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ABSTRACT

Because many classical Be stars may owe their nature to mass and angular-momentum transfer in a

close binary, the present masses, temperatures, and radii of their components are of high interest for

comparison to stellar evolution models. κ Dra is a 61.5-day single-lined binary with a B6 IIIe primary.

With the CHARA Array instruments MIRC/MIRC-X and MYSTIC, we detected the secondary at

(approximately photospheric) flux ratios of 1.49 ± 0.10% and 1.63 ± 0.09% in the H and K band,

respectively. From a large and diverse optical spectroscopic database only the radial velocity curve of

the Be star could be extracted. However, employing the parallaxes from Hipparcos and Gaia, which

agree within their nominal 1-σ errors, we could derive the total mass and found component masses

of 3.65 ± 0.48 M� and 0.426 ± 0.043 M� for the Be star and the companion, respectively. Previous

cross-correlation of the observed far-UV spectrum with sdO spectral model templates had not detected

a companion belonging to the hot O-type subdwarf (sdO) population known from ∼ 20 earlier-type Be

stars. Guided by our full 3D orbital solution, we found a strong cross-correlation signal for a stripped

subdwarf B-type companion (far-UV flux ratio of 2.3± 0.5%), enabling the first firm characterization

of such a star, and making κ Dra the first mid- to late-type Be star with a directly-observed subdwarf

companion.

Keywords: B subdwarf stars (129) – Be stars (142) – O subdwarf stars (1138) – Optical interferometry

(1168) – Orbit determination (1175) – Multiple star evolution (2153)

1. INTRODUCTION

Be stars are extremely rapidly rotating and non-

radially pulsating B-type stars of luminosity classes V,

IV, and III that possess self-ejected, gaseous disks with

∼Keplerian rotation (Rivinius et al. 2013). They con-

stitute about 15 to 20% of all B-type stars in the lo-

cal Galactic environment (Rivinius et al. 2013). From

a stellar evolution perspective, a significant fraction of

Be stars are thought to be products of binary inter-

action and mass and angular-momentum exchange be-

tween two initial B-type stars, one of which expands

while it evolves beyond the main sequence (MS, e.g. Pols
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et al. 1991; Shao & Li 2014, 2021). The mass transfer

from the originally more massive component rejuvenates

and spins up the mass gainer which then becomes the

classical Be star. The mass donor loses its envelope (and

with it a large fraction of its initial mass), while the hot

stripped core remains and is often referred to as an OB-

type subdwarf star (sdOB). Further evolution of the sys-

tem may result in a white dwarf (WD), a neutron star

(NS), or a black hole (BH).

The hypothesis that a given Be star is a binary inter-

action product can be positively supported through (i)

the detection of a stripped companion or (ii) the iden-

tification of single Be stars as binary merger products

or (iii) runaway stars from a former binary disrupted in

a supernova explosion. On the other hand, it can be

ruled out by detecting a close stellar companion that

is still on the main sequence; this would prove that Be

stars can acquire their properties as a consequence of the

initial formation conditions (Martayan et al. 2007; Hast-

ings et al. 2020) and/or internal structural changes dur-

ing their main sequence lifetimes (Ekström et al. 2008;

Granada et al. 2013). Finding a truly single Be star

that is not a binary interaction product would lead to

the same conclusion. However, the presence of very faint

and low-mass companions such as WDs or sdOBs is dif-

ficult to rule out with current observational means (cf.

the case of the Bn star Regulus with a pre-WD compan-

ion, Gies et al. 2020). Mass transfer products such as

Be stars could also be identifiable as blue stragglers, i.e.,

stars likely rejuvenated by mass transfer, in stellar clus-

ters (Bodensteiner et al. 2021). Furthermore, since most

Be stars are nonradial pulsators, long-term monitoring

by space photometry can place tight limits on orbital

Doppler shifts of the pulsation frequencies (cf. Baade

et al. 2018a, and references therein). The method is

most promising for early-type Be stars, in which p-mode

frequencies are found that are relatively isolated and

both higher and more stable than the others (Labadie-

Bartz et al. 2022) so that they require shorter observing

timespans. For current facilities, these timespans are too

long, but they may be within reach of PLATO (Rauer

et al. 2014). So far, no model has claimed exclusiveness

in its explanation of Be stars, although binary products

have been positively identified in many cases.

Currently about 20 Be stars are known to have

stripped companions, most of which were confirmed with

far UV (FUV) spectroscopy, as it is in the far-UV where

the flux ratios are most favorable (Wang et al. 2021;

Klement et al. 2022, and references therein). All of the

spectroscopic FUV detections were found to be compat-

ible with sdO nature of the companions, while no firm

case of a cooler sdB companion has been presented as of

yet. There are also more than 160 confirmed and can-

didate Be X-ray binaries (BeXRBs, Raguzova & Popov

2005)1, which are mostly Be+NS systems that probably

evolved in a similar fashion as the Be+sdO binaries but

from more massive progenitor systems (Reig 2011). The

Be primaries occupy a narrow range between O9 and B2

in spectral type (Reig et al. 2017). These systems are

conspicuous due to the X-ray emission resulting from the

(episodic) accretion of Be disk material onto the com-

pact object, so that the sample is drawn from a much

larger (partly extragalactic) volume. White dwarf com-

panions to Be stars proved unexpectedly elusive (Meurs

et al. 1992; Cohen et al. 1997), but several super-soft

X-ray emission sources consistent with (early-)Be+WD

systems undergoing a Type-II BeXRB outburst were re-

cently detected in the Magellanic Clouds (Coe et al.

2020; Kennea et al. 2021). One Be star (MWC 656)

was reported to have a BH companion, but this was

recently shown to be questionable on the basis of new

higher-quality spectra, which rather point towards an-

other Be+sdO system (Rivinius et al. 2022). HD 93521

is the first candidate post-merger Be star (Gies et al.

2022), and members of a Be star runaway population

were found using Hipparcos and Gaia astrometric cata-

logs (Berger & Gies 2001; Boubert & Evans 2018; Wang

et al. 2022). On the other hand, Be stars have been

found missing among B stars at high Galactic latitude

(Martin 2004, 2006). Meanwhile, not a single early-type

Be star has been confirmed to have a close main sequence

companion (Gies 2000; Bodensteiner et al. 2020). How-

ever, the recently studied case of the B6Ve star α Eri,

which is a highly eccentric binary with an early A-type

dwarf companion on a seven-year orbit, appears to be

the first confirmed case of a Be star that does not owe its

nature to mass transfer in a close binary, as the presence

of a close stripped companion was ruled out (Kervella

et al. 2022b). This implies that two evolutionary chan-

nels - single and binary - indeed exist for the formation

of Be stars.

Overall, while many Be stars are known as single-lined

spectroscopic (SB1) binaries, very few have a double-

lined spectroscopic (SB2) solution or an astrometric or-

bit, so that estimates of Be star masses are highly un-

certain. This deficiency hampers the empirical calibra-

tion of binary evolution models. SB2 solutions are rare

because the suspected companions are very hard to de-

tect due to their faintness outside the FUV, and the

very small angular separations can only be resolved with

long-baseline optical/near-IR interferometry. A full SB2

1 List updated at http://xray.sai.msu.ru/∼raguzova/BeXcat/

http://xray.sai.msu.ru/~raguzova/BeXcat/
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+ astrometric solution exists only for two Be stars. One

is the first identified Be+sdO system φ Per (B1.5Ve,

Mourard et al. 2015), and the other a special case of

the outer star in the hierarchical triple system ν Gem

(B6IIIe, Klement et al. 2021). Preliminary dynamical

masses were derived for two additional Be+sdO bina-

ries, but with only SB1 solutions available, these relied

on an independent measurement of the parallax (Kle-

ment et al. 2021).

