I {{
; o }
.
ot g | =00 .
02 I .
" , 00
© © 07
3 r [ } 3 0.00{ R A }
2 2 -0.72 .
= 4.0 4.5 5.0 55 6.0 = 1.8 2.2 2.4 2.6 2.8 3.0
B/ 1e7 B/ 1e7
MARKIIl 1991-11-02 / 48562.87 NPOI 1998-10-07 / 51093.91
10 e ]
1. !
08 2 .
r G
) %j : H ot
0.2
.H ze ) L
n 0.0 L1 K]
© 03 2
3 0.00{ s e IR - } 3 PRER L T
7 -0.32L " N )
= 1.8 2.0 2.2 2.4 2.6 2.8 = 5
B/ 17 B/ 1e7
NPOI 1998-10-11 / 51097.97 NPOI 1998-12-24 / 51171.72
1.0 1.0f " Z % ?
oe ] §§ ?g i %
06 ] i °
. ! EER g f
0.4 S5z lo;l. 'Kfii
0.2 ok ieehg
e iy sl
ﬂ g'g ©
© 0. - WY © n T
3 g-gE'~.-u~m’aﬁ-:§‘-’.h".':'.": S R } 2 R T L s AT T AR TN }
£ 3 4 5 6 7 £ 5 6 7
B/ 17 B/ 1e7

NPOI 2000-09-28 / 51815.93

NPOI 2000-10-18 / 51835.93

* L]
3

i ﬂi’i{ffg i ;

IR NoA TS i }

residuals

residuals

residuals

residuals

residuals

residuals

2.5 3.0 3.5

Fig. C.1. Best-fitting model (part one) plotted against the observations from the MARKIII and NPOI spectro-interferometers. In each panel, the
observed squared visibility V# is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points.
Residuals of the fit are shown below each panel. The mean acquisition date, the corresponding mean heliocentric Julian date, and the instrument
are indicated above each panel.
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Fig. C.2. Best-fitting model (part two) plotted against the observations from the NPOI spectro-interferometer. In each panel, the observed squared
visibility V2 is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals of
the fit are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument are
indicated above each panel.
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Table C.2. NPOI and MARK III observations of £ Tau. Column 2 lists the configuration used as a triple of stations (e.g. “AC-AE-W7”, using
astrometric stations centre and east, as well as imaging station W7) if data from all three involved baselines were recorded, including the corre-
sponding closure phase. When a single baseline is listed, only squared visibility data were recorded but no closure phases on that baseline. ¢1 (¢2)
refers to mean orbital phase of orbit 1 (2) at the given RJD. Calibrator numbers correspond to the numbering in Table C.4.

RID! Triangles/baselines Bmin  Bmax 01 o2} Calibrators

(m) (m)

NPOI
51093.906054 AC-AE-AW 15 37 0.066 0.897 09111418
51097.971703 AC-AE-AW 16 37 0.635 0.925 09111418
51171.722612 AC-AE-AW 17 37 0.954 0433 0911
51815.933549 AC-AE-AW 16 37 0.096 0.871 010309 08
51835.927180 AC-AE-AW 17 37 0.894 0.008 200912141508
52913.988131 AC-AE-W7, AC-AW-W7 17 63 0.742 0435 19
52927944213 AE-AC, AW-AC 17 49 0.695 0.531 0519
52930.924441 AE-AC, AW-AC 19 56 0.112 0.551 0519
55463.974404 AC-AE, AC-AW 18 22 0.551 0.000 0615161721
55464.970628 AC-AE, AC-AW 14 22 0.690 0.007 0615161721
55465.970834 AC-AE, AC-AW 17 22 0.830 0.014 0615161721
55466.962039 AC-AE, AC-AW 16 22 0969 0.021 0615161721
55467.963919 AC-AE, AC-AW 16 22 0.109 0.028 0615161721
55468.959529 AC-AE, AC-AW 15 22 0.248 0.034 0615161721
55469.886574 AC-AE, AC-AW 15 22 0.378 0.041 0615161721
55470.955776  AC-AE, AC-AW 14 22 0.528 0.048 0615161721
55999.608038 AE-AC, AW-AC 13 16 0.500 0.690 101113
56001.610251 AE-AC, AW-AC 13 15 0.780 0.704 101113
56221917782 AC-E6-W7, AC-AE 19 73 0.607 0.221 010711
56227.894044 AC-AE-W7, AC-E6-W7 19 79 0.443 0.262 0711160221
56228.900174 AC-AE-W7 18 64 0.584 0.269 0711160221
56229.901258 AC-AE-W7 19 67 0.724 0276 0711160221
56230.899631 AC-AE-W7, W7-E6 18 73 0.863 0.283 0711160221
56235.880496 AC-AE-W7, AC-E6-W7 18 77 0.560 0.317 0711160221
56236.878894 AC-AE-W7, AC-E6-W7 19 75 0.700 0.324 0711160221
56237.869383 AC-AE-W7, AC-E6-W7 19 77 0.839 0331 0711160221
56238.864654 AC-AE-W7, AC-E6-W7 18 78 0978 0.338 0711160421
56297.679445 AC-AW-E6 0 53 0.208 0.743 1011

