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Abstract: Massive stars are cosmic engines—by exploding as supernovee, they power
galaxies, shape the interstellar medium, and enrich it with heavy elements. Yet, their
inner workings remain among the most challenging frontiers in stellar astrophysics. The
life of massive stars is critically influenced by multiplicity. Most of them have one or
more companions, although a few of them remain single. This raises the question: Could
these single stars be the end state of multiple systems? Interferometry is one of the best
methods for detecting and characterising multiplicity. The Orion complex is our nearest
star-forming region, and thus the most suitable for detailed studies. It hosts a number
of massive stars, particularly in the Orion Belt. In this work, we aim to interpret in-
terferometric data in synergy with astrometry, photometry, high-resolution spectroscopy,
and spectral-energy distribution of stars in the Orion Belt. On the basis of our successful
ESO proposal (ID: 112.25JX, PI A. Oplistilova) for interferometric observations of 0, &, (, &
Ori with the world-class interferometer, the VLTI (the GRAVITY and PIONIER instru-
ments), one can construct well-constrained, complex models of stars in the Orion Belt.
After introducing the basics of long-baseline interferometry and presenting an overview
of the Orion complex, we present our models of ¢ Ori, published in Oplistilova et al.
(2023), and € Ori (Oplistilova et al., 2025, submitted). We found that § Ori (total mass
of 35.0 Mg) is currently in the pre-mass-transfer evolutionary stage, and ¢ Ori (mass of
28.5 M) is a significantly oblate supergiant due to its fast rotation. Our modelling led
to improvements and further development of our n-body modelling tools. We utilised
several general methods: i) two-step spectral disentangling, used to detect a spectrum of
a faint component in residuals, after disentangling bright components; ii) distance estima-
tion according to faint components of the multiple systems and a verification by diffuse
interstellar bands; iii) extensive mapping of x? in 2D and 3D, to find a compromise model
when using multi-data modelling.
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Introduction

Spectroscopy and interferometry are powerful and complementary techniques for advanc-
ing our understanding of the Universe. Using high-resolution spectroscopy we can resolve
fine details in velocity fields, achieving 0.1ms™! (Pepe et al., 2021). Long-baseline in-
terferometry, on the other hand, enables us to study sources on the angular scale of
the order of 1.0mas or less (Eisenhauer et al., 2011). This is achieved using optical to
near-infrared wavelengths, 500 nm to ~1.6 um. It is particularly useful for observing hot
stars, binaries, and circumstellar medium. Such studies are carried out with well-known
interferometers such as VLTI (Schoéller, 2007), CHARA (ten Brummelaar et al., 2005),
or NPOI (Armstrong et al., 1998). For comparison, sub-mm and radio interferometry,
operating at wavelengths between 0.1 mm and 100 m, reaches angular resolution between
10 mas and 100 mas and aims at cold protostars, disks, dust, and molecular clouds, with
arrays such as ALMA (Wootten & Thompson, 2009), SMA (Ho et al., 2004), or NOEMA
(Krips et al., 2022).

In this work, we focus on hot, massive stars (M > 8 Mg). In a broader context, mas-
sive stars occur in star-forming regions, omnipresent in the Universe. Prominent examples
include the Galactic Centre, which hosts the most massive and dense star-forming region
in the Milky Way (Ciurlo & Morris, 2025). These young stars drive powerful winds and
inject enormous energy into the interstellar medium, influencing further star formation
and contributing to the turbulent environment near the central supermassive black hole,
Sgr A* (Balick & Brown, 1974). Another example of a star-forming region is the spectac-
ular pair of interacting galaxies, the Antennse (NGC 4038/4039; Whitmore et al., 2010).
The overlapping regions of these galaxies host numerous super star clusters—probable
precursors to globular clusters—rich in massive stars. One of the most massive stars are
known to be located in the Tarantula Nebula (30 Dor) in the Large Magellanic Cloud, for
example R136al, BAT99-98 with ~ 200 M, (Schneider et al., 2018; Kalari et al., 2022).
However, due to angular resolution limitations, it is only possible to study in detail mas-
sive stars that are relatively nearby; the LMC is 50 kpc away. An ideal region to study
massive stars should be somewhere close, within &~ 0.4 kpc.