κ Draconis (= 5 Dra = HR 4787 = HIP 61281 =

HD 109387) is a classical Be star and a single-lined

spectroscopic binary. The spectral type is B5 IIIe ac-

cording to Slettebak (1982), B6 IIIpe according to the

Bright Star Catalogue (Hoffleit & Jaschek 1991; Hoffleit

& Warren 1995), and B6 from the temperature derived

by Saad et al. (2004). Several SB1 orbital solutions have

been published in the last decades, for instance by Juza

et al. (1991) and the latest one by Saad et al. (2021),

all resulting in a circular orbit with an orbital period

of 61.55 days. Spectral lines of the secondary were not

identified in optical spectra, neither was a signature of

a hot sdO companion found in the FUV from IUE spec-

tra (Wang et al. 2017). Using a model spectrum for an

effective temperature of 45 kK, Wang et al. derived a

5σ upper limit on the FUV flux ratio fsdO/fBe of 0.010.

A turndown in the radio spectral slope was detected

in κ Dra, providing evidence for a truncation of the cir-

cumstellar disk due to the orbiting companion (Klement

et al. 2019). Previously published interferometric ob-

servations by NPOI did not result in a detection of the

companion (Hutter et al. 2021), nor is there evidence for

a more widely separated companion from speckle obser-

vations (Horch et al. 2020).

Interestingly, hot sdO companions have only been

found around early-type Be stars, although the detection

should be easier for mid- or late-type Be stars (Rivinius

2019). It is, therefore, possible that later-type Be stars

like κ Dra have stripped companions with temperatures

comparable to that of the Be primaries, i.e., sdB stars.

Such companions could escape searches optimized for

hot sdO companions, as the FUV spectrum morphol-

ogy differs between sdO and sdB stars. The companion

would also remain undetected if it is a late-type MS star

and, hence, not the outcome of mass transfer in a close

binary, as it would contribute very little flux in the FUV

as well as in the optical spectra.

κDra was reported to be a source of X-rays based

on Uhuru observations (Peters 1982), although not at

the levels expected for BeXRBs. The detection was not

confirmed in more recent surveys with Rosat (Berghoe-

fer et al. 1996) and XMM-Newton (Nazé et al. 2020), so

that there is no indication of a NS companion for κ Dra.

However, in terms of the X-ray properties, a WD com-

panion remains a possibility, as the above-mentioned fa-

cilities were not sensitive enough to detect the expected

super-soft X-ray emission (Coe et al. 2020).

κ Dra is also known for the rapid variability of its pho-

tospheric absorption line profiles, which include travel-

ling subfeatures in the observed line profiles, whose ori-

gin is uncertain (Hill et al. 1991; Saad et al. 2021). Not

connected to binarity, non-radial pulsations (NRPs) are

found in virtually all well-observed Be stars (Rivinius

et al. 2003; Labadie-Bartz et al. 2022) and are made

spectroscopically visible by the perturbation of the ve-

locity field across the rotationally-broadened line pro-

files. In κ Dra, the main variability with a reported

period of 0.545 d concerns line width and symmetry and

was attributed to a low-order NRP mode (Hill et al.

1991).

As in many other Be stars, longer-term variations in

κ Dra concern the ratio in strength of the violet (V )

and red (R) peaks of prominent emission lines. These

V/R variations are phase-locked to the orbital period

(Saad et al. 2005) and, as in other Be binaries, probably

originate from a two-armed (m = 2) density wave in the

disk excited by the companion (Panoglou et al. 2018).

κ Dra also exhibits long-term variations in the

strength of its emission lines which have been reported

to grow and dissipate with a cycle length of around 22

years (Juza et al. 1994; Saad et al. 2004). In earlier-

type Be stars (but see also the case of the B7-8 IIIe star

ν Pup, Baade et al. 2018a), such cyclic behavior - but on

shorter timescales - has been seen linked to the interplay

of multiple NRP modes (Baade et al. 2018b). Currently,

κ Dra is in an almost diskless phase, and, according to

the mentioned cyclic behavior, the emission is expected

to regain strength in the near future.

In this new study of κ Dra, we combine new radial

velocities from high-resolution spectroscopy with new

astrometric measurements from optical long-baseline in-

terferometry (Sect. 2). The goals are the determination

of the 3-dimensional binary orbit of κ Dra (Sect. 3),

a discussion of the fundamental parameters of the pri-

mary Be star, and a characterization of the nature of the

companion (Sect. 4). After a concise summary, Sect. 5

develops the conclusions as well as goals for future ob-

servations.

2. OBSERVATIONS

2.1. Hipparcos and Gaia astrometry

The parallax measurements for κ Dra from the Hip-

parcos (199 1997; van Leeuwen 2007) and Gaia (Gaia

Collaboration et al. 2016, 2018, 2021) space missions

are in good mutual agreement. The re-reduction of the
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Hipparcos astrometry by van Leeuwen (2007) should

supersede the original reduction, which also consid-

ered a single-star solution for κ Dra, although the re-

sulting parallaxes agree well withing the formal errors.

The distances derived from the Hipparcos re-reduction,

Gaia Data Release 2 (DR2), and Gaia Data Release

3 (DR3) catalogs amount to 150.4+8.1
−7.3 pc, 140.1+6.8

−6.2 pc,

and 142.7+6.3
−5.8 pc, respectively (formal parallax errors are

the only uncertainties considered here).

Further inspection of the Gaia DR3 data reveals that,

with a value of 2.441, the quality flag ‘renormalised

unit weight error’ (RUWE) exceeds the threshold of

1.4, above which astrometric solutions are considered

degraded (Lindegren et al. 2021). Therefore, it appears

that the sub-mas orbital motions of the primary Be star

in κ Dra (reported in Sect. 3.1), are appreciably affect-

ing the Gaia astrometric solution. Alternatively, the

astrometric solution could be degraded due to detector

saturation (κ Dra is very bright at G = 3.9) or variabil-

ity in the circumstellar environment. In any case, it was

found that for RUWE< 3 the astrometric solution can

still be useful within the uncertainties (Máız Apellániz

et al. 2021), and since the agreement between Hipparcos

and the individual Gaia releases is good, we adopt the

Gaia DR3 parallax and proper motions for the purposes

of this study.

The proper motion of κ Dra according to Gaia DR3

(Gaia Collaboration et al. 2021) is in good agreement

with that measured by Hipparcos (van Leeuwen 2007),

and there are no indications of a proper motion anomaly

indicating orbital motions on long time scales (Kervella

et al. 2019, 2022a). The peculiar tangential velocity,

obtained after subtracting the Sun’s peculiar motion

(Schönrich et al. 2010) and differential Galactic rota-

tion (Moffat et al. 1998, 1999) is 26.7± 1.2 km s−1. The

peculiar space velocity calculated from the systemic ve-

locity of κ Dra determined in this work (see Sect. 3.3)

is 33.8 ± 1.2 km s−1. These values are in good agree-

ment with those previously determined on the basis

of Hipparcos (Berger & Gies 2001). Even though the

space velocity is close to the threshold of 40 km s−1 typ-

ically considered for runaway stars (Blaauw 1961), κ Dra

is a close non-eccentric binary (Sect. 3.3) with a non-

compact companion, and therefore the runaway status

bears no significance to the origin of the Be star nature

of the primary star.

2.2. Photometry and spectrophotometry

2.2.1. Spectral energy distribution

For the basic fitting of the spectral energy distribu-

tion (SED), we used the dataset collected by Klement

et al. (2019) and complemented it with flux-calibrated

UV spectra from the International Ultraviolet Explorer

(IUE, Boggess et al. 1978), and near-IR photometry

measured by Dougherty et al. (1991). A total of 32 IUE

spectra were retrieved from the INES database2. They

were selected to have been taken with the large aperture

to ensure reliable flux calibration, but two clear out-

liers had to be discarded (SWP29665 and LWP08089).

In fact, SWP29665 appears to be a mis-identified spec-

trum of the Be binary 59 Cygni, because it has the same

appearance as others of 59 Cygni, and a CCF analysis

with a hot 45 kK template reveals the spectral signature

of the hot companion at the predicted velocity (Peters

et al. 2013) for the date of the observation.

The other sources of SED data include the HPOL

spectropolarimeter3 (Davidson et al. 2014), the Simbad

database4 (Wenger et al. 2000), and the catalogs of the

IR space missions IRAS 5 (Beichman et al. 1988; Joint

Iras Science 1994), WISE 6 (Wright et al. 2010; Cutri

et al. 2021), and AKARI/IRC 7 (Ishihara et al. 2010a,b).