Mark II1

48275.689 NF-SF 29 30 0.725 0.484 pTau, nTau
48 548.925 ND-SC 14 15 0.958 0.366 4 Tau, n Tau
48562.870 ND-SC 14 15 0.909 0462 j Tau, nTau

Notes. 'Mean RJD. Ephemeris used to compute the orbital phases: 1 - Tmin,1 (RJD) = 7.1467 x E + 56 224.7246, 2 - Ty, 2(RIJD) = 145.17 x
E + 55609.05, where E is the epoch, Trin,1 the epoch of the primary minimum of orbit 1, T}, 2 the epoch of the periastron passage of orbit 2.

Article number, page 36 of 47

187



Nemravovd et al.: £ Tau: a compact hierarchical quadruple system

Table C.4. List of NPOI calibrators used for £ Tau, where V' (K) is the apparent magnitude in the Johnson V' (K) filter, E(B — V) the interstellar
reddening, V2 the squared visibility, and 6 the uniform disk diameter.

No HD Type V. V—-K EB-V) V? ok

(mas)
01 886 B2IV 283 -0.940 0.010 0.85 0.498
02 7804 A3V 516 0239 -0.010 091 0.366
03 7964 A3V 476 0224 -0.050 0.97 0434
04 11171 F3II 4.65 0778 -0.035 073 0.653
05 12216 A2V 398  0.059 -0.060 0.98 0.562
06 16582 B2IV  4.07 -0.632 0.020 0.99 0.343
07 17081 B7V 425 -0.255 -0.010 0.89 0.403
08 20630 GS5Vvar 4.83  1.873 0.000 0.86 0.956
09 23630 B7II 290  0.264 0.010 0.85 0.981
10 24760 B0O.SV 288 -0.833 0.110 091 0519
11 25490 ALV 391  0.127 0.020 0.77  0.600
12 37128 BOla 170 -0.573 0.040 0.84 1.012
13 76756 ASm 420  0.256 0.190 098 0.582
14 184006 A5Vn 379  0.192 -0.010 093 0.668
15 192696 A3IV-Vn 430 0222 0.030 096 0.536
16 195810 B6IIT 4.03 -0.351 0.020 0.88 0.421
17 196724 AOV 482 -0.034 0.000 0.99 0.360
18 213558 ALV 377 -0.081 0.000 0.95 0.568
19 214923 B8.5V 340 -0.166 0.003 0.85 0.635
20 216735 ALV 490  0.060 -0.010 0.99 0.366
21 217891 B6Ve 4.53 -0.220 0.030 0.92 0.360

Table C.5. List of stars used for calibration of CHARA/VEGA and VLTI/AMBER observations. All data were taken from the JMMC Stellar
Diameters Catalogue (Lafrasse et al. 2010). Tcg denotes the effective temperature, g the gravitational acceleration, 6x the uniform-disk diameter
in the passband X, X the magnitude in the passband X.

Calibrator Parameter
Ter 108 Glegy] 14 K Ov Or 03 On Ok
(K) (mag) (mag) (mas) (mas) (mas) (mas) (mas)
CHARA/VEGA