In the first section, we thus discuss the basics of optical interferometry, a very
powerful observing method for resolving multiple systems and studying multiplicity, the
key characteristic of massive stars. The second section outlines our nearest star-forming
region, which is full of nearby, massive stars, the Orion complex. In this context, we
focused on the Orion Belt stars and constructed comprehensive models for § Ori and
g Ori, presented in sections three and four, respectively. Each section includes its own
conclusions.
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Figure 1: Antennze Galaxies, taken from Whitmore et al. (2010).
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1. Optical interferometry

To expand the understanding of the Universe, astronomers need to unlock the fine de-
tails of celestial objects and phenomena that are often hidden at scales too small to be
resolved by conventional telescopes. Achieving this goal requires improving the resolution
of instruments, which is ultimately given by the diffraction limit, further influenced by
the atmosphere, and complicated by other imperfections in optical setups. The aberra-
tions are discussed elsewhere, e.g. Gu (2000); Hecht (2002); Smith (2008); Conrady (2013);
Kitchin (2020). Hereinafter, we focus on diffraction and seeing, as they significantly in-
fluence interferometric observations.

Diffraction The diffraction limit is the classical limit of angular resolution that a tele-
scope or microscope can achieve. In other words, it is the smallest angular separation
between two point sources (such as distant stars) that a telescope could theoretically dis-
tinguish if it were perfect and free of other distortions. Such a fundamental theoretical
constraint is due to the wave nature of light. However, there are some techniques that
allow going below these limits (Mugnier et al., 2004; Huang et al., 2009).

An observed star produces a diffraction pattern in the focal plane of a telescope, which
closely resembles the diffraction pattern of a point source; this pattern arises from the finite
size and shape of the telescope’s aperture. Such a diffraction pattern is called the Airy
pattern (Fig.1.1). It consists of a central spot, the Airy disk, surrounded by concentric
rings with decreasing intensities. The Airy disk itself does not provide any information
about the size or shape of an observed object. Instead, it is inversely proportional to the
diameter of a telescope. The larger the diameter, the smaller the central spot, as well as
other rings in the Airy pattern. Also, since the signal is higher, the signal to noise ratio
is higher, and the number of easily recognisable rings is higher.

The Airy pattern corresponds to the point-spread function (PSF) of a telescope un-
der ideal, diffraction-limited conditions. Diffraction, nevertheless, blurs the ideal image,
preventing it from being infinitely sharp, even if lenses are without any aberrations. Even-
tually, observations are convolutions of an ideal image and the respective PSF.

To set the theoretical resolution limit for a telescope, we need to know when we can re-
solve two stars (point-like sources). The light from the second star will produce the same
diffraction pattern in the focal plane, shifted by the corresponding angular separation.
The sum of intensity patterns is shown in Fig.1.1. As the separation increases, it be-
comes possible to distinguish the two stars (Fig.1.1c), and such separation corresponds
to the angular resolution of a telescope. Although it depends on more factors, like rel-
ative brightness, the theoretical criterion for the separation defining when the stars are
just being resolved is the Rayleigh criterion

A =1.22 2, (1.1)

where A denotes the wavelength; and d, the diameter of the telescopes’ aperture. The sep-
aration A# is in radians.

According to Rayleigh’s criterion, two stars are considered resolved when the cen-
tral maximum of the diffraction pattern of one star coincides with the first minimum of
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Figure 1.1: Top row: Airy disk for a point-like object (the central spot has a diameter of
2.44)\/d) and Airy disks of two such sources with different angular offsets. Bottom row: Cor-
responding intensity profiles of the Airy disks above as a function of the angular separation.
The second column represents the situation when two point-like objects are still unresolved ac-
cording to the definition (the Airy criterion), although we see that the PSF is not perfectly
spherical and can assume a two point-like objects; the third is just resolved (the Airy criterion
is met); and the fourth is well resolved. The data for the diffraction patterns are from Buscher
(2015).

the diffraction pattern of the other (Fig. 1.1c). The intensity of the Airy disk is dampened
by the Bessel function J;(krsin6), see Eq. (1.6.1), where k = 2T is the wavenumber; r,
the radius; and 6, the angular separation. It holds that J;(z) = 0 for  ~ 3.8317. Using
the small-angle approximation for 8, we see that the factor of 1.22 is the first minimum

of the Bessel function J;(x) divided by 7

6~ —=. (1.2)