2.3. Near-IR interferometry

Near-IR long-baseline interferometry was secured at

the Center for High Angular Resolution Astronomy

(CHARA) Array (ten Brummelaar et al. 2005; Schae-

fer et al. 2020) with the beam combiner MIRC (Mon-

nier et al. 2006) and its upgraded successor MIRC-X

(Anugu et al. 2020). MIRC(-X) is an image-plane beam

combiner operating in the H band at low spectral re-

solving powers of 50, 100, or 190, resulting in inter-

ferometric field of view (FoV) of ∼ 50, ∼ 100, and

∼ 200 mas, respectively. In combination with the six

CHARA 1-meter telescopes and long baselines of up

to ∼ 330 m, MIRC(-X) achieves angular resolution of

down to ∼ 0.5 milliarcsec (mas) and a very good cov-

erage of the (u, v) plane even with snapshot observa-

tions. Among many other science cases, these proper-

ties enable efficient detection of binary companions to

bright (H . 7.5) stars with contrast ratios as high as

1:500. The MIRC-X twin instrument MYSTIC (Setter-

holm et al. 2022) has operated at CHARA simultane-

ously with MIRC-X in the near-infrared K band (with

default R = 49 corresponding to interferometric FoV of

∼ 65 mas) since 2021 Aug.

2 http://sdc.cab.inta-csic.es/cgi-ines/IUEdbsMY
3 http://www.sal.wisc.edu/HPOL/
4 http://simbad.u-strasbg.fr/simbad/
5 https://irsa.ipac.caltech.edu/IRASdocs/iras.html
6 https://www.nasa.gov/mission pages/WISE/main/index.html
7 https://www.isas.jaxa.jp/en/missions/spacecraft/past/akari.

html

http://sdc.cab.inta-csic.es/cgi-ines/IUEdbsMY
http://www.sal.wisc.edu/HPOL/
http://simbad.u-strasbg.fr/simbad/
https://irsa.ipac.caltech.edu/IRASdocs/iras.html
https://www.nasa.gov/mission_pages/WISE/main/index.html
https://www.isas.jaxa.jp/en/missions/spacecraft/past/akari.html
https://www.isas.jaxa.jp/en/missions/spacecraft/past/akari.html
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Table 1. Interferometric calibrators

Calibrator UD diam. (H) UD diam. (K)

[mas] [mas]

HD 98499 0.709 ± 0.079 0.712 ± 0.079

HD 104986 0.531 ± 0.013 0.533 ± 0.013

HD 106925 0.306 ± 0.007 0.308 ± 0.007

HD 108399 0.763 ± 0.066 0.767 ± 0.066

HD 112609 0.391 ± 0.010 0.392 ± 0.010

HD 116285 0.482 ± 0.012 0.484 ± 0.012

HD 117113 0.511 ± 0.012 0.513 ± 0.012

HD 118788 0.619 ± 0.053 0.621 ± 0.053

κ Dra was observed on six nights in 2012, 2013, and

2021 with different spectral modes (Table 2). On a single

night in 2021 (2021 Dec 18), both MIRC-X and MYS-

TIC data were obtained simultaneously. The star occu-

pies a position in the sky for which 6-telescope delay-line

operation is not available at CHARA, and thus all of the

datasets were obtained in 5-telescope mode, i.e., with 10

individual baselines (telescopes pairs) and 10 closed tri-

angles (of which only 5 are independent). Accordingly,

each interferometric observation resulted in 10 sets of

squared visibilities (Vis2), and 10 sets each of closure

phases (CP) and triple amplitudes (T3amp). The data

were reduced using the dedicated pipelines for MIRC8

(Monnier et al. 2007) and MIRC-X/MYSTIC9 (pipeline

version 1.3.5, Anugu et al. 2020). Some datasets re-

quired the removal of edge spectral channels due to

highly degraded signal-to-noise ratio.

Calibrator observations were obtained before and/or

after the science target, and were used to correct for
atmospheric and instrumental effects in the raw mea-

surements to obtain absolute-calibrated Vis2, CP, and

T3amp. The calibrators were selected using the Search-

Cal software10 (Chelli et al. 2016) and are listed along

with their uniform disk (UD) diameters in Table 1. The

calibrator diameters were adopted from the JMMC cat-

alog of stellar diameters (Bourgés et al. 2014, 2017).

The absolute calibration of Vis2 and T3amp is more

susceptible to atmospheric turbulence than that of CP,

as the latter is a differential measurement explicitly de-

8 https://www.chara.gsu.edu/tutorials/mirc-data-reduction
9 https://gitlab.chara.gsu.edu/lebouquj/mircx pipeline.git
10 https://www.jmmc.fr/english/tools/proposal-preparation/

search-cal/

signed to cancel the turbulence-induced terms in the

interferometric phase. Unfortunately, several of our

epochs were affected by bad atmospheric conditions; a

combination of poor seeing, spikes in humidity and/or

wind gusts made for unstable fringes on 2012 Apr 28,

2021 Mar 6, 2021 May 20, and to a lesser extent on

2021 Dec 18. While the CP precision turned out to be

sufficient even on these nights, Vis2 and T3amp had to

be completely discarded for the three most affected ones.

For 2021 Dec 18, Vis2 and T3amp had to be discarded

from the MIRC-X part of the dataset, while the MYS-

TIC part could be used in full. The calibrated OIFITS

files corresponding to all MIRC(-X) and MYSTIC ob-

servations analyzed in this work will be available in the

Optical Interferometry Database11 (Haubois et al. 2014)

and the CHARA Data Archive12.

2.4. Optical spectroscopy

We assembled over 500 individual spectra from the

archives of various spectrographs as well as from the

database of Be-star spectra mostly taken by amateur

astronomers, BeSS13 (Neiner et al. 2011). Heliocen-

tric correction was applied to the wavelength scale of

all spectra, and all dates were converted to heliocentric

Julian dates (HJD). A significant number of the spectra

was originally obtained for spectropolarimetric purposes

and to study short-term line profile variations. There-

fore, these datasets cluster in few nights each and have a

high signal-to-noise ratio (SNR). A subset of 15 Heros

blue and 15 Heros red spectra was previously analyzed

by Saad et al. (2004, 2005, 2021). The basic properties

of the spectra, including the resolving power, SNR, and

spectral coverage, are summarized in Table 3, and the

spectrographs are briefly introduced in the following.

BeSS. The available echelle spectra include profes-

sional spectra from MUSICOS, as well as amateur spec-

tra taken with different instruments. MUSICOS was a

fiber-fed spectrograph for multi-site observations (Bau-

drand & Bohm 1992). The quality of these spectra varies

and their wavelength calibration might be unreliable.

ELODIE. This was an echelle spectrograph installed

at the Observatoire de Haute-Provence 1.93m reflec-

tor in south-eastern France (Baranne et al. 1996).

Two Elodie spectra were recovered from the archive14

(Moultaka et al. 2004).

11 http://oidb.jmmc.fr/index.html
12 https://www.chara.gsu.edu/observers/database
13 http://basebe.obspm.fr/basebe/
14 http://atlas.obs-hp.fr/elodie/

https://www.chara.gsu.edu/tutorials/mirc-data-reduction
https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline.git
https://www.jmmc.fr/english/tools/proposal-preparation/search-cal/
https://www.jmmc.fr/english/tools/proposal-preparation/search-cal/
http://oidb.jmmc.fr/index.html
https://www.chara.gsu.edu/observers/database
http://basebe.obspm.fr/basebe/
http://atlas.obs-hp.fr/elodie/


6 Klement et al.

Table 2. Log of MIRC(-X) and MYSTIC observations

HJD −2400000.5 UT date Vis2 CP/T3AMP Configuration Instrument Spectral mode

56045.2064 2012 Apr 28 · · · 2310 E1-W2-W1-S2-E2 MIRC H-Prism 50

56410.2534 2013 Apr 28 4725 4585 E1-W2-W1-S2-E2 MIRC H-Prism 50

59279.5134 2021 Mar 6 · · · 17024 E1-W1-S2-S1-E2 MIRC-X H-Grism 190

59354.2334 2021 May 20 · · · 2840 E1-W2-W1-S2-E2 MIRC-X H-Prism 102

59377.1954 2021 Jun 12 4867 4650 E1-W2-W1-S2-E2 MIRC-X H-Grism 190

59566.5107 2021 Dec 18 · · · 1865 E1-W2-W1-S2-E2 MIRC-X H-Prism 50

59566.5107 2021 Dec 18 1944 1920 E1-W2-W1-S2-E2 MYSTIC K-Prism 49

Note—The columns VIS2 and CP/T3AMP give the total number of measurements in 30-second intervals.

