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ABSTRACT

Aims. Both components of the bright eclipsing binary & Dra have been resolved using long baseline interferometry and the secondary
component has been shown to contribute approximately 15% of the total flux; however, a spectroscopic detection of the companion
star has so far been unsuccessful. We aim for a firm spectroscopic detection of the secondary component of @ Dra using state-of-the-art
spectroscopic analysis methods for very high-quality spectroscopic observations. This will allow the determination of fundamental
and atmospheric properties of the components in the system with high precision and accuracy.

Methods. To achieve our goals, we use a combined data set from interferometry with the Navy Precision Optical Interferometer
(NPOI), photometry with the TESS space observatory, and high-resolution spectroscopy with the HERMES fibre-fed spectrograph
at the La Palma observatory. We use the method of spectral disentangling to search for the contribution of a companion star in the
observed composite HERMES spectra, to separate the spectral contributions of both components, and to determine orbital elements
of the @ Dra system. TESS light curves are analysed in an iterative fashion with spectroscopic inference of stellar atmospheric
parameters to determine fundamental stellar properties and their uncertainties. Finally, NPOI interferometric measurements are used
for determination of the orbital parameters of the system and angular diameters of both binary components.

Results. We report the first firm spectroscopic detection of the secondary component in @ Dra and deliver disentangled spectra of both
binary components. The components’ masses and radii are inferred with high precision and accuracy, and are M, = 3.186+0.044 M,
Ra =4.932+0.036 Ry, and My = 2.431 +0.019 My, R = 2.326 +0.052 R, for the primary and secondary components, respectively.
Combined astrometric and spectroscopic analysis yields the semi-major axis of the system, which is ultimately used to derive the
dynamical parallax of 7 = 11.48 + 0.13 mas, and the distance d = 87.07 = 1.03 pc to the @ Dra system. Evolutionary analysis of
both binary components with MESA stellar structure and evolution models suggests the primary is an evolved post-TAMS A-type star,
while the companion is a main-sequence A-type star with a convective core mass of M., = 0.337 +0.011 M,,. Positions of both binary
components in the Kiel- and HR-diagrams suggest a value of the convective core overshooting parameter f,, well below 0.010 Hj,
and we infer the age of the system to be 310 + 25 Myr.

Conclusions. The inferred near-core mixing properties of both components do not support a dependence of the convective core
overshooting on the stellar mass. At the same time, the @ Dra system provides extra support to hypothesise that the mass discrepancy
in eclipsing spectroscopic double-lined binaries is associated with inferior atmospheric modelling of intermediate- and high-mass
stars, and less so with the predictive powerof stellar structure and evolution models as to the amount of near-core mixing and mass of
the convective core.

Key words. stars: fundamental parameters — binaries: spectroscopic — binaries: eclipsing — techniques: interferometric —
techniques: spectroscopic — stars: individual: & Dra

1. Introduction

It is a well-known fact that a considerable fraction of stars are
born in binary or higher-order multiple systems. In the case of

* Based on observations made with the Mercator Telescope, operated
on the island of La Palma by the Flemish Community, at the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrofisica
de Canarias.

Article published by EDP Sciences

hot massive OB-stars, binarity or higher multiplicity is found to
have a strong effect on their evolution as over 50% of those stars
are found in binaries or higher-order multiple systems whose
components will interact one or multiple times in the course
of their lifetime (e.g., Sana et al. 2012, 2013). Moreover, obser-
vational evidence was recently presented that the binary frac-
tion among massive stars is independent of their environment.
As such, Almeida et al. (2017) demonstrate that O-type stars in
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the 30 Dor region of the Large Magellanic Cloud (LMC) show
the observed binary fraction of approximately 55-60% that is
similar to the existing Galactic samples of massive stars. Fur-
thermore, Bodensteiner et al. (2021) and Banyard et al. (2022)
report similar binary fraction of 50-55% among SMC and
Galactic B-type stars, respectively. At the same time, Luo et al.
(2021) report a somewhat lower binary fraction of approximately
40% among Galactic OB-stars from LAMOST low-resolution
multi-epoch spectroscopy. Finally, Cohen et al. (2020) report the
binary fraction among solar-type stars to be about 42% suggest-
ing that binarity is a key player in the evolution and fate of stars,
independently of their initial mass.

Given the large binary fraction among solar-type
(Duchéne & Kraus 2013), and more massive stars (Sana et al.
2014), binarity can become a serious obstacle for interpretation
of astrophysical results when it is not properly accounted for.
For example, detailed chemical composition analysis of stars
may reveal complex and spurious abundance patterns when
a faint and spectroscopically undetected companion is not
accounted for in the spectroscopic analysis (Scholler et al.
2010). Furthermore, observationally undetected stellar pairs can
lead to the appearance of multiple parallel main sequences in the
Hertzsprung-Russell (HR) diagrams from photometric surveys
(Kroupa et al. 1993; Elson et al. 1998). Moreover, ignorance of
the orbital motion of the two stars in a binary system also leads
to a large bias in the astrometric measurement of the stellar
parallax (Makarov & Kaplan 2005; Frankowski etal. 2007,
Kervella et al. 2019). Finally, classification of a star as an X-ray
source or a flaring object can be erroneous when a possible
companion star remains undetected (Schroder & Schmitt 2007;
Stelzer et al. 2011).

On the other hand, when the subject of targeted research,
spectroscopic double-lined or eclipsing binaries, if spatially
resolved, become a principal source of the fundamental stellar
quantities such as masses and radii of stars. With the advent of
observational instruments and techniques, such as high-precision
and high-resolution spectroscopy, high angular resolution inter-
ferometry, and micro-magnitude precision and high duty cycle
space-based photometry, stellar masses and radii are more rou-
tinely measured than ever before, with accuracy better than 3%
(Torres et al. 2010; Serenelli et al. 2021). High-precision and
high-accuracy measurements of fundamental and atmospheric
properties of stars are a challenge to the theory of stellar struc-
ture and evolution (SSE), but also offer a powerful tool for the
improvement of the SSE theory. Over the last two decades spec-
troscopic double-lined eclipsing binaries have been extensively
exploited to study the effects of the stabilisation of thermal con-
vection by magnetic fields and of atomic diffusion in low-mass
stars (e.g., Feiden & Chaboyer 2012, 2013, 2014; Torres et al.
2014; Higl & Weiss 2017), to probe the levels of near-core
mixing (typically in the form of convective core overshoot-
ing) in intermediate- and high-mass stars (e.g., Pols et al. 1997,
Guinan et al. 2000; Claret & Torres 2016, 2017, 2018, 2019;
Martinet et al. 2021), to investigate chemical element transport
from accurate measurements of surface abundances in mas-
sive stars (Pavlovski et al. 2018), and to measure convective
core masses in intermediate- and high-mass BA-type stars (e.g.,
Johnston et al. 2019a; Tkachenko et al. 2020).

Today, binary stars are often found to be synergistic with
intrinsically variable stars, where the variability is typically
caused by stellar pulsations, rotational modulation of surface
inhomogeneities, and activity of cool companion stars. Hence,
combining complementary research approaches (e.g., astero-
seismology and binarity) and/or observational techniques (e.g.,
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spectroscopy, astrometry, and photometry) allows us to attack
the problem of uncertainties in SSE models from various angles,
where SB2 EBs play a crucial role.

In this work we study @ Dra (also known as Thuban),
a bright (V=3.7mag) binary system that was first reported
as such by Harper (1907). Following the recent detection of
eclipses in the photometric data recorded with the Transiting
Exoplanet Survey Satellite (TESS, Ricker et al. 2014, 2015) by
Bedding et al. (2019) and the possible detection of a faint com-
panion star in high-resolution spectra by Hey et al. (2022), we
acquired a new set of high-resolution optical spectra, comple-
menting already-existing high angular resolution interferometric
data, to enable a high-precision study of the system. In Sect. 2
we provide a short overview of the previous studies of the & Dra
system. Results of the analysis of Mark III and NPOI inter-
ferometric, HERMES high-resolution optical spectroscopic, and
TESS space-based photometric data are presented in Sects. 3-5,
respectively. We assess the evolutionary status of both binary
components in Sect. 6, while the dynamical parallax measure-
ment is provided in Sect. 7 along with discussion on all the
distance estimates to the system available to date. We present a
general discussion of the obtained results in Sect. 8, and close the
paper with conclusions and an outline of future work in Sect. 9.

2. An overview of @ Dra

Since the first determination of the orbital parameters by Harper
(1907), @ Dra (11 Dra, HD 123299) was frequently observed
spectroscopically as a SB1 system. A high degree of consistency
is observed for orbital solutions reported by different research
groups, yet some of the reported differences are statistically sig-
nificant as they are larger than the quoted uncertainties. For
example, Elst & Nelles (1983) report the radial velocity (RV)
semi-amplitude of K = 49.8 + 0.3kms™! for the visible com-
ponent, while more recent studies by Kallinger et al. (2004)
and Bischoff et al. (2017) find K = 48.488 + 0.080kms™! and
K =47.48 +0.21 kms™', respectively. Since a Dra has not been
recognised as a SB2 system yet, all previous inferences of RV
semi-amplitude are likely to be affected by the broad spectral
features of an as yet undetected companion star. No appreciable
changes in the longitude of periastron w indicative of an apsidal
motion are reported in the literature; the system is found to reside
in a highly eccentric orbit, e = 0.426 + 0.004 (Bischoff et al.
2017). The star was also first resolved with the Navy Precision
Optical Interferometer (NPOI), and an estimate of the brightness
difference of Am = 1.83 + 0.07 mag at 17000 A was derived by
Hutter et al. (2016).

Adelman et al. (2001) performed a detailed abundance anal-
ysis of @ Dra based on DAO spectrograms, and classified the
system as a A Bootis star owing to the detected metal deficien-
cies. More recently, however, @ Dra has been withdrawn from a
list of A Boo candidate stars by Murphy et al. (2015). A histori-
cal disagreement as to the true value of the projected rotational
velocity of the star was finally resolved thanks to the advent
of electronic detectors and the high spectral resolution of the
instruments. Gray (2014) measured v sini of 26.2 km s™! from
a high-resolution and high signal-to-noise spectrum using the
Fourier transform technique. The measurement is in good agree-
ment with the findings by Royer et al. (2002) and Shorlin et al.
(2002), who report vsini of 25 + 2kms~! and 28 + 2kms~!,
respectively.

A dedicated spectroscopic observational campaign was
organised by Kallinger et al. (2004) to search for possible intrin-
sic variability in the star through a study of line profile variations.
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Table 1. NPOI calibrators.