Therefore, the resolution can be improved by decreasing the wavelength or increasing
the size of the mirror. However, telescopes with diameters exceeding a few meters are
expensive and challenging to build; the heavy mirrors would deform and sag due to
the effects of gravity. To prevent mirrors with D > 4m from sagging, the active optics
must be used to compensate for the bending. It enables the building of, for instance, 8.2-
m UTs telescopes of the Very Large Telescope Interferometer (VLTT). Another solution
is segmented mirrors. Such a kind is used for the Extremely Large Telescope (ELT) with
the primary mirror of 39 m, which achieve a diffraction limit of 3.2 mas in visible (V-band
0.5 pm), 7.7mas in near-infrared (J-band 1.2 ym), or 22.3 mas in mid-infrared (L-band
3.45 um). Nevertheless, even this, currently the largest mirror, is small to distinguish fine
details (< 2mas) on a stellar surfaces, even for the closest stars.

— 8
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Figure 1.2: Effects of the Earth’s atmosphere on incoming planar wavefronts and their images.
Left panel: Incoming planar wavefronts are deformed as they pass through the Earth’s atmo-
sphere due to atmospheric turbulence. Right panels: A point source is then seen as a speckle
pattern due to the impact of the atmosphere, when we observe it for a few milliseconds (upper
figure). If we observe a point source with a longer exposure time (a few seconds), the speckles
are averaged over time, and we observe a seeing disk (lower figure). The data for the diffraction
patterns are from Buscher (2015).

Seeing The second complication during observation is the effect of the atmosphere, par-
ticularly atmospheric turbulence, known as seeing, which is addressed by the adaptive op-
tics (see Sect. 1.4). Planar wavefronts arriving from distant sources or stars turn into cor-
rugated wavefronts after going through Earth’s atmosphere, which is filled with turbulent
eddies; see Fig. 1.2. We use two parameters, Fried’s coherence length or the atmospheric
coherence time, for measuring the quality of optical transmission through the atmosphere
that is affected by random inhomogeneities in the atmosphere’s refractive index. Such
inhomogeneities blur the image, primarily due to small variations in density, and conse-
quently, in the refractive index n(p). The refractivity, n — 1, is proportional to p that is
proportional to %, according to the gas law

p
—1 =, 1.3
n P (1.3)
Assuming the standard temperature and pressure (15°C and 1013.25hPa) and the green
light, A = 0.5 um, the refractive index of air is n ~ 1.000277 (Edlén, 1966). The relative
change of the refractivity corresponds to a negative relative change in temperature
An—1) AT

~ — ) 1.4
n—1 T (1.4)
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If the temperature is 15°C, i.e. 288 K, and the change is AT = 0.01 K, then

0.01
Anm ————-2.77-107* = -9.6 - 107°. 1.5
" T oss (15)
Therefore, the change of 0.01 K in temperature leads to the change of 10~% in the refractive
index. Now consider the corresponding change in phase given by

A® = ZZAOPL = 22 L An, (1.6)

where OPL is the optical path length; and L, the physical path length, i.e. the thickness
of the turbulent layer, which matters, of the order of 100 m (the near-surface layer). This
expression shows that shorter wavelengths are more affected than the longer ones, like
infrared. For the given example, the change in phase is

2

d=—"__.100-10"% = 12. 1.
200 10=° 00-10 6 rad, (1.7)

which is a substantial phase distortion. The corresponding optical path difference is

10-9
AOPL — 2 Ag - 2001077
21 21

12.6 ~ 10107 'm = 1 ym. (1.8)
Therefore, even such small changes in T' leads to optical phase differences significantly
degrading image quality. Nevertheless, one can be ‘lucky’ and the AOPL can be smaller,
which is the principle of lucky imaging.