HD 21686 9790 41 5125 5.167 0.245(18) 0.247(18) 0.251(18) 0.252(18) 0.252(18)
HD 18604 13000 34 4703 4910 0257(18) 0.257(18) 0.262(18) 0.262(18) 0.263(18)
HD26793 10500 4.0 5210 5357 0207(15) 0.209(15) 0.212(15) 0.213(15) 0.214(15)
VLIVAMBER
HD 25490 9500 a1 3891 3.783 0.513(37) 0.518(37) 0.526(37) 0.529(37) 0.530(37)
HD 34909 4660 2.1 7987 5775 031023) 0.31523) 0.323(23) 0.326(23) 0.328(23)
HD 38277 5700 4.4 7.119 5597 0318(23) 0.322(23) 0.329(23) 0.331(23) 0.333(23)
HD 38406 5790 44 8.197 6735 0.186(14) 0.188(14) 0.192(14) 0.193(14) 0.194(14)
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Fig. C.3. Best-fitting model (part three) plotted against the observations from the NPOI spectro-interferometer. In each panel, the observed squared
visibility V2 is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals of the fit
are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument are indicated
above each panel.
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Fig. C.4. Best-fitting model (part four) plotted against the observations from the NPOI spectro-interferometer. In each panel, the observed closure
phase T3¢ is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals of the fit
are shown bellow each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument are indicated
above each panel.
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Fig. C.6. Best-fitting model (part six) plotted against the observations from the CHARA/VEGA spectro-interferometer. In each panel, the observed
squared visibility V' is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals
of the fit are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument are
indicated above each panel.
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Fig. C.7. Best-fitting model (part seven) plotted against the observations from the CHARA/VEGA spectro-interferometer. In each panel, the
observed squared visibility V2 is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points.
Residuals of the fit are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the
instrument are indicated above each panel.
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Fig. C.8. Best-fitting model (part eight) plotted against the observations from the CHARA/VEGA spectro-interferometer. In each panel, the
observed squared visibility V2 is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points.
Residuals of the fit are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the
instrument are indicated above each panel.
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Fig. C.9. Best-fitting model (part nine) plotted against the observations from the VLTI/AMBER spectro-interferometer. In each panel, the observed
squared visibility V2 is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals
of the fit are shown below each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument are
indicated above each panel.
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Fig. C.10. Best-fitting model (part ten) plotted against the observations from the VLTI/AMBER spectro-interferometer. In each panel, the observed
closure phase T3¢ is plotted with red triangles; the model corresponding to parameters listed in Table 11 is denoted with black points. Residuals
of the fit are shown bellow each panel. The mean acquisition date, the corresponding mean reduced heliocentric Julian date, and the instrument
are indicated above each panel.
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Appendix D: Description of the observational
material

This section contains templates of tables with observational ma-
terial.

— Radial velocity measurements are published in Table D.1.

— Photometric observations are published separately for each
photometric filter (MO, U, B, V) in Tables D.2, D.3, D .4,
D.s.

— The spectro-interferometric observations are published in
form of calibrated squared visibility moduli in Table D.6,
and closure phases in Table D.7.

Article number, page 46 of 47

Table C.3. Journal of the spectro-interferometric observations of £ Tau.
1 (¢2) denotes the orbital phase of orbit 1 (2), B the mean length of the
projected baseline, 6 the position angle of the projected baseline. The
calibrator stars are identified as follows: 1 - HD 21686, 2 - HD 18604,
and 3 - HD 26793.

RID NB h1 Pa B 0 Cal
(m)  (deg)
The 2011 run

55825.8907 3-1 0.193 0488 064.6 -1559 1,2
3-2 150.0 -160.6 1,2

3-3 2172 -158.9 1,2

55846.8703 3-1 0.129 0.633 065.8 -154.2 2
3-2 155.8 -159.3 2

3-3 2214  -157.8 2

55850.8130 3-1 0.680 0.660 147.0 -160.9 1,2
3-2 154.1  -090.1 1,2

3-3 244.8 +056.0 1,2

55854.8645 3-1 0.247 0.688 065.6 -153.1 1,2
3-2 156.2 -158.3 1,2

3-3 221.6  -156.8 1,2

558549548 3-1 0.260 0.688 1353 -148.5 1,2
3-2 172.7  -057.7 1,2

3-3 217.7 +084.1 1,2

55856.8928 3-1 0.531 0.702 063.3 -149.9 2,3
3-2 1525 -155.6 2,3

3-3 2163  -154.2 2,3

The 2012 run

561948118 2-1 0.814 0.029 054.8 -156.0 1
561949180 2-1 0.829 0.030 0659 -154.1 1
56197.8894 3-1 0.245 0.050 065.6 -155.2 1
3-2 1535 -160.1 1