HD Sp. Vv V-K EB-V) 6vx V&,
type [mag] [mag] [mag] [mas]
FK5423 A2V 3.34 0.26 —-0.06 0.86 0.88
FK5 447 A0V 2.44 0.01 0.02 .11 0.81
FK5456 A3Vv 331 0.21 0.00 0.84 0.90
FK5472 Belllp  3.87 0.05 0.02 059 0.89
HR5062 A5V 4.01 0.87 0.01 0.67 095
FK5 509 B3V 1.86 -0.41 0.01 .11 0.81
HR 5329  A8IV 4.54 0.44 —-0.05 056 0.79
FK5622 095V 2,60 -0.08 0.29 0.00 1.00
FK5 668 A0V 3.75 0.13 0.06 065 093
FKS5 677 B5Ib 397 -0.03 0.12 050 097
FK5913 AlVn 436 0.10 0.01 048 099
Notes. Véi“ is minimum (squared) visibility on the longest baselines
used.

Their data set consists of 140 echelle spectra secured during ten
nights in January 2003 at the Observatoire de Haute-Provence
(OHP) and 1150 time-resolved high-resolution spectra acquired
during 45 nights in 2003—2004 at the Tiiringer Landessternwarte
Tautenburg. Kallinger et al. (2004) report the detection of peri-
odic RV variations at a frequency of 26.5 d~! and with variable
orbital phase-dependent amplitude. The authors conclude that
the observed periodic RV variability is caused by the interaction
between tides in the system and a pulsation driving mechanism
intrinsic to the star.

In the HR diagram « Dra is positioned between the instability
strips of & Sct and slowly pulsating B-type (SPB) stars. This trig-
gered a speculation that @ Dra might belong to a loosely defined
class of Maia variable stars, named after the BS§-type prototype
Maia star in the Pleiades (Struve 1955). Although the variability
of Maia itself was disproved by Struve et al. (1957), the specula-
tion about a new class of intrinsically variable stars was reintro-
duced by Mowlavi et al. (2013) who reported the detection of 36
stars in NGC 3766 that were found to reside in between the § Sct
and SPB instability strips and whose variability was attributed to
stellar pulsations. Moreover, a recent study of the seven brightest
B-type stars in the Pleiades by White et al. (2017) concludes that
six of these objects are SPB stars, while Maia itself exhibits pho-
tometric variability with a period of about ten days that is caused
by rotational modulation of a large chemical spot. Absence of
rapid line profile variations is also reported by Monier (2021)
based on the analysis of FEROS and NARVAL high-resolution
spectra. Finally, Balona et al. (2015) presented a study of a large
sample of B-type stars in the Kepler field and classified all stars
with high-frequency variability that are cooler than 20 000K as
Maia variables. It is worth noting that the study by Balona et al.
(2015) does not provide a solid proof of the existence of Maia
variables, instead it once again reintroduced the speculation
about an unknown class of variables among B-type stars.

Bedding et al. (2019) investigated two sectors of TESS
space-based photometric data of @ Dra and report the detec-
tion of primary and secondary eclipses separated by about 38.5
d. The authors also inspect the TESS light curve for signatures
of intrinsic variability and find no evidence for it at the level
of ten parts per million. This result is in contradiction with
the findings by Kallinger et al. (2004) who reported spectro-
scopic variability on timescales of 1 hr. More recently, Hey et al.
(2022) performed a study of @ Dra based on the combined TESS
photometry and newly obtained high-resolution SONG spec-

troscopy. The authors find a hint of a faint secondary compo-
nent in the strongest absorption lines in the archival SOPHIE
spectra of the system, yet spectral disentangling proved difficult
owing to the low flux contribution from a companion star and
its rapid rotation (vsini ~ 200 km s~1). Based on the results of
a combined light curve and RV curve analysis, and using MIST
isochrones, Hey et al. (2022) constrain 7.¢ and the mass of the
primary to be 9975 £ 125K and 3.7 £ 0.1 M, respectively. From
the measured inclination and mass function of the system, the
authors report a minimum mass of the secondary component to
be 2.5 + 0.1 M. In addition, their chemical composition analy-
sis of the high signal-to-noise ratio co-added SOPHIE spectrum
reveals a complex abundance pattern for the primary component,
and the authors confirm the claim of Bedding et al. (2019) on the
absence of intrinsic variability in the TESS photometric data.

3. High angular resolution interferometry
3.1. Observations, data reduction, and calibration

@ Dra was observed with the Mark III interferometer!
(Shao et al. 1988) and with the NPOI (Armstrong et al. 1998).
The observation log is given in Table A.1 with information
about the baseline lengths and calibrators used. The Mark III
data, recorded in narrow-band channels centred at 500 nm, 550
nm, and 800 nm, were reduced and the visibilities calibrated
as described by Mozurkewich et al. (2003). Even though base-
lines of different lengths could be configured, the Mark III oper-
ated only a single baseline during each night, so that no closure
phases were obtained.

The reduction of early NPOI data using a three-way com-
biner was described by Hummel et al. (1998), and for the six-
way combiner (data from 2002) by Hummel et al. (2003). The
data consist of visibilities and closure phases.

The calibrators were taken from a list of single stars
maintained at NPOI with diameters estimated from V and
(V — K) using the surface brightness relation published by
Mozurkewich et al. (2003) and van Belle et al. (2009). Values
for E(B — V) were derived by comparing the observed colours
to 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 compared to estimates based on maps
by Drimmel et al. (2003), and used to correct V if they agreed
within 0.5 magnitudes. Even though the surface brightness rela-
tionship based on (V — K) colours is to first order independent
of reddening, we included this small correction. The minimum
(squared) visibility amplitudes corresponding to the diameter
estimates are given in Table 1 for any NPOI observation per-
formed, and show that the calibrator stars are mostly unresolved
or only weakly resolved.

3.2. Orbital analysis

Modelling of the (squared) visibility amplitudes (Fig. 1) and clo-
sure phases was performed with OYSTER?. Each night’s data
were fit using a binary model parametrised with the angular
diameters of the two stars, their magnitude difference, and their
relative position. The stellar parameters were not free to vary in
this step, but were constrained with the orbital elements replac-
ing the relative positions in a fit directly to all visibility data. To

' Decommissioned in 1992.
2 https://www.eso.org/~chummel/oyster/oyster.html
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Fig. 1. Measured (squared) visibility amplitudes plotted against uv
radius. For clarity, only data with errors less than 4% are shown. The
decreasing upper envelope of the visibility amplitudes indicates that the
primary component is well resolved, while the weaker trend of the lower
envelope indicates a smaller diameter for the secondary. The strong
amplitude variation in between is due to the interference pattern caused
by the binarity of the source structure.

better constrain the orbital period, we added radial velocity mea-
surements from historical sources (Pearce 1957; Elst & Nelles
1983; Adelman et al. 2001; Bischoff et al. 2017). The smaller
diameter of the secondary, which is not well constrained in this
fit, was estimated in a second fit by adopting the effective temper-
atures and surface gravities derived in this work and the diam-
eter of the primary. The astrometric results are summarised in
Tables 2 and A.2, and the apparent orbit of resolved binary sys-
tem of @ Dra is shown in Fig. 2. The astrometric error ellipses
were derived from fitting the 40~ contour of the minimum of the
x° surface around the secondary’s position, normalised to unity.

4. High-resolution spectroscopy
4.1. New HERMES high-resolution spectroscopy

New high-resolution echelle spectra were obtained from 10
February to 1 April 2021 at the 1.2 m Mercator telescope at the
Observatorio del Roque de los Muchachos, La Palma, Canary
Islands, Spain. The spectra were secured with the HERMES fibre-
fed high-resolution (R = 85000) spectrograph (Raskin et al.
2011). The HERMES spectra cover the entire optical spectral
range from 3770 to 9000 Ain 55 spectral orders. Depending on
zenith distance, exposure times ranged between 40s and 120s
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Table 2. Orbital elements and component parameters for & Dra.

Parameter Unit Value + Error
Period P [d] 51.417350 +0.00034
Periastron epoch T}, [JD]  2453498.8+0.1
Eccentricity e 0.43+0.01
Periastron angle w [deg] 22.4+0.5
Ascending node Q [deg] 252.6+04
Inclination i [deg] 85.4+0.5
Semi-major axis a”’ [mas] 5.52+0.06
Magnitude difference AR [mag] 1.79+0.02
Primary’s diameter D [mas] 0.62 +0.05
Secondary’s diameter Dg [mas] 0.28 +£0.05

Notes. Ascending node is for epoch J2000.0, and the periastron angle is
that of the primary.
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Right Ascension offset [mas]

Fig. 2. Apparent orbit of o Draconis. The solid straight line indicates
the periastron, and the dashed line the ascending node. The two small
circles near the origin indicate the interferometric sizes of the primary
and secondary components at inferior conjunction.

for a typical signal-to-noise ratio (S/N) of over 200. In total 50
spectra were collected, of which 4 were discarded for an insuffi-
cient S/N.

The reduction of the raw observations was performed with
a dedicated HERMES data reduction pipeline. The individual
reduction steps include background and bias subtraction, flat
fielding, wavelength calibration using a ThArNe lamp, and
echelle order merging. Reduced spectra are resampled in con-
stant velocity bins preserving the size of the detector pixels.
Continuum normalisation is done manually by fitting a spline
function to a carefully selected set of pseudo-continuum points.

4.2. Spectroscopic detection of the secondary component

As discussed in detail in Sect. 2, @ Dra has so far been classified
as a SB1 system, and only recently did Hey et al. (2022) find a
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Fig. 3. Two observed composite HERMES spectra taken at quadra-
ture in the region of the Mgl 4481 A spectral line. A broad and
shallow spectral feature of the secondary component is clearly seen
at about 1% of the continuum. A fiducial pseudo-continuum is indi-
cated with the dashed line for reference. The spectra were obtained on
BID 2459286.64516 (red line) and BJD 2459 305.62250 (blue line),
and correspond to the phases of the orbital cycle 0.486 and 0.856,
respectively.

hint of a companion star in a high S/N archival SOPHIE spec-
trum. According to the interferometric measurements, the mag-
nitude difference between the two stars is Am = 1.81+£0.02 mag,
such that a companion star contributes approximately 15% to the
total light. Therefore, we suspect that the lack of detection of sig-
natures of the secondary component in the observed composite
spectra of the system so far is probably associated with its rapid
rotation, as also hypothesised by Hey et al. (2022). Therefore,
our HERMES spectroscopic campaign was specifically tuned to a
detection of broad and shallow lines of a companion star, hence
the requirement for high S/N and full orbital phase coverage.
A visual inspection of the normalised HERMES spectra confirms
the suspicion: a broad and shallow depression in the continuum
is clearly visible around prominent metal lines in the compos-
ite spectra of the system. This is illustrated in Fig. 3 where
two spectra taken at quadrature are shown in the region of the
Mg 114481 A spectral line.

Spectral disentangling is an efficient method for extracting
the spectra of the individual components, while simultaneously
optimising the orbital elements of a binary (or higher-order
multiple) system (Simon & Sturm 1994). A time series of the
observed spectra, preferably of high resolution and uniformly
distributed with the orbital phase, is required for the task. The
method has proved to be very efficient in revealing even very
faint companions, contributing as little as 1-2% to the total
light of the system (e.g., Mayer et al. 2013; Torres et al. 2014;
Kolbas et al. 2015; ThemeBl et al. 2018).