Fried’s parameter Fried’s parameter (or coherence length), denoted by r¢, describes
the extent of turbulence, and therefore, the seeing conditions for astronomical observa-
tions. It is defined as the diameter of a circular patch of the incoming wavefront with
a phase variance of 1rad?. It indicates the maximum area of the telescope’s mirror over
which the atmosphere does not significantly distort the incoming light, allowing for sharp
imaging. The Fried’s parameter has units of length and is usually given in centimetres.
The larger the parameter, the larger the characteristic size of turbulence is, which is bet-
ter; one can achieve a better resolution. If the turbulent eddies are small, the observations
are difficult. A few centimetres indicate poor seeing, more than twenty centimetres means
excellent seeing. If telescope’s aperture is smaller than ry, then the image is primarily
limited by the diffraction limit, and the impact of the atmosphere is negligible. If a tele-
scope is larger than ry, then the image becomes limited by atmospheric turbulence and
appears blurry. The formula expressing rq is (Buscher, 2015)

e

ro= (042312 (cos )™ [ €2 (h) ) (1.9)
where k = 27” is the wavenumber; (, the zenith angle; and C? (h), the atmospheric tur-
bulence strength, which is a function of temperature fluctuations and turbulence along
the starlight path at height h. Note that ry oc A3 implies that turbulence becomes less
significant at longer wavelengths. That is one of the reasons why infrared interferometry
is easier than interferometry in the visible spectral range, where the turbulence scale is
smaller, making corrections more challenging.

— 10 «+
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Figure 1.3: Gauss function in 1D and 2D. The Gauss function represents a suitable approxima-
tion of the PSF, the intensity profile seen for a seeing disk in a telescope. The seeing value 0.49
of normalised intensity is marked. This value corresponds to the full width at half maximum of
the PSF of a point-source, as seen through a telescope. The spatial frequency « is in the units
of wavelength \ per Fried’s parameter 7.

Coherence time The atmospheric coherence time 7 characterises how fast the atmo-
sphere changes from the point of view of a telescope. It is the time when the turbulence
in the atmosphere stays roughly the same (coherent). It is defined as the time difference
when the root mean square phase fluctuations at a single point have a value of 1rad. If
7o is large (about 10-20 ms), the atmosphere changes slowly, which is suitable for long ex-
posures or adaptive optics. If 7y is small (about 1-5ms), the atmosphere changes quickly,
and the distortion blurs the image faster. The formula for the atmospheric coherence time
is (Buscher, 2015)

S5

o = 0.314%0 - (2.91 k:2/ C2 (h) vk dh) , (1.10)

where v is the effective transverse wind speed that transports the turbulence. Note that
atmospheric coherence time is related to the Fried parameter rg.

Due to atmospheric effects, we usually do not see the Airy disk. If we observe with
a telescope larger than ry and use a short exposure of the order of milliseconds, we see
a smeared-out image called a speckle pattern (upper right panel of Fig. 1.2). The speckle
pattern consists of many spots (‘speckles’), and their number roughly corresponds to
the number of coherence patches of size ry across the telescope’s aperture. For longer ex-
posures (a few seconds), we observe a seeing disk (bottom right panel of Fig. 1.2) resulting
from the time-averaged superposition of many speckles. The intensity profile of a seeing
disk, PSF, can be approximated by the Gauss function, see Fig. 1.3.

The full width at half maximum of the PSF, as observed in a telescope, serves as
an indicator of atmospheric blurring, commonly referred to as ‘seeing’ and measured in

arcseconds. Seeing is given as the FWHM of the PSF
A
eseeing = FWHMseeing =0.98 —. (11]‘)
To

It is related to the Fried parameter rq and tells us how much a point source (e.g. a star) is
broadened due to turbulence. Fig. 1.3 illustrates the region where the seeing is measured.

— 11



Observers at VLTI use Eq. (1.11) to quantify observational quality by seeing, whereas
at CHARA, they use the Fried parameter ry directly. For instance, if we observe with
a wavelength of 550 nm and the Fried parameter is 10 cm (mediocre observing conditions),
we obtain a seeing in arcseconds

551077
0.1

FWHMgceing = 0.98 rad = 1.11 arcsec.

A larger r( indicates better seeing, corresponding to a smaller FWHM of the PSF.