ESPaDOnS / Narval. ESPaDOnS15 (Donati 2003;

Donati et al. 2006; Wade et al. 2016) and Narval16

(Wade et al. 2016) are twin instruments with spectro-

polarimetric capabilities. Data from these instruments

are the best-quality spectroscopic datasets available for

κ Dra.

Flash / Heros / Flash2. The Fiber-Linked Astro-

nomical Spectrograph of Heidelberg or Flash (Mandel

1988) was a portable fiber-linked echelle spectrograph

with a single camera. The Heidelberg Extended Range

Optical Spectrograph or Heros17 (Kaufer 1998; Štefl &

Rivinius 2000) was an upgrade of Flash with a thinner

fiber (and hence higher spectral resolution) and with two

spectral channels (blue and red). Flash2 was a phase

of Flash with the thinner fiber but when the blue cam-

era was out of commission and the wavelength range was

adjusted for observation with the red arm only. Descrip-

tions of these instruments and the reduction procedure

can also be found in Rivinius et al. (2001) and references

therein.

3. ORBITAL ANALYSIS

3.1. Measurement of astrometric positions of the

companion from interferometry

We fitted geometric models to the interferometric

data with the open-source Python code PMOIRED18

(Parametric Modeling of Optical InteRferomEtric Data,

15 http://www.ast.obs-mip.fr/projets/espadons/espadons.html
16 http://www.ast.obs-mip.fr/projets/narval/
17 https://www.lsw.uni-heidelberg.de/projects/instrumentation/

Heros/
18 https://github.com/amerand/PMOIRED

Mérand 2022). PMOIRED is an analysis tool for in-

terferometry, which relies on semi-analytical expressions

for complex visibilities to construct geometrical models

made up from building blocks such as uniform disks and

Gaussians. For the companion detection, we used the

dedicated open-source Python code CANDID19 (Com-

panion Analysis and Non-Detection in Interferometric

Data, Gallenne et al. 2015), which includes corrections

for the effect of bandwidth smearing on the derived flux

ratios. The uncertainties of the fitted parameters were

determined using a data resampling (bootstrapping) al-

gorithm and include the instrumental wavelength cali-

bration uncertainty of 0.5% (Anugu et al. 2020).

The κ Dra binary system was first represented by a

UD for the Be primary (including its disk) and a point

source for the secondary. A grid search with CANDID

was used to find the relative position (∆RA, ∆DEC)

and the relative flux f of the secondary (expressed as a

percentage of the primary flux) for each epoch. For the

epochs with available Vis2 and T3Amp, the primary

UD diameter was included as a free parameter, while it

was kept fixed for the others. The companion was suc-

cessfully detected and its position was determined for

all seven datasets, and the results are summarized in

Table 4. It should be noted that the χ2 map resulting

from the grid search of the MYSTIC dataset - when us-

ing only the CP - shows two minima of an equal depth.

While one of the minima agrees with the corresponding

MIRC-X position and is close to the MIRC-X flux ratio,

the other is clearly offset at double the separation and

double the flux ratio. Consequently, we adopt the for-

mer position as the correct one. The binary fit to the

best-quality dataset (MJD 59377.197) is shown in Fig. 1,

19 https://github.com/amerand/CANDID, https://github.com/
agallenne/GUIcandid

http://www.ast.obs-mip.fr/projets/espadons/espadons.html
http://www.ast.obs-mip.fr/projets/narval/
https://www.lsw.uni-heidelberg.de/projects/instrumentation/Heros/
https://www.lsw.uni-heidelberg.de/projects/instrumentation/Heros/
https://github.com/amerand/PMOIRED
https://github.com/amerand/CANDID
https://github.com/agallenne/GUIcandid
https://github.com/agallenne/GUIcandid
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Table 3. Spectroscopic datasets

Instrument/Detector Telescope MJD Number Resolving power SNR Spectral coverage (Å)

BeSS database Multiple 54904–56494 91 ∼ 11000 100 − 400 4300 − 6900

ELODIE OHP 1.9 m 51570–51572 2 42000 300 − 400 3850 − 6800

ESPaDOnS CFHT 3.6 m 53512–55229 104 68000 400 − 600 3700 − 10050

Flash Tautenburg 2.0 m 48261–48443 195 12000 100 − 400 4050 − 6780

Flash2 Wendelstein 80 cm 51680–51757 21 20000 100 − 400 4050 − 6780

Heros blue Ondřejov 2.0 m 51899–52714 45 20000 100 − 300 3500 − 5500

Heros red Ondřejov 2.0 m 51899–52714 53 20000 100 − 300 5600 − 8600

SWP IUE 43953–48191 24 7500 20 1150 − 1980

LWP/LWR IUE 43953–47272 6 12500 20 1850 − 3350

MUSICOS TBL 2.0 m 51897–52265 26 35000 300 − 500 3800 − 8700

Narval TBL 2.0 m 54105–55949 64 65000 400 − 600 3700 − 10050

Table 4. Relative astrometric positions of the companion.

HJD−2400000.5 ρ PA ∆RA ∆DEC σ-a σ-b σ-PA f UD diam. Band

[mas] [◦] [mas] [mas] [mas] [mas] [◦] [% primary] [mas]

56045.206 3.370 287.994 −3.208 1.042 0.045 0.029 94.6 1.29 ± 0.08 0.45a H

56410.253 3.406 307.22 −2.712 2.060 0.054 0.045 112.6 1.22 ± 0.13 0.45 ± 0.02 H

59279.510 3.213 97.733 3.183 −0.433 0.023 0.019 158.2 1.33 ± 0.06 0.354a H

59354.234 2.468 0.971 0.040 2.458 0.044 0.042 86.1 1.6 ± 0.3 0.354a H

59377.197 2.594 247.518 −2.397 −0.992 0.031 0.016 127.2 1.59 ± 0.09 0.354 ± 0.004 H

59566.509 2.180 210.292 −1.100 −1.882 0.037 0.017 205.6 2.01 ± 0.13 0.354a H

59566.509 2.228 211.400 −1.161 −1.902 0.048 0.019 135.9 1.49 ± 0.10 0.405 ± 0.016 K

aFixed.

Note—ρ is the angular separation between the components, PA is the position angle (from North to East), ∆RA and
∆DEC are the companion coordinates relative to the primary, σ-a and σ-b are the major and minor axes of the error
ellipse, respectively, σ-PA is the position angle of the error ellipse (from North to East), f is the secondary-to-primary
flux fraction, and UD diam. is the diameter of the primary (including any contribution from the disk).

while the plots with the final fits to all seven datasets

are available in the online journal.

Fig. Set 1. Model fits to interferometric data.

The resulting UD diameter values in the H band show

an apparent decrease in size between the years 2013 and

2021, and a larger size in the K band relative to the

H band in 2021. The H-band flux ratios indicate an

increase from 2012/2013 to 2021 when comparing the

corresponding averages (1.25±0.08% and 1.63±0.09%),

as well as only the best epochs with complete datasets

(MJD 56410.253 and MJD 59377.197). Finally, the flux

ratio in the K band is slightly lower than the average

H band flux ratio in 2021, although they agree within

the error bars. The apparent decrease in size coupled

with a small increase in the relative flux of the compan-

ion most likely reflects the significant disk dissipation

that had occurred between 2013 and 2021, as evidenced

by the decreasing line emission in the spectra (Fig. 2).