We employed spectral disentangling in the Fourier space as
proposed by Hadrava (1995) and implemented in the FDBINARY
software package (Ilijic et al. 2004). A complete procedure
was worked out in Hensberge et al. (2000), and elaborated and
refined in detail in Pavlovski et al. (2018). We applied the
method to our data set of HERMES high-resolution spectra, start-

ing with prominent metal lines such as those of the Mg I1 4481 A
doublet. This procedure leads us to unambiguously detect the
spectral contribution of the secondary component; Fig. 4 shows
a portion of the disentangled spectra of both binary components
in the regions of the Mg 11 4481 A doublet (left panel), the spec-
tral line blends of Fe 11 4549.5 and Ti 1 4549.7 A (middle panel)
and Fell 5316.6 and Fell 5316.8 A (right panel). Spectral lines
of the secondary component are shallow, with depths at the level
of 1% of the continuum, owing to its high rotational velocity. We
note that the detection of such a faint contribution is only pos-
sible when several conditions are simultaneously met: (i) a high
resolving power of the instrument, (ii) a high S/N of the observed
composite spectra, and (iii) optimally extracted and normalised
spectra. The last aspect is particularly important for the success-
ful reconstruction of the individual spectra of (faint) binary com-
ponents. Furthermore, a proper selection of spectral segments
for Fourier-based disentangling is essential; particular attention
should be paid to placing the edges of selected spectral inter-
vals in the (pseudo-)continuum regions that are free of spectral
lines. Violation of this condition leads to large-amplitude con-
tinuum undulations in the disentangled spectra, which affect the
line depths.

Interferometric and photometric analyses of the @ Dra sys-
tem presented in Sects. 3 and 5, respectively, unambiguously
identify the star as a detached binary system. Both components
are found to be well-bounded within their Roche lobes, and
there is barely any light variation detected outside the partial
eclipses in the TESS light curve. In the cases when changes in
the light ratio between the two components are absent and/or
eclipse spectra are missing, an ambiguity occurs in the spectral
disentangling. Since the zeroth-order term in the Fourier expan-
sion is indeterminable, the line depths in the disentangled spectra
are not uniquely determined (Pavlovski & Hensberge 2005). In
this case the best approach is to perform spectral disentangling
in the ‘pure separation’ mode (Pavlovski & Hensberge 2010), of
which the net result is the separated spectra of the individual
components that are diluted according to the light ratio of the
two stars. Two options are available for further analysis of the
separated spectra: (i) they are re-normalised to their individual
continua using the light ratio inferred from the light curve anal-
ysis or (ii) the light ratio can be used as a free parameter in spec-
troscopic analysis along with atmospheric parameters of the star.

An important aspect of spectral disentangling is a S/N gain
in the resulting disentangled spectra. Spectral disentangling is
acting as co-addition of the observed spectra, so the expected
gain is proportional to VN, where N is the number of observed
composite spectra. The gain in S/N is distributed to both disen-
tangled spectra proportional to the fractional light contribution
of a component to the total light of the system. For @« Dra we
obtain S/N of ~1470 and ~260 for the primary and secondary
component, respectively.

The final separation of the component spectra of o Dra from
our newly obtained set of HERMES spectra was performed with
the orbital parameters determined in Sect. 4.3. The disentangled
spectra cover a wavelength range from 4000 A 105650 A, includ-
ing the prominent HB, Hy, and H6 Balmer lines. These spectra
are used for our detailed spectrum analysis in Sect. 4.4.

4.3. Spectroscopic orbit from spectral disentangling

In the spectral disentangling method, orbital elements are opti-
mised based on a time series of the observed spectra in a
self-consistent manner, along with the reconstruction of the
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Fig. 5. Radial velocities computed from the final orbital solution. The
blue and red dots refer to the primary and secondary component, respec-
tively. The obtained spectroscopic orbital solution is indicated with the
black solid line.

individual component spectra (Simon & Sturm 1994; Hadrava
1995). In this way the determination of RVs from the individ-
ual exposures is not needed. The spectra of both components
of the @ Dra system are dominated by strong and broad hydro-
gen lines, which are not the best diagnostic lines for determin-
ing the orbital parameters of the system, irrespective of whether
the parameters are inferred from one of the RV determination
methods or from the method of spectral disentangling. There
are two main reasons why Balmer lines in A-type stars are not
suitable for the task. First, owing to their strengths and widths,
hydrogen lines are typically covered by two echelle orders which
make them subject to systematic uncertainties in the order merg-
ing and normalisation to the local continuum. Second, hydrogen
lines in the individual component spectra are rarely sufficiently
well separated in velocity space, which leads to a more uncer-
tain orbital solution. In the case of the a Dra system, both of the
above-mentioned obstacles are present, hence we do not use the
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Balmer lines in the determination of the orbital parameters of the
system.

To ensure that a sufficient number of metal lines are consid-
ered for the determination of orbital parameters of the system,
and to make the best use of the high quality of the extracted and
normalised HERMES spectra, we opted for the spectral disentan-
gling in large spectral segments of about 350 A, from 4400 A to
4750 A, and about 500 A, from 5000 A to 5500 A. Our final solu-
tion is given in Table 3; RVs computed from the finally adopted
spectroscopic orbital parameters are shown in Fig. 5 and are rep-
resentative of the obtained orbital phase coverage.

4.4. Atmospheric parameters

For the analysis of the disentangled spectra, we employ the
software package Grid Search in Stellar Parameters (GSSP;
Tkachenko 2015). The method is based on the comparison of
a grid of synthetic spectra to the observed spectrum of the star
and the quality of the fit is judged on the y? merit function. GSSP
allows for the simultaneous optimisation of five atmospheric and
line-broadening parameters, namely effective temperature Ty,
surface gravity log g, metallicity [M/H], microturbulent velocity
&, and projected rotational velocity v sin i of the star. Option-
ally, the effect of light dilution on the disentangled spectrum can
also be taken into account by either assuming that the light dilu-
tion factor is wavelength independent (as implemented in the
GSSP_SINGLE module; Tkachenko 2015, their Eq. (1)), or by
replacing it with the ratio of the radii of the two stars, where
the wavelength dependence of the light dilution effect is intro-
duced via the continuum ratio of the binary components (as
implemented in the GSSP_BINARY module; Tkachenko 2015,
their Eq. (4)). The latter approach is justified in the cases where
binary components have significantly different effective temper-
atures, otherwise the assumption of the wavelength-independent
light dilution factor is robust. Given that our spectroscopic and
photometric analyses of the @ Dra system both show that the
binary components have nearly identical effective temperatures,
we limit ourselves to the analysis with the GSSP_SINGLE mod-
ule where the light dilution factor is assumed to be independent
of wavelength.

The GSSP package employs a grid of atmosphere models
pre-computed with the LLMODELS program of Shulyak et al.
(2004) (for the summary of the grid properties, see the Table 1 of
Tkachenko 2015), while theoretical spectra are computed ‘on the
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fly’ with the SYNTHV (Tsymbal 1996) spectrum synthesis code.
The x? merit function is computed for each pair of the observed-
theoretical spectra in the grid, and 10 uncertainties are computed
from y? statistics by projecting all y* values on the parameter in
question. In this way we take into account possible correlations
between the free parameters in our model.

The spectroscopic analysis is performed iteratively with the
analysis of the TESS light curve (see Sect. 5). We start with
the analysis of the disentangled spectrum of the primary compo-
nent only, and optimise the following six parameters: T.g, log g,
[M/H], &, v sin i, and the light dilution factor. The results of this
analysis are summarised in Table 4 (column ‘Run 1) and sug-
gest the primary component is a somewhat evolved A-type star
with a close-to-solar metallicity. A light curve solution can then
be obtained with the Tt value of the primary component fixed
to 10 190 K, in turn delivering photometric values of the surface
gravity and light dilution factor for both binary components.

In the next step of the spectroscopic analysis, we analyse
the disentangled spectra of both binary components by fixing
the log g values for both stars to their photometric values while
keeping all other parameters free. It is important to note that we
exclude broad Balmer lines from the analysis of the disentangled
spectrum of the faint secondary component as they are found
to be non-negligibly distorted in the disentangling process. This
issue is not present in the disentangled spectrum of the primary
component thanks to its dominance in the observed composite
spectra of the @ Dra system. The results of the spectroscopic
analysis are reported in Table 4 (column ‘Run 2a’). As can be
seen, the parameters of the primary component barely change
compared to the previous iteration (columns Run 1 vs. Run 2a).
Furthermore, we find a good agreement between the spectro-
scopic and photometric T.g values for the secondary component.

On the other hand, we obtain a slightly larger value for the
light dilution factor of the secondary compared to its photometric
value, and the secondary appears to be slightly metal deficient
compared to the primary component. Because we fit a region
of the secondary’s spectrum free of hydrogen lines, there is a
significant degeneracy between the light dilution factor and the
metallicity parameter of the star. Therefore, in the final iteration
of the spectroscopic analysis, we decided to fix the light fac-
tors of both binary components to the values inferred from the
light curve solution in addition to the previously fixed values
of log g. Our finally accepted spectroscopic parameters of both

binary components are listed in Table 4 (column ‘Run 2b’), and
suggest that, within the quoted 1o uncertainties, the two stars
have equal effective temperatures and metallicities. On the other
hand, the primary component is found to be more evolved and
to have substantially lower projected rotational velocity than its
companion star. The quality of the fit of the disentangled spectra
corresponding to the finally accepted atmospheric parameters is
illustrated in Figs. 6 and 7.

Adopting the light ratio determined in the TESS light curve
analysis ({g/€an = 0.212 £ 0.014) in the final iteration of the
optimal fit of disentangled spectra needs justification since the
TESS passband covers the red and the near-IR part of the spec-
trum, from about AA 60000—10 000 A, with an effective wave-
length of about 4 = 7865 A (the TESS passband is centred at
the standard Cousins / passband, as given in Ricker et al. 2014).
The optimal fitting of disentangled spectra are performed on a
500 A spectral segment centred at about 5250 A, and ona 350 A
spectral segment centred at about 4570 A. We performed the cal-
culation of the light ratio as a function of the wavelength using
the spectral energy distribution for both stars. It was found that
changes from the spectral region centred at 5200 A to the spec-
tral range covered by the TESS passband is within the assigned
uncertainties, and barely about 1%. Therefore, we conclude that
our assumption on the constant light ratio for the entire spectral
range analysed is justified.