There are four fundamental methods to reach the diffraction limit and suppress the im-
pact of the atmosphere:

1. Aperture masking, will be mentioned in Sect. 1.1.

2. Lucky imaging records many short-exposure images, with timescales comparable to
or shorter than the coherence time 7y. Occasionally, some images are sharper due to
brief instants of reduced atmospheric turbulence!. Alternatively, one can use a large
set of short-exposure speckle patterns, compute their power spectrum via Fourier
analysis, and combine the information to reconstruct a high-resolution image.

3. Adaptive optics is used the most broadly nowadays. Further details on this technique
will be discussed in Sect. 1.4.

4. Deconvolution (Vernazza et al., 2021) is a mathematical process used to reverse the
effects of convolution in recorded data. In imaging, the observed image O can be

modelled as
O=1xPSF+ N, (1.12)

where [ is the ideal image; PSF, the PSF; and N, the noise. Using deconvolution
enables a (partial) recovery of the ideal image I.

The technique that enables astronomers to overcome the diffraction limit is called
interferometry. The very word ‘interferometry’ is derived from interfero (meaning ‘in-
terference’) and metron (meaning ‘measurement’). In astronomy, it refers to measuring
stellar properties via the interference of light (i.e. mutual influence of two waves) re-
ceived from stars or other objects. This technique enables microarcsecond resolution (e.g.
Scholler, 2007; Khodadi et al., 2024), allowing astronomers to measure orbits of close bina-
ries, stellar and circumstellar disk diameters, surface features, and complex circumstellar
structures.

A recent milestone in angular resolution (in sub-mm interferometry) was the imaging
of the black hole’s shadow and surrounding emission in M87* (Akiyama et al., 2019) and
later Sgr A* (Akiyama et al., 2022). The measurements were made by the Event Horizon
Telescope (EHT), using the technique of Very Long Baseline Interferometry (VLBI), which
links together radio telescopes around the globe, forming an Earth-sized virtual telescope.
This approach enabled an unprecedented resolution of § ~ 10 uas at a wavelength of
A= 1.3mm.

! Actually, a conceptual precursor was used by Galileo Galilei, who in 1613 relied on the human eye’s
natural ‘short exposures’ to mentally integrate clearer views of sunspots (Galilei, 1613)

— 12
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Figure 1.4: Hippolyte Fizeau (1819-1896) and his original drawing of a lens with aperture
mask allowing performing interferometric measurement. Taken from Trégon (2020-2025).

1.1 Brief history

In 1868, Hippolyte Fizeau, a French physicist famous for measuring the speed of light,
introduced the concept of stellar interferometry as a double-slit experiment (Fizeau, 1868).
He proposed observing stars through two apertures (see Fig.1.4) to get inferences that
would provide him with a spatial distribution of the intensity.

Six years later, the director of the Marseille Observatory, Edouard Jean-Marie Stephan,
first tested this method and derived upper limits for stellar diameters. For this purpose,
he converted the 80-cm telescope at the Marseille Observatory into an interferometer
(Stephan, 1874). This reflector was the largest in the world at that time. He masked
the aperture to get two identical smaller apertures with the largest possible separation on
the edges. With such an equipment, he observed fringes (‘franges’ in French original) for
several stars and estimated an upper limit of their diameters. With this technique, known
as aperture masking, E. Stephan achieved the use of a single telescope as an interferometer
for the first time.

Albert A. Michelson proved that this method is efficient when he measured Jupiter’s
satellites. Their diameters were already determined by other methods, and he obtained
excellent agreement. He predicted the results not only for uniform disks and but also
for limb-darkened disks, according to a model developed to describe the Sun’s intensity
profile. One of his major contributions was the Michelson stellar interferometer. He used
the instrument to measure the diameter of o Ori, Betelgeuse, to be 47mas (Michelson
& Pease, 1921). The larger the observed object, the more it blurs the interferometric
fringes, allowing its angular size to be estimated from the extent of this blurring. They
used a pair of mirrors to form the two apertures of the interferometer and observed fringes
for different separations of these mirrors. The separation at which the fringes disappeared,
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Figure 1.5: Michelson interferometer with a baseline of 20ft on the 2.5m Hooker Telescope,
Mount Wilson Observatory. Taken from Surdej (2019).