3-3 218.7 -158.6 1

561979362 3-1 0.252 0.051 065.0 -152.1 1
3-2 155.6 -157.5 1

3-3 2204 -155.9 1

56200.0052 3-1 0.541 0.065 106.3 -002.5 1
3-2 2039 -060.1 1

3-3 276.1 -041.1 1

56200.0306 3-1 0.545 0.065 099.2 -000.3 1
3-2 207.7 -056.8 1

33 2783 -039.2 1

562269927 2-1 0317 0.251 0454 -125.8 1
56227.0299 2-1 0.323 0.251 040.0 -109.9 1
56227.8758 2-1 0.441 0.257 031.3 +100.3 1
562279720 2-1 0454 0.258 0334 +117.0 1
Notes. Ephemeris used to compute the orbital phases: 1 -

Tmin,1 (RID) = 7.1467 x E + 56224.7246, 2 - T, 2(RJD) =
145.17 x E 4 55609.05, where E is the epoch, T\x;,, the epoch of the
primary minimum of orbit 1, 77, » the epoch of the periastron passage
of orbit 2.

Table D.1. RV measurements obtained with the cross-correlation tech-
nique described in Sect. 3.2. ¢ denotes time, RV the heliocentric ra-
dial velocity, ory the uncertainty of the heliocentric radial velocity, and
component denotes members of £ Tau (Aa, Ab, or B).

t RV

2 component
(RID) (kms~1)

ORV
(kms~1)

Notes. RJD = HJD — 2400 000, components: Aa.. primary of orbit 1,
Ab.. secondary of orbit 1, and B.. primary of orbit 2.

197



Nemravovd et al.: £ Tau: a compact hierarchical quadruple system

Table D.2. Reduced photometric observations acquired with the MOST
satellite. ¢ denotes time, M O the magnitude in the MOST filter, and
owmo the uncertainty of the magnitude in the MOST filter.

t MO
(RID) (mag)

OMO
(mag)

Notes. RJD = HJD — 2400 000

Table D.3. Reduced photometric observations acquired in the Johnson
U filter. ¢ denotes time, U the magnitude in the Johnson U filter, ou
the uncertainty of the magnitude in the Johnson U filter, and source the
origin of an observation.

t U oy source
(RJD) (mag) (mag)
Notes. RJD = HJD — 2400000, sources: 1.. Hvar Observatory,

2.. South African Astronomical Observatory, 3.. Four College Auto-
matic Photometric Telescope.

Table D.4. Reduced photometric observations acquired in the Johnson
B filter. ¢ denotes time, B the magnitude in the Johnson B filter, o
the uncertainty of the magnitude in the Johnson B filter, and source the
origin of an observation.

t B oB source
(RJD) (mag) (mag)
Notes. RJD = HJD — 2400000, sources: 1.. Hvar Observatory,

2.. South African Astronomical Observatory, 3.. Four College Auto-
matic Photometric Telescope.

Table D.5. Reduced photometric observations acquired in the Johnson
V filter. ¢ denotes time, V' the magnitude in the Johnson V filter, ov
the uncertainty of the magnitude in the Johnson V filter, and source the
origin of an observation.

t |4 oy source
(RJD) (mag) (mag)
Notes. RJD = HJD — 2400000, sources: 1.. Hvar Observatory,

2.. South African Astronomical Observatory, 3.. Four College Auto-
matic Photometric Telescope.

Table D.6. Calibrated squared visibility moduli estimated from studied
spectro-interferometric observations. ¢ denotes time, u the baseline pro-
jected in the east-west direction, v the baseline projected in the north-
south direction, Aeg the effective wavelength, V? the calibrated squared
visibility modulus, o2 the uncertainty of the calibrated visibility, and
src the origin of an observation.

VZ

t u v Aeff ov2 src
RJID)  (m) (m) (m)
Notes. RJD = HJD — 2400000, sources: 1.. CHARA/VEGA,

2.. MARKIIL, 3.. NPOI, 4.. VLTI/AMBER.

Table D.7. Closure phases estimated from studied spectro-
interferometric observations. ¢ denotes time, u; the first baseline
in a closing triangle projected in the east-west direction, vy the first
baseline in a closing triangle projected in the north-south direction,
uy the second baseline in a closing triangle projected in the east-west
direction, v the second baseline in a closing triangle projected in the
north-south direction, Aeg the effective wavelength, T3¢ the closure
phase, 0,4 the uncertainty of the closure phase, and src the origin of
an observation.

t Uy V1 U (%) /\Cﬂ" T3¢ UT3¢ Src
RID) (m) (m) @m) (@m (@m) (deg) (deg)
Notes. RJD = HJD — 2400000, sources: 1.. CHARA/VEGA,

2.. MARKIIL 3.. NPOI, 4.. VLTI/AMBER.
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