5. TESS space photometry
5.1. Observations

a Dra (TIC 165991532) was observed by the Transiting Exo-
planet Survey Satellite (TESS, Ricker et al. 2014, 2015) at five
different sectors with a 2 min cadence. At the time of this study,
Sectors 14, 15, 16, 21, and 22 of the TESS data were avail-
able for a Dra. To extract the light curves we used the target
pixel files (TPFs) from the Mikulski Archive for Space Tele-
scopes (MAST) database. Because of the brightness of o Dra
(V = 3.68 mag), the reduction methods utilised to construct the
simple aperture photometry (SAP) or Pre-Search Data Condi-
tioning Simple Aperture Photometry light curves from MAST
(PDCSAP, Smith et al. 2012) proved to be less than ideal and
led to anomalies in the extracted light curves. Instead, we employ
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Fig. 8. Target pixel file of @ Dra in Sector 15. Our custom mask (red) and
bright pixels of the target (yellow) are easily seen. The aperture to obtain
the light curve that is represented with our custom mask (red) covers all
the bright pixels of the target. To obtain the light curve, all pixels outside
the mask that are background and nearby star light contamination are
subtracted.

the LIGHTKURVE software package (Cardoso 2018) to produce a
target custom mask, and to estimate and subtract the background
in each TESS sector. For that purpose, we utilise the median flux
value computed across the TPF and the standard deviation esti-
mated from the median absolute deviation (MAD) of the data set.
The MAD and the standard deviation are related through a scale
factor & that is taken to be 1.4826, assuming normally distributed
data. All pixels whose flux values are found to exceed a certain
threshold (computed as a number of standard deviations from the
median flux value) are considered to belong to the target custom
aperture, while pixels with the flux values below the threshold
are considered to be background. Here we find through a set of
experiments the threshold value of nearly 30% of the maximum
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flux amplitude pixel to be the optimal one, and consider all pix-
els with fluxes below (above) to be background (target custom
aperture). The background flux is estimated and subtracted per
pixel over time, which allows us to minimise the noise contribu-
tion and to remove light contamination from the nearby (back-
ground) stars. Figure 8 shows an example of the TESS TPF and
our custom aperture selection (red), used to obtain a light curve
of @ Dra from Sector 15 of the TESS data. The same method is
used to extract light curves from other sectors of the available
TESS data.

In total, from the above-mentioned five TESS Sectors, we
obtained 91173 photometric measurements that cover three pri-
mary and two secondary minima and out-of-eclipse phases of
the @ Dra system.

5.2. Light curve analysis

We performed the light curve analysis using the Wilson-
Devinney (WD) code, first formulated by Wilson & Devinney
(1971) and subsequently generalised to eccentric binaries, also
implementing complementary RVs analysis (Wilson 1979). The
WD code employs Roche equipotential surfaces to describe
the shapes of stars forming a binary system and is commonly
used for the analysis of various configurations of binary sys-
tems. In our analysis we utilised the latest public version of
the WD code with designation WD2015 (Wilson & Van Hamme
2014), through a user-friendly designed graphical user inter-
face GUI as well as a Python backend wrapper developed by
Giizel & Ozdarcan (2020).

We started to set up our initial binary model by taking into
account the orbital and atmospheric parameters derived in the
previous sections and reported in Tables 3 and 4. According to
the iterative process described in Sect. 4.4, we fixed the pre-
cisely determined temperature of the primary star (Teg ), the
mass ratio (g), and the projected separation of the orbit (A sini).
Without prior knowledge of these parameters it is impossible
to break the degeneracy of the binary solutions, which are only
sensitive to the ratio of the effective temperatures and radii and
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to the relative separation. An initial set of orbital parameters
to be adjusted was prepared from the astrometric and spectro-
scopic orbital solutions (the period P, time of periastron passage
Typ, €ccentricity e, and an angle of periastron w), and the effec-
tive temperature of the secondary component Teg 5. The surface
gravities of both components logga g are also used for initial
guesses of the surface potentials of the components, Qa . In
light curve modelling only the ratio of the effective temperatures,
and not the temperatures themselves, can be determined, thus
the effective temperature of the primary component Teg o Was
fixed. This component is dominant in the spectra of @ Dra, con-
tributing the majority of the total flux of the binary system, and
consequently its effective temperature is determined with high
precision from the atmospheric analysis. In our initial runs we
optimised a total of nine free parameters: P, Ty, €, w, T B, Qa,
Qg, fractional light contribution of primary star L, and inclina-
tion angle of the binary orbit i. Because WD2015 does not con-
tain the TESS photometric bandpass, the Cousins I, bandpass
was used instead since its transmission is very close to that of
TESS. The linear limb-darkening law was used with the coeffi-
cients interpolated from the tables of van Hamme (1993) with a
WD2015 built-in subroutine. The gravity-brightening coefficient
0.25 for radiative atmospheres was applied after seminal deriva-
tion by von Zeipel (1924).

a Dra is a highly eccentric system (e = 0.423) with a long
orbital period resulting in very short eclipses that cover only
about 2.5% of the orbital cycle. In such cases, outside-of-eclipse
measurements would be too heavily weighted in the light curve
modelling. To suppress this unwanted effect, the TESS photo-
metric observations were resampled; only each tenth measure-
ment in the out-of-eclipse portions of the light curves is stored,
whilst all the observations in the eclipses are used. This reduces
significantly the number of observations that are employed in
the light curve modelling. In total, for all five sectors of the TESS
observations of @ Dra (Fig. 9), 15187 measurements survived our
selection which constitute about 16.5% of the initially extracted
photometric measurements. We also increased the surface
resolution to 60 x 60 (i.e. N1 and N2 parameters of WD2015)
to make sure the required level of precision is achieved for
modelling small-amplitude variations outside the eclipses (see
below).

In the initial analysis, we detect sub-millimag level discrep-
ancies in the descending branches of the secondary eclipses.
Since the ascending and descending branches of the primary
eclipses are in perfect agreement except for the depth in the
last observed (third) primary eclipse, which is about 1 millimag
deeper than in the previous two, we concluded that the orbital
period is determined correctly. At present, it is not clear whether
the effect seen in the secondary eclipses is real or instead is asso-
ciated with some instrumental and/or data processing effects. To
avoid any mix-up, we decided to perform the light curve anal-
ysis based separately on two observing parts so that the results
can ultimately be examined for consistency. This way, the nearly
continuous observations in Sectors 14, 15, and 16 comprise the
‘Part 1’ data set (9042 measurements), while the observations in
Sectors 21 and 22 comprise the ‘Part 2’ data set (6145 measure-
ments). This division is also indicated in Fig. 9, which shows
raw TESS observations for all five sectors separately.

a Dra is a partially eclipsing system, as is obvious from
the characteristic V shape of its light curve minima. There-
fore, degeneracies and correlations of the parameters in a multi-
dimensional parameter space are expected (Conroy et al. 2020).
To explore the parameter space, and to obtain error estimates,
many researchers utilise Markov chain Monte Carlo (MCMC;
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Fig. 9. TESS photometric measurements of @ Dra: normalised flux as
a function of time, where ¢+ = 0 is for BDJ 2458 680.0d. The light
curve analysis presented in Sect. 5.2 was performed separately for the
observations in Sectors 14, 15, and 16 (Part 1, in blue), and Sectors 21
and 22 (Part 2, in red).

Goodman & Weare 2010) optimisers (e.g., Lehmann et al. 2020,
Dervisoglu et al. 2018). For the purpose of optimising the nine
free parameters mentioned above, we developed a PYTHON
framework (LCycmc) that uses PyWD2015 (Giizel & Ozdarcan
2020) as a WD backend and the widely used EMCEE package
(Foreman-Mackey et al. 2013) as an ensemble sampler.

To obtain a good fit we sampled parameter priors with a nor-
mal distribution around 10% To guarantee the convergence, we
used the integrated auto-correlation time module of EMCEE to
assure that enough number iterations had been achieved. Our
final McMC solution yielded approximately 200000 iterations
for each part of the photometric data through 64 walkers.

In Table 5 we list the results of the posterior probability dis-
tributions of the optimised parameters. We calculated the relative
radii o, surface gravities logga s, and the light ratio £g/la,
accordingly. The reported uncertainties and mean values were
calculated from the 16th, 50th, and 84th percentiles of each dis-
tribution. For the adopted values, we assumed symmetric errors
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shifted upwards for better visibility.

which is also the core assumption of the normal distributions
(last column in Table 5).

The best fit models are shown for the primary and secondary
minima in both Part 1 and Part 2 data sets in Fig. 10. We also
illustrate the accuracy of our models that successfully fitted the
1 millimag level of the out-of-eclipse brightening, as shown in
Fig. 11. The corner plots of the samples in the marginalised pos-
terior distributions of each part of the photometric data are also
shown in Appendix B (Figs. B.1 and B.2). The obvious correla-
tion between the optimised parameters demonstrates the impor-
tance of adopting stochastic methods such as Bayesian inference
for the multi-parameter model estimations.

It is evident from Figs. 10 and 11 that the decision to analyse
the TESS light curves from Sectors 14, 15, and 16 (Part 1) and
Sectors 21 and 22 (Part 2) separately is fully justified. There are
no systematics in the residuals between the best fitting calculated
light curves and observations in the secondary minima, whilst
the residuals are in sub-millimag level (right panel in Fig. 10).
The same is true for the proximity (reflection) light excess at the
orbital phases from 0.80 to 0.99 (Fig. 11). The residuals from
fitting two primary minima in Part 1 and one primary minimum
in Part 2 are somewhat larger, yet the amplitude does not exceed
the 1 millimag level (see left panel in Fig. 10). A comparison
between the Part 1 and Part 2 light curve solutions reveals a high
degree of consistency within the quoted 1o uncertainties for all
inferred parameters (see Table 5).

Orbital parameters inferred from interferometric, spectro-
scopic, and photometric data are listed in Tables 2, 3, and 5,
respectively. Four parameters are in common between these
determinations: the orbital period P, time of periastron passage
Tpp, orbital eccentricity e, and argument of periastron w. The
first three parameters are found to be in good agreement within
the quoted 1o uncertainties, while w inferred from the interfero-
metric data is 20~ away from the respective values deduced from
the spectroscopic and photometric data. Furthermore, the orbital
inclination obtained in the astrometric analysis is also 20~ away
from the value inferred from photometry. However, we note that
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Fig. 11. Same as Fig. 10, but in the portion of the light curve preceding
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the astrometric value has an uncertainty that is an order of mag-
nitude larger. For that reason we use the orbital inclination value
of i = 86°.352+0°.025, as inferred from the light curve solution,
for the final determination of physical properties of the stars and
for the dynamical parallax of the system.

6. Evolutionary models

The combined spectroscopic, photometric, and astrometric anal-
yses described in the previous sections allows us to put both
components of the @ Dra system in the log T.g—log g Kiel dia-
gram and to assess its evolutionary status. We closely followed
the procedure outlined in Tkachenko et al. (2020) that makes
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Table 3. Orbital parameters of the & Dra system, obtained via the spec-
tral disentangling method, from 46 high-resolution high S/N HERMES
spectra.