Buun, provides the angular diameter according to

~ 122

~ Bua’

which is discussed further in Sect.1.6.4. They used visible light with the wavelength of

500 nm; thus, the fringes should disappear at a separation of

122X 1.22-500-107°
0 47 mas

They subsequently measured diameters of six additional stars with a baseline of 20 ft (see
Fig. 1.5) and one star using a baseline of 50 ft (Pease, 1931).

0 (1.13)

Bnun = = 2.7m. (114)

Hanbury Brown (1956) came up with the next milestone, the intensity interferome-
ter, which relies on intensity correlations rather than wavefront phase, which makes this
method largely immune to atmospheric fluctuations. It was possible to measure diameters
of several bright stars with this instrument (Hanbury Brown et al., 1974).

Labeyrie (1975) demonstrated the interference between two telescopes separated by
13.8 m as the basis for modern optical interferometry. They compensated the optical path
difference by mechanical alignment. Since then, many research groups and observatories
have worked toward building interferometers with increasingly large baselines to achieve
higher angular resolution, leading to instruments such as SUSI (the Sydney University
Stellar Interferometer; Davis, 1994), the Mark IIT (Shao et al., 1988), followed by the Navy
Prototype Optical Interferometer (NPOI; Armstrong et al., 1998), the Palomar Testbed
Interferometer (PTI; Colavita et al., 1999), and Grand Interférometre a 2 Télescopes
(GI2T; Tallon-Bosc et al., 1994) interferometer on Plateau de Calern (Mourard et al.,
1994). The delay line carriage used for GI2T was later used for CHARA, and the expe-
rience gained led to the development of the Very Large Telescope Interferometer (VLTT;
Schéller, 2007).
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Figure 1.6: Diagram of Young’s double-slit experiment. A monochromatic wave arrives at the
angle o on two slits S; and Ss separated by distance B. Each slit then becomes a source of
spherical waves that propagates on the screen into the distance of D. Their path difference is
0. In the point P under the angle «, they interfere with each other. On a screen placed beyond
the slits, the interference produces a pattern of alternating bright and dark fringes. Inspired by
Millour (2008).

1.2 Young’s double-slit experiment

The fundamental mathematical description of interferometry can be illustrated by
Thomas Young’s double-slit experiment, first performed in 1801 (Young, 1804). This ex-
periment demonstrated the wave nature of light through the appearance of an interference
pattern.

A schema of the experiment is shown in Fig. 1.6. Monochromatic light from a distant
point source offset from the axis by the angle o’ on two narrow, closely spaced slits
at points S; and S,, separated by the distance of B (purple). According to Huygens’
principle (Huygens, 1690), each slit acts as a coherent source of spherical wavefronts,
which interfere on the screen, located at the distance of D. We will derive the intensity
at point P, offset from the axis z; by the angle of a and located at a lateral displacement
x (red). The vectors 7; and 7y show the paths from points S; and Sy to point P, whereas
their path difference is § = ||SoP| — [S;P|| ~ sina and sinaw = & (blue). The vector
is connecting the center between the slits and point P and determines the angle o under
which we observe the interference pattern at point P. The waves interfere on the screen
in two ways:

1. constructively—show bright fringes on the screen, they are in phase (both reach
maximum or minimum at the same time), their path difference ¢ is an integer
multiple of their wavelength, i.e. Ak, where £k =0,+1,+£2,£3,...; or

2. destructively—show dark fringes on the screen, they are in anti-phase (the darkest
fringe is when one has maximum while the other has minimum), their path difference
0 is an odd multiple of half the wavelength, ie. 6 = %(2]{; + 1)\, where again
kE=0,£1,£2,+3,....
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The positions of bright fringes with respect to x are determined using similar triangles.
If the angle « is small, it applies also at point So; thus, § = Bsina = k), taking into
account the condition for constructive interference. From the triangle with sides rxz,
using the small angle approximation, sina = tana ~ %. By substituting the relations,

D
we obtain the positions of the bright fringes as

T == (1.15)

To derive the intensity on the screen at point P, let us represent a flat monochro-
matic electromagnetic wave by a dimensionless disturbance D, meaning either E or B.
The disturbance in the complex notation is (Broz & Wolf, 2017)

-

D(7,t) = Dye W=k — D(7) e7 1, (1.16)
where the angular frequency is w = % and the wave vector is k = 27”/% According

to the Huygens principle, the sum of two spherical wavefronts (complex amplitudes) on
the screen at the distance of z; is