The larger size in the K band probably reflects what is

expected for Be star disks due to the increasing free-free

and bound-free opacity in ionized, gaseous environments

(Vieira et al. 2015), i.e., the disk appearing larger at

longer wavelengths, although the line emission from the

dissipating disk was already very low at this time. The

lower flux ratio in the K band relative to the H band

points towards a companion that is hotter than the pri-

mary Be star, although the higher excess emission from
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Figure 1. PMOIRED output plot showing the MIRC-X interferometric data set of κ Dra taken on 2021 Jun 12 and the
corresponding model fit. The two panels from the left show the CP (T3PHI) and T3AMP versus the maximum baseline (in
units of 106 rad−1) for all 10 baseline triangles identified in the legend at the top left, and the right panel shows Vis2 versus
the baseline. The bottom panels show the residuals in units of σ. The best-fit PMOIRED model consists of a primary star
represented by a UD, and a point-source secondary star separated by ∼ 2.6 mas. The MIRC-X grism data (R=190) were
median-filtered to decrease R to 50, which limits the (bandwidth-smearing) field of view to ±50 mas. The plots with the final
fits to all seven datasets are available in the online journal.

the remaining disk could also contribute to the same

effect.

With the companion positions determined for each

epoch, we used PMOIRED to include an additional

model component - inclined Gaussian - to represent

the circumstellar disk of the primary Be star, and at-

tempted to constrain its parameters by fitting the three

full datasets. The UD component now representing the

Be star photosphere was fixed at the near-photospheric

measured diameter of 0.354 mas. Only the recent better

quality MIRC-X and MYSTIC data resulted in a con-

strained inclination and PA of the Gaussian disk com-

ponent (Table 5), although the overall fit to the data

is not significantly improved. This suggests that these

parameters are not constrained well by the data, most

likely due to the fact that the disk has almost dissipated

by 2021.

3.2. Radial-velocity measurements in spectra

Table 5. Parameters of the disk around the Be star

HJD −2400000.5 i PA Band

[◦] [◦]

59377.197 40.5 ± 5.1 133.0 ± 5.8 H

59566.509 34.2 ± 9.8 119 ± 18 K

The spectrum of κ Dra is dominated by rotation-

ally broadened absorption lines from the primary B6 IIIe

component. It is overlaid with generally double-peaked

emission lines originating from the circumstellar disk;

their separations are consistent with an intermediate to

low inclination. No lines attributable to the secondary

component are visible. The rotational broadening and

variability of the line profiles due to NRPs hinder the

accuracy of radial-velocity (RV) measurements of the

primary component that would be achievable for stars

with narrow and invariant lines. Since the disk of κ Dra
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Figure 2. Upper: Hα line profiles recovered from the BeSS
spectral database. The colors correspond to dates as shown
in the lower panel. Lower: Equivalent width (EW) mea-
sured for all Hα profiles. A continuous decrease in emission
strength is apparent since around 2010 and is still ongoing.
Vertical lines show the epochs of our interferometric obser-
vations.

is not viewed close to edge-on and the line of sight does

not intersect the disk, there are no narrow shell absorp-

tion lines that could be used as a proxy of the stel-

lar RV. Nevertheless, using a large amount of spectra

and measuring the RVs separately from several different

lines should alleviate possible systematic errors in the

RV measurements, as the effects of the rapid variability

should average out and only lead to possibly increased

scatter.

Therefore, for the purpose of precise RV determina-

tions of the primary Be star, we searched for prominent

absorption lines uncontaminated by line emission from

the disk and without other obvious circumstances af-

fecting the line shape. Five lines were finally selected

following careful inspection: He Iλ4026, He Iλ4471,

Mg IIλ4481, He Iλ4713, and He Iλ6678. Even though

Mg IIλ4481 and He Iλ6678 are in hotter Be stars of-

ten contaminated by emission from the disk, in the case

of κ Dra there appears to be no emission component

in these lines. After normalization of the surrounding

continuum, the line profiles were fitted with a Gaussian

profile to determine the RV shift at each epoch. Each

measurement was visually checked, and poor fits result-

ing in clear outliers were discarded. With the exception

of He Iλ4713, all of the selected lines are affected by

blends with forbidden transitions of unknown strength,

so that the systemic velocity can be most accurately de-

termined from this line (Underhill & Doazan 1982).

The spectroscopic datasets used in this study are

of heterogeneous quality. The 168 spectra from ES-

PaDOnS and Narval have the highest quality, resolution,

and SNR and yield the most precise RV measurements.

The ELODIE dataset is the second best in terms of spec-

tra quality, but only two spectra are available. The 25

observations with MUSICOS and the 91 amateur spec-

tra from the BeSS database have comparable resolution

to those mentioned above; however, the spectral cali-

bration may be less reliable, as MUSICOS was not op-

timized for this purpose, and the quality control of the

BeSS data reduction procedures may be less stringent.

The advantage of the BeSS spectra is that they are more

uniformly distributed with orbital phase than the other

datasets. The Flash/Heros/Flash2 spectra are only

partly usable for RV measurements due to a much lower

resolution. Following an exploration of the influence of

discarding lower-quality spectra on the resulting scat-

ter, we conservatively discarded all RV measurements

from spectral segments with SNR< 200 per resolution

element. This resulted in a significant reduction of use-

ful spectra for the lower quality datasets from BeSS and

Flash/Heros/Flash2.

For each instrument of origin, the scatter of individual

RV measurements at similar epochs was used to estimate

their 1-σ uncertainties. As expected from the data qual-

ity, the scatter is the lowest for ESPaDOnS and Narval,

and increases by a factor of two to three for the other

data sources. The following values were finally adopted:

3 km s−1 for ESPaDOnS/Narval, 6 km s−1 for ELODIE,

and 9 km s−1 for the remaining instruments.

3.3. Orbital Solution

The orbital solution was obtained using the code

Fotel (Hadrava 2004), which can combine various

datasets, such as photometry (for eclipsing binaries),

RVs (for spectroscopic binaries), and astrometric orbital

positions (for astrometric/interferometric binaries). In

the case of κ Dra, we combined the RVs measured in the

spectra with the astrometric positions measured from

near-IR interferometry. For the weights of individual

measurements, required for the orbital solution by Fo-

tel at input, the inverse of the corresponding measure-

ment uncertainties were adopted. To ensure equal influ-

ence of the astrometry and the RVs, the relative weight
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of the two measurement sets was adjusted so that they

contributed approximately equal amounts to the total

residuals.

In addition to the stellar coordinates and proper mo-

tion (Sect. 2.1), a full dynamical description of a binary

system requires the knowledge of ten parameters. Four

of these - the period (P ), the epoch of periastron passage

(T0), the eccentricity (e), and the longitude of periastron

(ω) - can be determined independently from both the as-

trometry and the RVs. On the other hand, only the RVs

are sensitive to the line-of-sight motions, i.e., the veloc-

ity semi-amplitudes of the two components (K1, K2)

and the systemic velocity (γ), while astrometry is the

only source of information about the orbital inclination

(i), the position angle of the line of nodes (Ω, although

RVs are needed to distinguish the ascending and the de-

scending node), and the angular semi-major axis of the

orbit (a′′, e.g., Batten 1973).

With measurements of all ten parameters, the abso-

lute size of the orbit (a) can be calculated from the K-

semi-amplitudes, i, and P , the distance to the system

(D) from a comparison of the absolute and angular size

of the orbit, and finally the mass of the system from

the third Kepler law. Masses of the individual compo-

nents (M) are then found from the ratio of the K-semi-

amplitudes. This ideal case corresponds to an astro-

metric binary that is also a double-lined spectroscopic

binary (SB2), where it is possible to obtain the K semi-

amplitudes of both components from composite spectra.

For κ Dra, however, which is a single-lined spectroscopic

binary (SB1), an independent measurement of the dis-

tance D is not possible, and for the determination of

the component masses we have to rely on the parallax

measurement (Sect. 2.1).

In the first solution, we only used the best-precision

RVs from ESPaDOnS and Narval – a total of 839 from

all five spectral lines (Sect. 3.2) – alongside the astrom-

etry. Fixing e = 0 to enforce a circular orbit favored by

earlier studies (Sect. 1; Table 6) gave a good fit to both

data sets and a well-constrained set of orbital parame-

ters. Adding e and ω as free parameters did not result

in an elliptic orbit, so that the data are compatible with

an infinitesimally low eccentricity and undefined ω. The

binary parameters obtained are listed in the first col-

umn of Table 6, where they are also compared to the

results from older spectroscopic studies, showing very

good agreement in the period (P ), and good agreement

in the RV semi-amplitude of the Be star (KBe). The rms

of the (O − C) residuals of the ESPaDOnS and Narval

RV measurements is 2.6 km s−1.