Parameter Unit Value

P [d] 51.41891 (fix)
Top [d] 2451441.804+0.014
e 0.4229 +0.0012
w [deg] 21.28 +0.13
Ka [kms™'] 48.512 +0.054
Kg [kms™] 63.58 +0.41

q 0.7642 +0.0064
My sin®i [Mo] 3.167 £ 0.044
Mg sin® i [Mo] 2.416 +0.019
Asini [Ro] 103.19 + 0.38

Notes. The orbital period was fixed to the value determined from the
observed primary minima (see Sect. 5). The uncertainties in the orbital
parameters were calculated with the bootstrapping method from 10 000
samples.

use of a grid of Modulus for experiments in stellar astrophysics
MESA stellar structure and evolution models (Paxton et al. 2011,
2013, 2015,2018,2019), as presented in Johnston et al. (2019b).
The grid employs the Ledoux criterion for convection and
assumes a chemical mixture after Przybilla et al. (2008) and
Nieva & Przybilla (2012) (also known as the cosmic abundance
standard). We set the initial hydrogen and helium fractions to
X=0.710 and Y =0.276, respectively, and the mixing-length
parameter @y, to the solar calibrated value of 1.8. In addi-
tion, the grid employs a mixing profile in the radiative envelope
determined by Rogers & McElwaine (2017) from 2D hydro-
dynamical simulations of internal gravity waves and imple-
mented in MESA by Pedersen et al. (2018). Overall, the grid of
Johnston et al. (2019b) is optimised for intermediate-mass stars
born with a convective core, which makes it an excellent tool for
the evolutionary analysis of the @ Dra system.

Figure 12 shows the results of fitting MESA evolutionary
tracks to the positions of both binary components in the Kiel
(left column) and HR (right column) diagrams. The positions
of both components (black circle and square for the primary
and secondary, respectively) are well reproduced within 1o
uncertainties of the measured effective temperatures, surface
gravities, and luminosities of the stars (see Table 6 for numerical
values) and assuming their dynamical masses (solid black tracks
in Fig. 12). For the secondary component we also considered a
second scenario corresponding to its spectroscopic value of Teg
(see Table 4, column ‘2b’, for numerical value and blue square
in Fig. 12). The best fit solution (solid blue track in Fig. 12) is
obtained for the stellar mass that is approximately 3% larger than
the inferred dynamical mass of the star. However, owing to the
large spectroscopic AT.g of 250K, the corresponding position
of the secondary in the Kiel and HR diagrams is also consistent
within 1o uncertainty of the dynamical mass track of the star.
For the primary component we find that a small amount of con-
vective core overshooting cannot be excluded (solid red track
in Fig. 12), although the f,, =0.005 track (corresponding to the
lower boundary in the employed grid of MESA models) is also
consistent with the stellar position in the Kiel and HR diagrams.

In Table 6, we list the final accepted parameters (age, mass of
the convective core, and overshooting parameter) inferred from
our evolutionary analysis. We note that the parameters are based

on the effective temperature and luminosity of the secondary
inferred from the TESS light curve. As discussed in detail in
Sect. 4.4, owing to a small contribution of the secondary com-
ponent to the composite spectrum of the binary system, its dis-
entangled spectrum is significantly more uncertain than that of
the primary component. In particular, we found that the Balmer
lines were considerably affected in the disentangling process and
hence could not be used in the spectroscopic analysis. That being
said, the quality of the spectroscopic information that we have at
our disposal for the secondary component is inferior to the qual-
ity of the TESS light curve of the system, hence we put more
trust in the photometrically inferred log T /log L pair for the
secondary component. According to our findings, the primary
component is an evolved post-TAMS? A-type star that has a tiny
convective core (M., = 0.01 £ 0.04). On the other hand, the
secondary component is a relatively unevolved star whose con-
vective core mass constitutes approximately 14% of the stellar
mass. We estimated the age of the system to be about 300 Myr,
with the individual ages being 280 + 10 and 345 + 25 Myr for the
primary and secondary component, respectively. We note that the
individual ages are in a good agreement with each other within
20 uncertainties, and the difference between them reduces to
within 1o when the spectroscopic Tt value of 10165 +250K
is assumed for the secondary (age and convective core mass of
the star respectively 315 +22 Myr and M, = 0.354 £ 0.010 M,
in this case).

Another test could be made to verify consistency between the
light ratio determined from the observables ({g/fas = 0.212 %
0.014) in the TESS passband and the light ratio inferred from
the evolutionary tracks for determined dynamical masses of the
components. The MESA isochrones & stellar tracks MIST inter-
active tool (Dotter 2016; Choi et al. 2016; Paxton et al. 2011,
2013, 2015, 2018, 2019) provided the synthetic photometry
for the MESA models for the various photometric passbands.
First, we compared the evolutionary tracks for the components
from our grid and the MIST calculations, and found an excel-
lent matches. Then for the TESS passband the calculations give
the light ratio (€g/€a)mesa = 0.221 + 0.015, which is within
1o uncertainty of the light ratio determined in the light curve
analysis.

In this context we should mention that the calculation of
the light ratio in the B and V passbands (the spectral range
in which our spectroscopic analysis was performed) corrobo-
rate our previous assumption that the change with wavelength
is small, and within the uncertainties of our analysis: (£g/fa)s =
0.213 £ 0.018, and (£{/€a)v = 0.221 + 0.022.

7. Distance to a Dra

Prior to the launch of astrometric space missions, the
trigonometric parallax for @ Dra was uncertain. The entry for
its parallax in The General Catalogue of Trigonometric [stel-
lar] Parallaxes (van Altena et al. 1995) reads 7 = 14.8 + 7.5
mas. On the other hand, the HIPPARCOS parallax from the
first 1997 reduction (Perryman et al. 1997) is mgp = 10.56 %
0.52 mas and provides a considerable improvement over the
previously published measurement. Moreover, the improved
HIPPARCOS reduction from 2007 results in a slight increase in
the absolute value of the parallax for @ Dra and in a significant
increase in the precision of the measurement: myp = 10.76 +
0.17 mas (van Leeuwen 2007). Finally, the Gaia Data Release 2
(DR2) (Gaia Collaboration 2018) trigonometric parallax of
MGaia = 12.18 = 0.32mas is somewhat larger than the 2007

3 Terminal age main sequence
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Table 4. Atmospheric parameters of the two components of the @ Dra system as inferred from their disentangled spectra with the GSSP_SINGLE
module.

Parameter Value + Error
Run 1 Run 2a Run 2b
Primary
Terr (K) 10190 + 125 10205 + 100 10225 +100
log g (dex) 3.52+0.09  3.5511%+0.0081 3.5511*) +0.0081
[M/H] (dex) —-0.03 £0.05 0.01 £0.05 0.01 +0.05
& (kms™) 1.06 £0.21 1.26 +£0.30 1.34 £ 0.30
v sin i (kms™!) 254+0.7 254+09 254+09
light factor 0.848 £0.012 0.83+0.01 0.825® +0.010
Secondary
Terr (K) — 10150 + 300 10165 + 250
log g (dex) — 4.095% +0.023 4.095% +0.023
[M/H] (dex) — -0.12+0.15 -0.01 +0.09
& (kms™h) — 0.1+0.9 0.75 £ 0.75
v sin i (kms™!) — 168 +10 168 + 11
light factor — 0.20 +0.02 0.175® +0.011

Notes. The asterisk (*) refers to the parameters whose values are fixed to those inferred from the TESS light curve. The finally accepted set of

parameters is highlighted in boldface.

Table 5. WD2015 best fit solutions for the TESS light curves of the @ Dra system.

Parameter

Part 1
Sectors 14, 15, 16

Unit

Part 2
Sectors 21, 22

Adopted
solution

Orbital elements

Orbital period P
Time of periastron T,

51.4198 + 0.0031
2458753.107 £ 0.019

[d]
[d]

51.4200 + 0.0032
2458753.118 + 0.026

51.4199 + 0.0031
2458753.112 + 0.023

Eccentricity e 0.4230 £ 0.0013 0.4217 £ 0.0026 0.4223 £ 0.0021
Argument of periastron w [deg] 20.74 £ 0.53 20.27 £0.78 20.51 £ 0.67
Orbital inclination i [deg] 86.345 + 0.024 86.358 +0.026 86.352 + 0.025
Stars

Surface potential of star A Q 2222 +0.14 22.32 +0.16 22.27+0.15
Surface potential of star B Qp 36.21 +0.80 35.90 = 0.95 36.06 = 0.88
Fractional radius of star A rp 0.0479 + 0.0003 0.0476 + 0.0004 0.0477 + 0.0003
Fractional radius of star B rg 0.0224 + 0.0005 0.0226 + 0.0006 0.0225 + 0.0005
Eff. temperature of star A Tegn  [K] 10225 (fix) 10225 (fix) 10225 (fix)
Eff. temperature of star B Teg K] 10031 + 248 9837 + 375 9930 + 328
Light of star A Lx 101.61 + 1.44 100.61 £ 1.78 101.11 £ 1.62
Light of star B Lg 21.57+1.24 21.27+1.49 21.42 +1.37
Fractional light of star A {4 0.8249 + 0.0172 0.8255 +£0.0214 0.8252 £ 0.0194
Fractional light of star B {p 0.1751 £ 0.0104 0.1745 £ 0.0126 0.1748 £ 0.0115
Light ratio {g/€a 0.2123 £ 0.0125 0.2114 £ 0.0152 0.2118 £ 0.0139

Notes. The adopted solution is reported in the last column and represents the mean of the two individual solutions (see text for definition of the

Part 1 and Part 2 data sets).

HIPPARCOS value putting @ Dra at a shorter distance (dguiq =
82.1 £2.1pc).

The Gaia Early Data Release 3 (EDR3) parallax for o Dra is
mepr3 = 12.516 £ 0.203 mas (Gaia Collaboration 2021), slightly
larger than quoted in the Gaia DR2. The parallax uncertainty
may be underestimated by = 30% as described in Sect. 6.3.1 of
Gaia Collaboration (2021). The distance derived from the EDR3
parallax and published uncertainty is dgprsz = 79.9 = 1.3 pc, and
considering the increased uncertainty it is dgai, = 79.9f‘3‘:% pc. As
seen in Fig. 13, this distance places « Dra closer than other dis-
tance determinations. The solution in EDR3 is a five-parameter
solution, and Gaia does not yet provide solutions for binary stars.
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There are hints within the statistics that @ Dra might be resolved.
The renormalised unit weight error (ruwe) is 2.4 and this is
greater than the 1.4 level that may indicate a resolved double.
However, the related statistic ipd_gof_harmonic_amplitude
is 0.056, which is less than the 0.1 associated with resolved
doubles (Gaia Collaboration 2021). If @ Dra were resolved
by Gaia, the PSF should be elongated along the position
angle of the binary at epoch 2016.0, the epoch of EDR3
(Gaia Collaboration 2021; Fabricius et al. 2021). The statistic
ipd_gof_harmonic_phase is 108°.091. For the orbital ele-
ments in Table 2 the predicted ephemeris gives a position
angle of 252°.76 and a separation of 7.4 mas. As the phase
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Table 6. Stellar properties of the components in the binary system a Dra
determined from the combined spectroscopic and light curve analysis,
and evolutionary calculations.

Parameter Unit Primary Secondary
M [Ms] 3.186 £ 0.044  2.431 +0.019
R [Ro] 4932 +0.036 2.326 +0.052
logg [dex] 3.555+0.006 4.090 +0.019
Teg K] 10225 + 100 9930 + 330
log L [Lo] 2.380+0.018 1.677 +£0.059
My [mag] -1.200+0.045 0.557 +=0.147
v sin § [kms™'] 254+09 168 + 11
Age [Myr] 280+ 10 345 + 25
M, [Ms] 0.01 £ 0.04 0.337+0.011
X, 0.00 +0.005 0.41 +0.03
Jov 0.007 + 0.002 0.005 ®

Notes. “"The secondary component is not sufficiently evolved to deduce
its overshooting parameter from the Kiel or HRD diagram, hence f,, is
fixed to 0.005 H,,.

of the PSF elongation is modulo 180° the rotated ephemeris
position angle to consider is 72°.76. This is offset from the
ipd_gof_harmonic_amplitude by 31°. Until a binary solu-
tion from Gaia is provided it is speculative to associate this
31° offset for a 7 mas binary with the flux ratio determined
in this work. In summary, there are two statistics suggestive
of a resolved binary: ruwe and ipd_gof_harmonic_phase.
Although, it is not clear that the orientation of the phase supports
agreement with the position angle of the binary at this time. The
ipd_gof_harmonic_amplitude, which should be considered
with the ruwe, does not suggest a resolved binary. We eagerly
await future releases from Gaia that include results for resolved
doubles.

Our complementary observations of the @ Dra system enable
direct determination of its distance through the measurements of
the angular semi-major axis of the orbit @’ (see Table 2) and the
semi-major axis of the spectroscopic orbit (see Table 3). With
A sini = 103.37+0.49 Ry, a” = 5.52+0.06 mas, andi = 86.35+
0.03 deg inferred from interferometry, spectroscopy, and com-
bined spectroscopic and photometric analysis, respectively, we
obtain adistance to the @ Drabinary system of d = 87.07+1.03 pc,
or expressed as the dynamical parallax mqy, = 11.48 + 0.13 mas.
Figure 13 provides a graphical representation of the comparison
of the distance derived in this work with the distances inferred
from the HIPPARCOS and Gaia parallaxes.

The distance to a binary system can also be derived from
stellar luminosities and the measured apparent brightness, pro-
vided the fractional light contribution of each component to the
total light of the binary system is known. Since the individual
radii, effective temperatures, and fractional light contributions
of the components are determined in the present analysis, we
can also provide alternative distance estimates to the system.
Oja (1993) measured the BV brightness of @ Dra to be B =
3.640 + 0.007 mag and V = 3.680 + 0.009 mag. Absolute bolo-
metric magnitudes My, also given in Table 6, are transformed
to absolute visual magnitudes My, hence the bolometric correc-
tion BCy are applied. Here we use the bolometric corrections
from four different sources: empirical tabulation from Code et al.
(1976) and Flower (1996)*, and theoretical estimates from model

4 See corrections given in Torres (2010).

atmospheres for given photometric bandpasses by Bessell et al.
(1998) and Girardi et al. (2002). We use an estimate of the colour
excess for @ Dra E(B — V) = 0.025 from Zorec et al. (2009) who
compute it as an average from several independent determina-
tions with different methods. In Kervella et al. (2019) a some-
what lower colour excess of E(B — V) = 0.007 is reported using
an interactive code STILSM which implements 3D maps of the
local ISM (Lallement et al. 2014, 2018). Our calculations were
performed with the code JKTABSDIM (Southworth et al. 2005)
where in addition to the parameters listed above we also assume
interstellar absorption. Taking interstellar attenuation of light
into account resulted in shorter distances compared to the case
when the effect is ignored.

Calculations of the distance to o Dra using the stellar prop-
erties of its components determined in the present work even-
tually give two groups of results, clustered at a ‘short’ distance
of d ~ 90pc, and at a ‘long’ distance of d ~ 100 pc. None of
our estimates are in agreement with the Gaia parallax-based dis-
tance measurement, while some overlap within 1o~ uncertainties
is obtained with the HIPPARCOS parallax-based distance deter-
minations (see Fig. 13). We note that among the different cal-
ibrations of the bolometric corrections, the empirical tabulation
given by Flower (1996) gives the distance dprov = 87.8+2.5 pc,
which is in a good agreement within the quoted 1o uncertainty
with the distance measured from the dynamical parallax in this
work. We also note that the Gaia parallax measurement did not
take into account that @ Dra is a binary system, hence the corre-
sponding distance estimate is expected to be uncertain.

A group of the long distance determinations comprises dis-
tances determined from the theoretical bolometric corrections,
those of Girardi et al. (2002) being close to distance of 100 pc,
dorp = 95.8 £2.6 pc and dgr v = 98.7 £ 2.7 pc, while applica-
tion of the theoretical bolometric corrections from Bessell et al.
(1998) gives the largest distance of all, dggsy = 99.9 + 2.7 pc.
The largest distance came for the empirical calibration given
by Code etal. (1976), dcopv = 99.8 + 3.7pc, also with the
largest uncertainty. Distances quoted are for the calculations of
the binary system as a whole. With a prevailing flux coming from
the primary component, less precisely determined physical prop-
erties of the secondary component have no decisive role in the
error budget in distance determinations.

The MIST interactive tool using the MESA models we use
in this work also provide synthetic photometry with built-in
bolometric corrections. This enables calculations of the absolute
magnitudes in a given photometric passband. The absolute mag-
nitudes in B and V passbands calculated for the MESA models
with the physical quantities given in Table 6 are Mg = —1.195
mag, and My = —1.134 mag. Using the photometry for @ Dra
from Oja (1993), and E(B-V) = 0.075 from Zorec et al. (2009),
the inferred distance to @ Dra is dyesas = 88.4 + 2.3 pc and
dyiesay = 88.6 £ 2.4 pc. This is close to the distance we deter-
mined from dynamical parallax, and to the distance calculated
with the bolometric correction from Flower (1996), as repre-
sented in Fig. 13.

8. Summary and discussion

The detailed analysis of the newly obtained high-resolution high
S/N HERMES optical spectra unambiguously reveals the spectral
contribution of an A-type secondary component in the observed
composite spectra of the @ Dra system. The companion star
is found to contribute approximately 17.5% of the total flux
of the system; however, its rapid rotation implied by vsini of
168 + 11kms™! results in the apparent spectral contribution of
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Fig. 12. Top: positions of the primary (circle) and secondary (squares) components of @ Dra in the Kiel (left column) and HRD (right column)
diagrams. The black and blue squares indicate the position of the secondary component corresponding respectively to its photometric and spec-
troscopic value of Tg. The MESA evolutionary tracks are shown as lines; the exact values of the stellar mass (in M, units) are indicated in the
plot. The black solid lines correspond to the dynamical masses of the stars and are computed for the overshooting parameter f,, =0.005 H,,. The
blue track is the best fit to the spectroscopic T of the secondary; the red line indicates a MESA evolutionary track corresponding to the dynamical
mass of the primary component and computed with f,, =0.010 Hy,. Bottom: close-ups of the primary (left) and secondary (right) components of

the binary systems.
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Fig. 13. Dynamical parallax of the binary system o Dra determined
in this work compared to the trigonometric parallaxes measured by
dedicated space astrometric missions, HIPPARCOS, and Gaia. Distance
determinations based on the geometric and radiative properties of the
stars in @ Dra using different bolometric corrections are also shown.
The latest Gaia distance from the Gaia EDR3 is shown in the coloured
strip for easy comparison.

only 1% of the continuum level in the regions of metal lines.
Therefore, it does not come as a surprise that @ Dra has long
been classified in the literature as a SB1 system. Our newly
obtained data set also allows us to achieve the precision of
~0.1% in the measurement of the primary’s RV semi-amplitude.
A similar precision has been achieved by Kallinger et al. (2004)
and Hey et al. (2022), while other measurements available in
the literature are significantly inferior (e.g., Elst & Nelles 1983;
Bischoff et al. 2017).
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The combined analysis of the HERMES high-resolution spec-
troscopic data and the high-quality TESS space-based photo-
metric data enabled us to determine the fundamental and atmo-
spheric properties of both components of the @ Dra system with
high confidence. The precision achieved for the mass, radius, and
effective temperature of the primary (secondary) component are
approximately 1.4% (0.8%), 1.1% (3.1%), and 1.0% (3.0%). We
find the mass and radius of the primary component to be respec-
tively 14% and 15% lower than the values of 3.7 + 0.1 M, and
5.8+0.1 R reported by Hey et al. (2022). We note that the @ Dra
system will be re-observed by the TESS mission during Sectors
48 and 49° of the cycle 4 observations, offering a prospect for
further improvement in the above-mentioned precision, in par-
ticular for the radius of the secondary component.

The primary component of the @ Dra system is an evolved
A-type star, which is an extremely rare case when it comes to
eclipsing double-lined binaries. Querying DEBCat®, an online
catalogue of detached eclipsing binaries with masses and radii
determined with a precision better than 2% (maintained and reg-
ularly updated by Southworth 2015), results in only one binary
system with an evolved A-type star, namely  Cen. This binary
system comprises a pair of AOIV and A1V stars that reside in
a 38.8d orbit. Fundamental and atmospheric properties of both
components of the ¢ Cen system have been determined with high
precision, thanks to the available WIRE space-based photomet-
ric (Bruntt et al. 2006) and ground-based high-resolution spec-
troscopic data (Mantegazza et al. 2010; Gallenne et al. 2019).
For example, Gallenne et al. (2019) report the mass and radius of
the primary component of i Cen to be M = 3.187+0.031 M and
R =3.814 £ 0.007 Ry. Therefore, the primary components of the
¢ Cen and « Dra are strikingly similar in terms of their masses,
while the difference of about 1 R, in their radii (see Table 6 for
the parameters of o Dra) indicates that the primary component
of « Dra is evolutionarily more advanced. This in turn suggests

5>« Dra was also observed by the TESS mission during Sector 41; how-

ever, only out-of-eclipse phases were covered during the 27.4 days of
observations.
® https://www.astro.keele.ac.uk/jkt/debcat/
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a slight difference in the ages of the two systems, and indeed we
find @ Dra to be 310 = 25 Myr old, which is to be compared to
the age determinations of i Cen of 7 (¢ Cen A) = 280 + 10 Myr
(Gallenne et al. 2019) and 7 (¥ Cen) ~ 290Myr (Bruntt et al.
2006). Looking for ‘a replica’ of the secondary component of
a Dra in terms of mass and age, the closest matches are the
TZ Men A (Andersen et al. 1987) and V541 Cyg A (Torres et al.
2017) systems. Their masses and surface gravities (used as a
proxy for age) match the respective quantities of @ Dra B within
0.1 M and 0.1 dex.