In the next step, we included the full set of 1850

individual RV measurements. As expected, the com-

bined RV curve shows considerable scatter for the lower-

quality datasets. More specifically, the MUSICOS mea-

surements in the He Iλ4713 line are systematically off-

set to positive values by about 15 km s−1. To a smaller

extent, the BeSS spectra (with mostly even phase cover-

age) show an offset to negative values for the He Iλ4471

line, while Heros appears offset to positive values.

However, since these systematics were limited to only

these few instances and for lower-weighted measure-

ments, they were not excluded from the solution. The

resulting orbital parameters from the full dataset agree

to within 1σ of the first solution, while the uncertainty

of KBe slightly increased. Thus, the first solution us-

ing ESPaDOnS and Narval only is adopted as the final

solution (Table 6). The final RV curve with RV mea-

surements from He Iλ4026 is plotted in Fig. 3. The full

set of five figures with RV measurements from all five

spectral lines is available in the online journal.

The astrometric orbit obtained is shown in Fig. 4.

While there are only seven astrometric datapoints, the

number of parameters constrained exclusively by the as-

trometry is only three - i, a′′, and Ω - so that the size of

the dataset is sufficient for the orbital solution. The me-

dian (O − C) of the astrometric points is 76µas, which

is reasonable considering the high contrast resulting in

the CP signal close to zero, and the inability to fully

use the other interferometric observables to constrain

the companion position.

The orbital inclination is 130.0 ± 3.4◦, indicating a

projected motion from North through West, which is

the clockwise direction in Fig. 4. The inclination of the

circumstellar disk should then be close to 40◦ if the or-

bital and disk planes are aligned. The results from the

disk fitting are consistent with this value, and the PA of

the disk agrees well with Ω determined from the orbital

solution (Table 5). The resulting masses are discussed

in Sect. 4.

Fig. Set 3. RV curves.

4. FUNDAMENTAL PARAMETERS AND NATURE

OF THE COMPANION

For the Be primary star, Frémat et al. (2005) derived

Teff = 13982 ± 392 kK and log g = 3.479 ± 0.061 by fit-

ting model atmospheres accounting for rapid rotation

and gravitational darkening. Touhami et al. (2013) fit-

ted a Kurucz model spectrum (Kurucz 1979) with these

parameters to UV spectra (IUE) to derive the limb-

darkened disk (LD) diameter (0.385 ± 0.011 mas) and

interstellar reddenning (E(B−V ) = 0.022±0.008 mag).

The LD diameter was converted to a UD diameter of
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Table 6. Final parameters compared to previous results

This work Juza et al. (1991) Saad et al. (2021)

P [d] 61.5496 ± 0.0058 61.5549 ± 0.0032 61.55 ± 0.02

TRVmax [MJD] 49980.4 ± 1.3 15757.52 ± 0.99 49980.22 ± 0.59

e 0 0 0

ωBe [◦] 0 0 0

KBe [km s−1] 6.90 ± 0.15 8.29 ± 0.48 6.81 ± 0.24

q 0.117 ± 0.009 0.0744 − 0.1564 · · ·
i [◦] 130.0 ± 3.4 · · · ∼ 30

Ω [◦] 118.0 ± 1.3 · · · · · ·
a′′ [mas] 3.414 ± 0.001 · · ·
a [AU] 0.487 ± 0.021 · · · · · ·
γ [km s−1] 12.0 ± 0.3a · · · · · ·
MBe [M�] 3.65 ± 0.48 5.6 4.8 ± 0.8

Mcomp [M�] 0.426 ± 0.043 0.0417 − 0.876 ∼ 0.8

aDetermined from the He Iλ4713 line.
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Figure 3. RV curve of the primary component of κ Dra with RV measurements from the He Iλ4026 line corrected for the
zero point (different for each line) so that they are centered at 0 km s−1. The symbols identify different datasets as shown in
the legend. The RV measurements for this line include the entirety of the ESPaDOnS and Narval datasets (the 168 spectra
obtained in high cadence are clustered around individual observing nights), 28 BeSS echelle spectra, and a single spectrum each
from HEROS blue and ELODIE. The lower panel shows the O − C residuals in units of σ. The full set of five figures with RV
measurements from all five spectral lines is available in the online journal.
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Figure 4. Relative astrometric orbit for the secondary com-
ponent of κ Dra. The measured positions are shown as er-
ror ellipses indicating ±5σ uncertainties (red for MIRC(-X)
and green for MYSTIC) annotated with (HJD−2400000.5)
dates. The corresponding points on the calculated orbit ap-
pear as crosses. The UD of the central star (including any
contribution from the disk) measured in 2021 in the K-band
(0.405 mas) is shown as a cyan filled circle.

0.381±0.011 mas using the linear limb-darkening param-

eter from Claret & Bloemen (2011) and stellar parame-

ters listed by Touhami et al. (2013). The UD diameter

compares well with the interferometrically measured H-

band UD diameter in an almost diskless state, which

equals 0.354 ± 0.004 (Sect. 3.1). However, since that

measurement comes from a single calibrated interfero-

metric bracket, the result is not very robust, so that in

the following we use the former value determined from

fitting the FUV spectrum. The average physical ra-

dius of κ Dra implied by the Gaia DR3 distance is then

RBe = 5.85±0.18 R�. From the above estimates of RBe

and Teff for the primary Be star, the luminosity L is

1178± 151 L�. The absolute V -band magnitude MV is

−1.95±0.40 mag resulting from the apparent magnitude

mV of 3.89 mag (Ducati 2002), an adopted RV of 3.1,

and E(B − V ) determined by Touhami et al. (2013).

This is in agreement with the typical MV for spectral

types B6IIIe to B8IIIe, which are brighter by about 1.0–

1.5 mag than the corresponding non-Be stars of the same

spectral types according to Wegner (2006). However, it

should be noted that in that work the possible contri-

bution from the disk was not accounted for, while it can

amount to as much as ∼ 0.5 mag (Labadie-Bartz et al.

2017). The v sin i of κ Dra is 200± 12 km s−1 according

to Frémat et al. (2005).

The dynamical mass of the Be primary star obtained

from the orbital parameters and Gaia DR3 distance is

3.65±0.48 M� (Sect. 3.3, Table 6). Comparing this value

with the typical masses of slowly-rotating stars with sim-

ilar Teff and spectral type (B6) reveals that the mass

of κ Dra is slightly lower than expected. For instance,

Harmanec (1988) gives a mass range for B6 stars of 3.63

to 3.93 M� with a mean of 3.78 M�, based on observed

masses of 15 eclipsing binaries. Later compilations of

masses of eclipsing binaries give still somewhat higher

masses for stars with similar Teff , e.g., the secondary

B6V component of U Oph has a mass of 4.58±0.05 M�
20

(Southworth 2015). Relying on spectrophotometry and

Hipparcos parallaxes, Hohle et al. (2010) derived a me-

dian mass of 4.65± 0.72 for B6 III stars. As for the ra-

dius, RBe = 5.85±0.18 R� corresponds to the equatorial

radius, which is larger than the polar radius due to the

rapid rotation. In the case of critical rotation, the polar

radius is Rp = 2
3RBe = 3.90 ± 0.12 R�, i.e., still signifi-

cantly higher than the typical radius of B6 stars derived

from eclipsing binaries, which is ∼ 3.05 R� (Harmanec

1988).