Royer et al. (2007) report a bi-modal distribution of the
projected rotational velocity v sini in early A-type stars, with
slowly and rapidly rotating stars having distributions cen-
tred at 45kms~! and 200kms~!, respectively. It is thus not
unexpected to find a binary system composed of two early
A-type stars with significantly different projected rotational
velocities, especially when one of the components is at an
advanced evolutionary stage. Our measurement of v sin i for the
primary component is in excellent agreement with the value of
v sini = 25 + 2kms™! inferred by Royer et al. (2002) with the
Fourier method. The projected rotational velocity of the sec-
ondary component of 168 + 11 kms~' determined by us corrob-
orates well the speculation by Hey et al. (2022) that a compan-
ion star must be a rapidly rotating A-type star with v sini ~
200kms~!. A-type stars with discordant projected rotational
velocities measured from different spectral lines were identi-
fied in observational studies by Zverko et al. (2011, 2018) and
Variko et al. (2020), and references therein. Systematic spectro-
scopic observations revealed that this disparity in v sin i is a con-
sequence of binarity itself, and the & Dra system adds extra value
to that argument.

The angular diameters of both components of the aDra
binary system were resolved in our high angular resolution inter-
ferometric observations with the NPOI. The measured angu-
lar diameters for the primary and secondary components are
0a = 0.62 £ 0.05mas and 6 = 0.28 + 0.05 mas, respectively.
Combining angular diameters with the dynamical parallax of
m=11.48+0.13mas (d = 87.07+1.03 pc; see Sect. 7), we obtain
linear radii of Rjipa = 5.80£0.47 Ry and Rjinp = 2.62 + 0.47 R
for the primary and secondary component, respectively. We note
that uncertainties in the interferometric measurements are the
main contributor to the total error budget of the linear radii. The
above-mentioned values are within 20, in agreement with the
radius for the primary, and 1o for the radius of the secondary
component inferred from the combined spectroscopic and light
curve analysis.

The high precision achieved in the measurement of the
dynamical parallax of the system in turn leads to the 1.1% uncer-
tainty on its distance. The distance from Gaia EDR3 trigonomet-
ric parallax is about 7 pc shorter than the value derived from our
dynamical parallax. Due to the brightness of @ Dra, the uncer-
tainties of Gaia parallax when corrected are large and within
20, in agreement with our dynamical parallax. At the same time,
inference of the distance to @ Dra from physical properties of the
components derived in this work (radii, effective temperatures,
and accounting for the light ratio between the two components)
and bolometric corrections gave a broad range of results. The
closest distance to our measurement of the dynamical parallax
is obtained from the empirical bolometric correction by Flower
(1996), dprLo = 87.9 £ 2.5 pc. On the other hand, using theoreti-
cally calculated bolometric corrections from Bessell et al. (1998)
and Girardi et al. (2002) both yield a distance that is about 10 pc
further away than the distance obtained in this work (see Fig. 13).
We attribute the difference between the Gaia and dynamical

parallaxes to the (current) neglect of binarity in the Gaia solu-
tion, where the orbital movement produces changes in the pho-
tocentre of the star, and thus affects the determination of the
trigonometric parallax, and also produces anomalous proper
motion.

Inspired by the results of Hey et al. (2022) who reported
a complex abundance pattern for the primary component of
a Dra, we inferred abundances of helium, silicon, and scandium
to check whether they are consistent with the solar metallicity
of the star inferred from its disentangled spectrum. We focus
here on He, Si, and Sc as these three elements are reported by
Hey et al. (2022) to show some of the largest underabundances,
while a detailed chemical composition analysis of both com-
ponents of @ Dra is the subject of a forthcoming paper. We
confirm a slight underabundance of He (though consistent with
the solar composition within the quoted errors) at the level of
0.1 0.1 dex, whereas abundances of Si and Sc are found to be
in excellent agreement with the deduced solar metallicity of the
star. Hence, we speculate that the complex abundance pattern
reported by Hey et al. (2022) for the primary component from
the analysis of a co-added SOPHIE spectrum is a consequence
of unaccounted spectral contribution of the secondary compo-
nent to the observed composite spectrum of the system. Anal-
ysis of the spectrum of @ Dra as if it were a single star is also
likely the reason why Andersen et al. (1987) and Adelman et al.
(2001) classified the system as a A Boo chemically peculiar star.
These stars are known for their metal deficiency, an effect that is
easily mimicked by light dilution from an unseen companion in
spectroscopic data.

Finally, from an evolutionary analysis of the system, we find
that the primary component of a Dra is an evolved post-TAMS
A-type star. The secondary component is shown to be relatively
unevolved; its convective core mass constitutes about 14% of the
apparent mass of the star. Fundamental and atmospheric proper-
ties of both binary components are consistent with low values of
the convective core overshooting, with f,, just below 0.010 H,,.

9. Conclusion and future work

The analysis of @ Dra presented in this work builds upon two
fundamental findings in the literature: (i) spatially resolving the
binary components based on the high-resolution NPOI interfer-
ometric data (Hutter et al. 2016), and (ii) detection of eclipses in
TESS space-based photometric data (Bedding et al. 2019). Both
these data sets suggest that @ Dra is unlikely to be a SB1 sys-
tem as previously reported in the literature, where Hutter et al.
(2016) give an estimate of the light ratio of the two stars of
about 0.19. Intrigued by the fact that such a rare system with
an evolved A-type primary component has been spectroscopi-
cally misclassified as a SB1, due to a low apparent contribution
of the secondary, we collected a new data set of high-resolution
high S/N optical spectroscopic data to attempt the spectroscopic
detection of a companion star, and for detailed analysis of the
system based on combined spectroscopic, interferometric, and
photometric data sets. We report the first unambiguous detection
of the secondary component in the o Dra system, which makes
it an eclipsing spectroscopic double-lined (SB2) binary.

The main results and conclusions of our work are the
following:

— The companion star is found to contribute approximately
17% of the total light of the system, with the apparent spec-
troscopic line depths of about 1% in metal line regions,
owing to the high rotational velocity of the star;
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— The dynamical masses and radii of the primary and sec-
ondary components are found to be M, = 3.186 = 0.044 M,
and Ry =4.932+0.036 Ry, and My = 2.431+£0.019 M, and
Rp = 2.326 + 0.052 Ry, respectively. The high precision of
these parameters, coupled with precise measurements of the
effective temperature for both stars, allows us to constrain
the evolutionary status of both components and the age of
the system as a whole;

— We confirm that the primary component is an evolved post-
TAMS early A-type star. The companion, on the other hand,
is a fairly unevolved main-sequence star whose convective
core mass constitutes about 14% of its apparent total mass.
The age of the system is estimated to be 310 + 25 Myr;

— The high quality of our interferometric observations with an
optimal distribution over the orbital cycle allow us to infer
the angular semi-major axis with a precision of about 1%.
This high precision in turn allows for the inference of a pre-
cise dynamical parallax of 7 = 11.48 + 0.13 mas, ultimately
leading to the distance estimate of d = 87.07 + 1.03 pc.

Both components of the @ Dra system are interesting targets to
consider in the context of the mass discrepancy and near-core
mixing levels in detached eclipsing double-lined binaries. The
term mass discrepancy refers to the difference between the mea-
sured dynamical mass of the star and its mass that is inferred
from fitting evolutionary models to the position of the star in
the Kiel or HR diagram. Until recently, it was common to asso-
ciate the mass discrepancy with large amounts of the near-core
mixing in the form of overshooting (e.g., Guinan et al. 2000;
Pavlovski et al. 2009), hence the two effects are not totally dis-
connected. Claret & Torres (2019) report a sharp increase in
the f,y overshooting parameter up to a mass of approximately
2 My and a subsequent levelling off at the value of approxi-
mately 0.017 H, beyond 2 M and at least up to 4.4 M. On
the other hand, Tkachenko et al. (2020) find that (i) the mass
discrepancy is a strong function of the surface gravity of the
star, while it does not show any dependence on the stellar mass
itself; (ii) the mass discrepancy can be only partially explained
by insufficient near-core mixing and convective core mass pre-
dicted by evolutionary models; (iii) there is evidence that the
mass discrepancy is strongly connected with incorrect spectro-
scopic inference of the effective temperature of the star due to
ignoring the contribution of the turbulent and radiative pressure
in the stellar atmosphere. We note, however, that the study by
Tkachenko et al. (2020) generally deals with higher mass stars,
in the mass range between 4.5 My, and 17 M. Our evolutionary
analysis of the @ Dra system does not support the conclusion of
Claret & Torres (2019) as to the dependence of the convective
core overshooting parameter on stellar mass. We find low over-
shooting values well below f,, = 0.010 H, for both binary com-
ponents, while according to the dynamical masses and empirical
findings by Claret & Torres (2016) the stars should show sig-
nificantly higher levels of core overshooting. Perfect agreement
between the dynamical and evolutionary mass for the evolved
primary component of @ Dra is also seemingly in contradic-
tion with the findings of Tkachenko et al. (2020) that evolved
stars tend to show large values of the mass discrepancy. How-
ever, we note that both components of @ Dra have substantially
lower masses than the bulk sample studied by Tkachenko et al.
(2020), hence we do not expect their T.g inference be signifi-
cantly influenced by the turbulent and/or radiative pressure in the
stellar atmosphere. Therefore, @ Dra provides an extra argument
for the mass discrepancy in eclipsing binaries to be strongly con-
nected with inferior modelling of stellar atmospheres in certain
mass regimes, and probably less so with the predictive power of
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evolutionary models as to the convective core mass and amount
of near-core mixing.

Finally, by looking at abundances of He, Si, and Sc in the
atmosphere of the primary component of @ Dra, we find the for-
mer to be slightly underabundant, while the other two elements
show abundances consistent with the solar metallicity of the star.
This result suggests the primary component might be a chemi-
cally ordinary A-type star; however, a more in-depth chemical
composition analysis is required before any firm conclusions
can be drawn. Detailed chemical composition analyses of the
two components of @ Dra and a subsequent comparison of the
inferred abundance patterns with predictions from stellar struc-
ture and evolution models are the subject of a forthcoming paper
(Sahin et al., in prep.).
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Appendix A: Interferometric observations of « Dra

Table A.1. Mark III (1989-1992) and NPOI (1997-2015) observations

UT Date Julian Year  Triangles and baselines Buin[m]  Bmax[m]  Calibrators

1 2 (3) @ 5) 6)

1989 Apr 18 1989.2945 NF-SC 16 17 FK5509

1991 Jun 19 1991.4627 NE-SC 14 17 FK5913

1992 Feb 28 1992.1584  NF-SC 13 17 FK5 447 FK5 456

1992 Apr 28 1992.3225 NF-SD 19 20 HR 5062 FK5 447 FK5 509
1992 May 02 1992.3337 NC-SC 8 10 HR 5062 HR 5329 FK5 456
1992 Jun 08 1992.4349 NE-SC 12 17 HR 5062 FK5 456

1992 Jul 06 1992.5113 NA-SA 9 10 HR 5062

1997 Mar 19 1997.2125 AC-AE-AW 18 37 FK5472

1997 Mar 26 1997.2318 AC-AE-AW 16 37 FK5 447 FK5 472

1997 Apr 15 1997.2864  AC-AE-AW 17 37 FK5423 FK5472

1997 Apr 18 1997.2946  AC-AE-AW 17 37 FK5472

1997 May 08  1997.3493 AC-AE-AW 17 37 FK5 423 FK5472 FK5 668
1997 May 29  1997.4067 AC-AE-AW 16 37 FK5 423 FK5 668

1997 Jun 19 1997.4640  AC-AE-AW 16 37 FK5 447 FK5 456 FK5 472 FK5 509 FK5 668
1997 Jun 21 1997.4695 AC-AE-AW 17 37 FK5 447 FK5 472 FK5 509
1997 Jun 22 1997.4723 AC-AE-AW 14 37 FK5 447 FK5 472 FK5 509 FK5 668
1997 Jun 26 1997.4834  AC-AE-AW 15 36 FK5 472 FK5 509 FK5 668
1997 Jun 27 1997.4859 AC-AE-AW 17 37 FK5 472 FK5 509

1997 Jul 04 1997.5051 AC-AE-AW 14 37 FKS5 447 FK5 509

1997 Jul 08 1997.5159 AC-AE-AW 17 37 FK5 509 FK5 668

1997 Jul 09 1997.5188 AC-AE-AW 15 36 FK5509

1997 Jul 13 1997.5298 AC-AE-AW 16 37 FK5509

1997 Jul 14 1997.5325 AC-AE-AW 15 37 FK5509

1997 Jul 18 1997.5435 AC-AE-AW 14 35 FK5509

2013 Mar 05 2013.1743 AW-AC 19 53 FK50472

2013 Mar 06 2013.1769 AW-AC 19 53 FK50472

2013 Mar 07  2013.1797 AW-AC 19 53 FK5472

2013 May 24  2013.3931 AW-AC 15 50 FK5472

2013 May 25 2013.3956  AC-AW-E6 16 53 FK50472

2013 May 26 2013.3985 AW-AC 16 50 FK5472

2013 May 27  2013.4012  AC-AW-E6 16 53 FK5472

2013 May 30  2013.4094  AC-AW-E6 15 53 FK5472

2013 May 31  2013.4121 AC-AW-E6 16 53 FK5472

2013 Jun 01 2013.4148 AC-AW-E6 16 53 FK5472

2013 Jun 03 2013.4203 AC-AW-E6 16 53 FK5472

2013 Jun 04 2013.4230  AC-AW-E6 16 53 FK5472

2013 Jun 05 2013.4258 AC-AW-E6 15 53 FK5472

2013 Jun 07 2013.4315 AW-AC 15 50 FK5472

2013 Jun 08 2013.4341 AW-AC 16 50 FK5423 FK5 472

2013 Jun 10 2013.4395 AW-AC 15 50 FK5423 FK5472

2013 Jun 11 2013.4423 AW-AC 15 50 FK5423 FK5 472

2013 Jun 13 2013.4477 AW-AC 17 51 FK5423 FK5472

2013 Jun 15 2013.4532 AW-AC 16 51 FK5423 FK5 472

2013 Jun 16 2013.4559 AW-AC 16 51 FK5423 FK5472

2013 Jun 17 2013.4586  AW-AC 16 50 FK5423 FK5 472

2014 Jun 24 2014.4772  AE-AW-E6 AW-E6-W7 15 79 HR 5329

2014 Jun 25 2014.4799 AE-AW-E6 AW-E6-W7 15 79 HR 5329

2014 Jun 26 2014.4826  AE-AW-E6 AW-E6-W7 15 79 HR 5329

2015 Mar 28  2015.2360  AC-AW-EO03 10 32 HR 5329 FK5 423 FK5 622
2015 Mar29  2015.2387 AC-AW-E03 10 32 HR 5329 FK5 423 FKS5 622
2015 Apr 21 2015.3015 AC-AW-EO03 10 32 HR 5329 FK5 423 FK5 622
2015 Apr 28 2015.3206  AC-AW-E03 10 32 HR 5329 FKS5 622

2015 Apr 30 2015.3261 AC-AW-EO03 10 32 HR 5329 FK5 423 FK5 622
2015 May 20  2015.3808 AC-AW-EO03 10 32 HR 5329 FK5 677

2015 May 28  2015.4026  AC-AW-EO03 10 32 HR 5329 FK5 423 FK5 677
2015 Jun 01 2015.4136 AC-AW-E03 10 32 HR 5329 FK5 423 FK5 677

Notes: Column 3 lists station names used in baselines or triangles; Cols. 4 and 5 list the minimum and maximum projected baseline lengths during
the observations; and Col. 6 the calibrator stars used.
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Table A.2. Astrometric results

UT Date  Julian year Number of vis. I 0 Omy O min ¢ 0-C, 0-Cy

mas deg. mas mas deg. mas deg.
(H 2 €)) 4 5 (6) ) ¢) © (10)
Apr 18 1989.2946 44 3.47 70.28 0371 0.079 1024 0.26 -0.3
Jun 19 1991.4629 59 7.22  251.89 0.208 0.098 65.3 -0.19 -0.6
Feb 28 1992.1583 39 6.98 253.18 0.198 0.075 1123 0.23 1.8
Apr 28 1992.3226 75 8.27 25454 0.287 0.119 84.1 0.74 04
May 02 1992.3336 61 747 256.13 0327 0.166 83.5 0.60 0.7
Jun 08 1992.4349 87 6.39 249.32 0.222 0.062 62.6 0.26 -1.3
Mar 19 1997.2123 549 462 25134 0.264 0.192 10.1 0.02 2.6
Mar 26 1997.2315 549 7.25 252.08 0226 0.131 135.0 0.04 -0.0
May 08 1997.3492 337 373 24760 0409 0.156 121.7 -0.00 0.3
Jun 19 1997.4642 234 3.12 7749 0345 0.136 135.0 -0.01 4.0
Jun 21 1997.4697 316 2.08 77.18 0414 0.183 154.8 -0.10 -1.1
Jun 22 1997.4724 450 1.47 76.79 0345 0.136 135.0 0.02 -6.9
Jun 26 1997.4833 237 227 250.11 0478 0.181 116.5 0.28 8.4
Jun 27 1997.4861 328 2.82 236.87 0264 0.192 10.1 0.07 -8.0
Jul 04 1997.5052 656 6.26 248.55 0.226 0.131 135.0 -0.21 2.5
Jul 08 1997.5162 246 7.42 25426 0453 0.117 135.0 0.01 1.8
Jul 09 1997.5189 246 7.39 252.07 0.740 0.186 122.1 -0.14 -0.7
Jul 13 1997.5299 137 7.85 257.55 0.789 0.268 135.0 0.28 3.6
Jul 14 1997.5326 410 7.32 25220 0414 0.183 1152 -0.15 2.1
Mar 05 2013.1740 420 6.25 256.07 0.226 0.131 135.0 -0.01 -0.3
Mar 06 2013.1767 360 5.62 256.83 0292 0.143 157.7 -0.31 0.0
Mar 07 2013.1794 330 539 256.09 0.582 0.226 22.4 -0.18 -1.2
May 24  2013.3930 445 2.62 24284 0226 0.131 135.0 -0.01 -1.7
May 25  2013.3957 1208 343 24431 0.264 0.192 10.1 0.09 2.2
May 26  2013.3985 480 4.11 245.67 0374 0221 121.5 0.11 2.1
May 27  2013.4012 1530 453 250.81 0292 0.143 157.7 -0.07 2.1
May 30  2013.4094 1649 6.04 251.26 0226 0.131 135.0 -0.01 0.7
May 31 2013.4122 1829 6.30 25341 0264 0.192 10.1 -0.12 2.4
Jun 01 2013.4149 1620 6.66 25359 0.226 0.131 135.0 -0.07 2.2
Jun 03 2013.4204 1304 727 25246 0292 0.143 157.7 0.05 04
Jun 04 2013.4231 1920 7.40 253.14 0264 0.192 10.1 0.01 0.7
Jun 05 2013.4259 1608 7.60 25322 0226 0.131 135.0 0.09 0.5
Jun 07 2013.4313 60 7.56 25534 1.058 0490 115.7 -0.07 2.0
Jun 08 2013.4341 339 7.63 25733 0576 0317 143.8 0.00 3.7
Jun 10 2013.4395 450 7.63 25559 0264 0.192 10.1 0.14 14
Jun 11 2013.4423 457 7.72 256.67 0414 0.183 154.8 0.35 2.1
Jun 13 2013.4478 171 7.15 258.39 0385 0243 162.3 0.13 3.2
Jun 15 2013.4532 300 6.77 258.07 0.688 0.171 161.5 0.26 2.1
Jun 16 2013.4560 300 6.38 256.03 0.345 0.136 135.0 0.17 -04
Jun 17 2013.4587 359 595 256.65 0483 0.197 136.6 0.08 -0.2
Jun 24 2014.4772 4248 0.80 1246 0226 0.131 1350 0.14 -15.8
Jun 25 2014.4799 4186 1.23 41.58 0.226 0.131 135.0 0.07 9.7
Jun 26 2014.4827 4334 1.81 5729 0.226 0.131 135.0 0.09 -2.6
Mar 28 2015.2356 875 539 247.62 0226 0.131 135.0 -0.04 2.2
Mar 29 2015.2383 620 5.84 246.62 0483 0.197 1334 -0.04 3.7
Apr 21 2015.3013 895 4.11 25671 0344 0.126 135.0 0.18 -3.5
May 20  2015.3807 476 593 249.06 0.514 0261 177.8 -0.18 -1.6
May 28  2015.4026 1065 7.46 249.77 0345 0.136 135.0 -0.17 -3.6
Jun 01 2015.4135 630 723 25126 0483 0.197 136.6 -0.12 -3.3

Notes: Column 3 lists the number of visibility measurements obtained; Cols. 4 and 5 separation and position angle of the binary components
(at local midnight of the date of observation); Cols. 6, 7, and 8 the major and minor axis, and the position angle of the astrometric error ellipse,
respectively. Columns 9 and 10 list the offsets in separation and angle between the measurements and the predicted orbit positions.
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Appendix B: EMCEE calculations of the uncertainties in the light curve analysis
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Fig. B.1. MCMC determination of the light curve parameters and accompanying uncertainties for TESS observations of @ Dra in Part 1 (Sectors
14, 15, and 16). A strong correlation between parameters is present, as expected for partial (almost grazing) eclipses. The posterior distribution
densities are plotted (solid contours). The histogram distributions (solid lines) are plotted across the associated quantity with 16th, 50th, and 84th
percentiles levels (dashed lines).
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Same as Fig. B.1, but for TESS observations of & Dra in Part 2 (Sectors 21 and 22).
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