As a crucial constraint for the nature of the compan-

ion, Wang et al. (2017) found from IUE spectra that the

FUV photospheric flux ratio fphot,FUV of a possible sdO

companion has to be less than 1.0% for the sdO star

to remain undetected. Combining this information with

the measured dynamical mass and the near-IR flux ratio

then enables the characterization of the companion. To

make use of the measured flux ratio, the contribution

of the circumstellar disk (very small in 2021) should be

taken into account. Estimating the exact values for the

continuum contribution of the disk from the observed

line emission is beyond the scope of this work, so that

the average flux ratio measured in 2021 (1.63±0.09% in

the H band) is taken as the photospheric flux ratio be-

tween the components fphot,H = fcomp,phot,H/fBe,phot,H,

neglecting the small contribution from the disk. Below,

we consider the better-constrained H-band flux ratio,

but the results are compatible when using the slightly

lower K-band flux ratio.

In order to attempt to identify the nature of the com-

panion, we used Kurucz/Castelli spectra21 (Castelli &

Kurucz 2003) to represent both the primary Be star

20 https://www.astro.keele.ac.uk/jkt/debcat/
21 https://www.stsci.edu/hst/instrumentation/

reference-data-for-calibration-and-tools/astronomical-catalogs/
castelli-and-kurucz-atlas

https://www.astro.keele.ac.uk/jkt/debcat/
https://www.stsci.edu/hst/instrumentation/reference-data-for-calibration-and-tools/astronomical-catalogs/castelli-and-kurucz-atlas
https://www.stsci.edu/hst/instrumentation/reference-data-for-calibration-and-tools/astronomical-catalogs/castelli-and-kurucz-atlas
https://www.stsci.edu/hst/instrumentation/reference-data-for-calibration-and-tools/astronomical-catalogs/castelli-and-kurucz-atlas
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(Teff = 13982 kK, log g = 3.479, and RBe = 5.85 R�)

and the companion (Fig. 5). The model spectra of the

companion were renormalized to the measured compan-

ion flux in the H band and chosen to represent either

a stripped sdOB star or an MS star to obtain the ex-

pected flux ratio in the FUV fphot,FUV. This procedure

also leads to an estimate of the radius of the compan-

ion, providing an additional constraint for the nature of

the companion. This is done by comparing the surface

fluxes from the Kurucz/Castelli models, which at the

given Teff would contribute the observed flux fraction in

the H band:

fphot,H =
fcomp,phot,H

fBe,phot,H
=
Fcomp,phot,H

FBe,phot,H

(
Rcomp

RBe

)2

,

(1)

where F denotes fluxes per unit area, and Rcomp is the

companion’s radius. This relation assumes that the flux

from the companion does not suffer (variable) extinction

from gas in the system.

First, values for Teff of 25, 35, and 45 kK, and for

log g of 4.75 were used to represent an sdO compan-

ion. This results in an expected fphot,FUV of ∼10, ∼20,

and ∼25%, respectively, which is clearly higher than the

limit of 1% (Wang et al. 2017). For a cooler sdB com-

panion with Teff of 15 and 20 kK (and log g of 4.75),

fphot,FUV decreases to ∼2.3% and ∼5.5%, respectively.

This implies that an sdO companion can be ruled out,

while a cooler sdB remains a possibility, as the search

in the FUV was optimized for an sdO rather than an

sdB star (Wang et al. 2017). This means that the upper

limit of fphot,FUV of 1% is probably too low in case of

an sdB companion.

A late-type MS star could be a possibility, as its con-

tribution to the FUV flux would be negligible. Using

the values given by Pecaut & Mamajek (2013)22, the

measured dynamical mass of the companion best corre-

sponds to an M2V star. However, the resulting Rcomp

for an M2V companion from Eq. 1 is 2.1 R�, which

is clearly too high for the expected radius of 0.446 R�
(Pecaut & Mamajek 2013). Thus, an MS companion

appears to be ruled out as well.

We can also rule out the possibility of the compan-

ion being a WD due to the intrinsically extremely low

luminosities of these stars of the order of ∼ 10−2 to

∼ 10−4 L� (e.g. Giammichele et al. 2012). Even con-

sidering a bloated pre-WD, which would possibly have

sufficient luminosity, would mean that it has to be much

22 http://www.pas.rochester.edu/∼emamajek/EEM dwarf
UBVIJHK colors Teff.txt

hotter than the primary, so that the same arguments de-

scribed above for a hot sdO are valid.

Given the evidence that the companion might be

cooler than found for other stripped companions of Be

stars, we re-inspected the ultraviolet spectral results

from IUE that led to the null detection reported by

Wang et al. (2017). We followed the same method as be-

fore by forming cross-correlation functions (CCFs) in the

wavelength range 1150–1950 Å of each spectrum with

an assumed model template spectrum and then mak-

ing a Doppler tomography reconstruction of the CCF

components for the Be star and its companion. How-

ever, the new analysis differs in three ways from that

of Wang et al. (2017). First, we omitted spectrum

SWP29665, which leaves a set of 24 IUE high dispersion

FUV spectra (see Sect. 2.2.1). Second, we adopted the

improved orbital elements and mass ratio estimate from

Table 6 to set the orbital velocities of the components

used in the tomographic reconstruction. Finally, we

used spectral model templates from the UVBLUE grid

by Rodŕıguez-Merino et al. (2005, based upon the AT-

LAS9/SYNTHE codes by Robert Kurucz) for Teff = 13

to 25 kK, log g = 5.0, and solar metallicity.

This method using cooler model spectral templates

reveals the spectral signature of the companion, so that

the companion is spectroscopically detected for the first

time, and the validity of our orbital solution (Table 6)

is confirmed. This also marks the first time that a

stripped sdB companion to a Be has been unambigu-

ously detected. We show in Fig. 6 the resulting CCF

components for the Be star and companion from the to-

mographic reconstruction using a model template with

Teff = 17 kK. We detect a faint CCF peak for the com-

panion that reaches a level about five times higher than

the background standard deviation of the CCF (mea-

sured over the velocity range 600 < |Vr| < 1000 km s−1).

This peak appears narrow, suggesting a low v sin i, as

found for other stripped companions (Wang et al. 2021),

and it appears at a similar systemic velocity as mea-

sured for the Be star CCF component (−11.0± 1.1 and

−14.8 ± 1.2 km s−1 for the companion and Be star, re-

spectively). The ratio of peak to background standard

deviation for the companion CCF attains a maximum

at Teff = 16.7± 2.0 kK. We made a simulation of model

binary spectra for the Be star (Teff = 14 kK, log = 3.5,

V sin i = 200 km s−1) plus the companion for the same

set of observed Doppler shifts and specific values of the

monochromatic flux ratio fphot,FUV. We used the simu-

lations to compare the ratio of CCF peaks in the mod-

els to those observed, and a match is obtained for a

flux ratio of fphot,FUV = 2.3 ± 0.5% at 1500 Å. This

agrees with expectations based upon model atmospheres

http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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Figure 5. Flux-calibrated spectrophotometry of κ Dra overplotted in grey with a reddened (E(B − V ) = 0.022 and RV = 3.1)
Kurucz model spectrum representing the primary Be star (Teff = 13982 kK, log g = 3.479, R = 5.85R�, d = 142.7 pc). The
mid-IR power-law slope of the IR excess from the circumstellar disk (typical for Be stars) is shown as a dotted grey line. The
reddened model spectrum for the sdB companion (Teff = 16.7 kK, R = 0.69 R�) renormalized to the measured flux in the
H band (neglecting the possible contribution from the dissipating disk, see text) is shown in purple. The FUV flux ratio of
2.3 ± 0.5% determined from FUV spectra is shown as two dashed black horizontal lines signifying the edges of the derived
confidence interval. From short to long wavelengths, the grey vertical bands indicate the FUV region, the near-IR H band, and
K band, respectively.

and the H-band stellar flux ratio obtained from inter-

ferometry (while neglecting a possible small contribu-

tion by the disk), which for the same Teff predict an

sdB radius of Rcomp = 0.69± 0.07 R� and flux ratios of

fphot,FUV = 3.3±0.5%, and fphot,K = 1.6±0.5%. Includ-

ing a possible flux contribution by the almost-dissipated

disk decreases the values of the predicted flux ratios,

leading to a still improved agreement. The expected

flux ratio in the visible (λ = 5000Å) is ∼ 1.8%, so that

it may be possible to detect the companion spectroscop-

ically in the visible with renewed efforts.

5. DISCUSSION, CONCLUSIONS, AND OUTLOOK

Our state-of-the-art H- and K-band interferometry

has directly detected the companion to the classical Be

star κ Dra. Together with the orbital RV amplitude of

the Be primary measured in optical spectra and the par-

allax from Hipparcos and Gaia, these results enabled us

to derive a full 3D orbital solution (Table 6), and the

absolute masses and other fundamental parameters of

both components (Table 7). Using these results and the

measured near-IR flux ratios between the components,

we excluded a late-type MS star or a WD nature of

the companion, while an evolved late-type star is ruled

out by a lack of corresponding IR excess. In a targeted

search, guided by the derived orbital solution and the

previous non-detection in the FUV of an sdO compan-

ion, we successfully detected a stripped-down sdB com-

panion, making κ Dra the first firm case of a Be+sdB

system, where the sdB companion has a substantially

lower temperature than all the known sdO companions

(found around hotter Be-star primaries).

Presently, the B6 primary star of κ Dra is the lowest-

mass Be star with a directly detected companion. The

sdB nature of the companion is in contrast with early-

type Be binaries with detected stellar companions,

among which sdO companions dominate (maybe even

exclusively). This contrast may be due to a bias in

the observational analyses of FUV spectra, in which the

standard cross-correlation technique was optimized for

the detection of sdO secondaries, which is the reason

why the sdB companion to κ Dra had not been previ-

ously detected (Wang et al. 2017). The example of κ Dra

suggests that the search for hot low-mass companions in

FUV spectra should be extended to the sdB domain, es-

pecially for cooler Be stars. In combination with optical
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Table 7. Fundamental parameters of κ Dra components

Component M Teff R L v sin i MV

[M�] [K] [R�] [L�] [km s−1] [mag]

Be 3.65 ± 0.48 13982 ± 392a 5.85 ± 0.18b 1178 ± 151 200 ± 12a −1.95 ± 0.40b

sdB 0.426 ± 0.043 16700 ± 2000 0.69 ± 0.07 33 ± 17 35 ± 10 2.4 ± 0.4

aFrémat et al. (2005)

bTouhami et al. (2013) + Gaia DR3 parallax

-1000 -500 0 500 1000
Vr (km s-1)

0.000

0.005
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PRI / 20
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Figure 6. The tomographic reconstructions of the CCFs
for the Be star (PRI) and companion (SEC). The amplitude
of the Be star CCF is reduced by a factor of 20 and offset by
0.005 for ease of comparison with the companion star CCF
component. The signal from the companion is seen at a
similar systemic velocity as the Be star (heliocentric frame),
appears much narrower, and corresponds to a companion
with a flux ratio of 2.3 ± 0.5% for the FUV range centered
on 1500 Å.

long-baseline interferometry, this can clarify whether or

not there is any correlation between the mass of the Be

primaries and the nature of those secondaries that are

not NSs.

A dependence of the type of the companion on the

mass of the Be star is clear for NS companions which

are not found around mid- or late-type Be stars (Sect. 1).

This is explained by the need for a massive progenitor

of the secondary so that it could explode as a super-

nova. Fig. 7 shows an HR diagram with the compo-

nent parameters of the known (early) Be+sdO systems

complemented by the B6e+sdB system κ Dra and the

B8n+pre-WD system Regulus. It appears plausible that

there might be a hidden population of sdB or (pre-)WD

companions around cooler Be stars, so that the nature

of the companion indeed correlates with the mass of the

primary Be star. The discovery of a stripped sdB com-

panion should be a useful reference for binary stellar

evolution models, as for instance the evolutionary grid

of Götberg et al. (2018) does not predict stripped com-

panions with Teff < 20 kK, and it expects a stripped

star with a mass similar to the sdB companion of κ Dra

to have Teff = 25.6 kK. However, it is possible that the

companion to κ Dra has already entered the WD cooling

sequence.

The evidence that Be stars with subdwarf (and

NS) companions owe their rapid rotation to mass and

angular-momentum transfer in a close binary seems

compelling. However, for the characterization of the

population of classical Be stars at the time of their for-

mation, a larger number of physical parameter sets and

also any non-detections of stellar companions of present-

day Be stars are needed. A critical bottleneck are the

RV measurements. For the RVs of the Be primaries, the

large mass ratio and the strongly rotationally broadened

photospheric lines require good data and careful analysis

as the case of κ Dra has confirmed. RV determinations

of subdwarfs orbiting Be stars are difficult (Wang et al.

2021) because of the large brightness difference. The

case of κ Dra (in which statistical errors of ∼13% and

∼ 9% have been obtained for the masses of the primary

and secondary, respectively) has illustrated how precise

parallaxes can be used as a substitute for missing RVs

of one of the two stars.

For low-mass companions, the large flux ratio at the

operating wavelengths of Hipparcos and Gaia becomes

an advantage because the effect of the orbital motions

on the astrometric solution is less detrimental. But

very high fluxes saturate the detectors and, contrary

to first intuition, do not automatically promise larger

parallaxes. According to the BeSS database, the two

dozen Be stars that are visually brighter than κ Dra are

mostly of earlier spectral type, and their higher intrinsic

brightness implies distances that can actually be larger.

This double disadvantage is alleviated for stars similar
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to κ Dra in both spectral type and apparent magnitude,

of which well over a dozen exist. Studies of these lower-

mass Be stars can complement the more-massive-Be-star

population with detected sdO stars. A more represen-

tative sample of Be stars and subdwarf companions will

deliver important input to models for the evolution of

close binaries. Any non-detections may have a bearing

on the fraction of Be stars, if any, that do not form

through mass transfer in a binary.

κ Dra is only the fifth Be binary for which dynamical

masses have been determined (Sect. 1). Of these, the

Be stars in φ Per (Mourard et al. 2015) and V2119 Cyg

(Klement et al. 2022) have masses that are in agreement

with their spectral types. The Be star in the triple sys-

tem ν Gem (for this star, a compact companion is not

known) is of the same spectral type as κ Dra, but at

3.33± 0.10 M� (Klement et al. 2021) it is even slightly

more undermassive than κ Dra. Something similar prob-

ably holds for 60 Cyg, in which the Be star has a dy-

namical mass of 7.7 ± 1.2 M� (Klement, unpublished

update of Klement et al. 2022, based on new observa-

tions) whereas its spectral type B1 Ve (Slettebak 1982)

suggests 13.5 M� and 11.98±1.7 M� for the calibrations

of Harmanec (1988) and Hohle et al. (2010), respectively.

At the current low level of knowledge and understand-

ing, undermassive appears crudely equivalent to overlu-

minous. This is is not implausible for mass gainers which

also gained thermal energy through the accretion and

may experience enhanced mixing if the added gas has a

higher molecular weight. Furthermore, more advanced

evolution may contribute to the overluminosity. To as-

sess the possibility of systematic differences between Be

and non-Be stars in their fundamental parameters will

be an important objective of future interferometry of

Be stars. As this study of κ Dra has shown, the avail-

ability of radial velocities with matching quality can be

decisive.

Of high interest are also the parameters that may trace

the evolution of κ Dra as a system, beyond that of its in-

dividual components. The vanishingly small eccentricity

is in agreement with orbital circularization due to tidal

forces during the mass transfer. The disk appears to

be coplanar with the orbit as would be expected, but

high-resolution spectro-interferometry across prominent

emission lines would be needed to deduce whether the

angular-momentum vectors of the disk and the orbit are

parallel or antiparallel. In the latter case, one might

wonder whether an initial third body, for which there is

no evidence, could link such a peculiarity and the rela-

tively high space velocity (see Sect. 2.1).
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Figure 7. The luminosity and temperature of 13 known
Be+sdO binaries are plotted as open circles (Be) and filled
circles (sdO), with a line connecting the two components
of each binary system. These parameters were estimated
from this work and from Wang et al. (2021), Chojnowski
et al. (2018), and Schootemeijer et al. (2018). Each system is
color-coded according to the mass of the Be component, with
lighter colors indicating higher mass (maximum of 11.15 M�,
and minimum of 6.2 M�). The Regulus system is plotted in
a similar fashion with black squares. κ Dra is plotted with
star symbols, with errors as in Table 7.
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