Do Doy Dy / .
D(F) = D(Fl) + D(FQ) = Tloe_lk'rl + T;e_lk'm ~ 710 (elkm + elk'l‘g) _

_ Sloeikn (1 + eik(rg—r1)> ‘

(1.17)

On the screen, we observe the flux given by the Poynting vector S=ExH , where E is
the electric field vector and H is the magnetic field’s auxiliary field vector. After averaging
and computing the square (‘intensity’), we get

I(7) = (DD*) = {DO oikr (1 _{_eik(rz—rl))} {Zg a—ikr1 (1 _}_e—ik(rg—rl))} _

21
2
_DO

— 0 7ik‘(7’277‘1) ik(T’Q*Tl) J—
-2 [(1 +e +e + 1} =
D? . .
= {2 + cos [k(r1 — ro)] +isin[k(r; — ro)] + cos [k(ry — r1)] +isin [k(re — )]} =
i

— IZ%O {2+ 2cos[k(ri —m)|} =2- lzjfo{l +cos [k(r —72)]}-

(1.18)
The asterisk * denotes the complex conjugation. By denoting the factor before parenthesis
Iy and rewriting the argument of the cosine function as the path difference in «, we get

I(a) = Iy [1 + cos(kaB)] . (1.19)

It is the simplest case, stating the intensity at the location offset from the axis of the slits.
If the monochromatic wave impinges at the angle of o, then

I(a, ) = In{1 + cos [k(a + o) B]}. (1.20)

Based on Eq.(1.20), Fig. 1.7 displays the four basic intensity patterns we can see in
Young’s double-slit experiment.
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Figure 1.7: Normalised intensities of basic sources in Young’s double-slit experiment based
on Eq.(1.20). The pinhole separation (the baseline) is 5cm for all cases. From upper left:
I) Point source and monochromatic light (A = 650 nm); IT) Point source and polychromatic light
(A € [550, 600, 650] nm); IIT) Extended source of 1 arcsec and monochromatic light (A = 650 nm);
IV) Extended source of 1arcsec and polychromatic light (A € [550, 600,650 nm). The contrast
of the fringes is therefore reduced due to temporal coherence in the case of larger band-width
and due to spatial coherence when the source is extended. Inspired by Glindemann (2013).
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1. A point source (located at @ = 0) emitting a monochromatic light results in a cosine
function on the screen, see top left panel. The distance between the maxima of this
function is given by %.

2. A point source emitting a polychromatic light results in a cosine function with
decreasing amplitude with the distance from the central (white) fringe, see top
right panel. Increasing wavelength range A makes the monochromatic fringes more
and more distant and less coherent.

3. An extended source (non-zero intensities at various angles ') emitting a monochro-
matic light under different angles results in a cosine function with reduced ampli-
tude. Light waves coming from different directions shift the cosine function, but
with the same shift, independent of the distance from the central (white) fringe.

4. An extended source emitting a polychromatic light is a combination of the previous
cases. It results in a cosine function with reduced amplitude at the centre and
moreover decreasing amplitude with distance.

1.3 Complex visibility vs source intensity

To describe the contrast of fringes, we use the quantity called visibility, which quantifies
the contrast between the maximum and minimum intensity of fringes as

Imax - -[min
= 1.21
-[max + ]min ( )

The visibility is the most important quantity in interferometry. To clarify the nomencla-
ture, there is also the complex visibility u, which extends the concept of fringe visibility to
include information about the phase of fringes, alongside with their contrast. The absolute
value of complex visibility |u| is the real visibility V'

V= ul. (1.22)

To get the intensity on the screen, we have to integrate the intensity of an extended
source, given by Eq. (1.20), over the angle o/

Ia) = [ I(a,a')do’ = [ I(a')do’ + [ I(a') coslh(a + ') Bl do’ =

1.2
eikaB/I(a/) oika'B do/} . (1.23)

:[0+§R

This brings us to the van Cittert-Zernike theorem (van Cittert, 1934; Zernike, 1938).

The complex visibility is the Fourier transform of the angular intensity distribution
of an extended, monochromatic, spatially incoherent source

_ f](o/) e—ika’Bda/
= [0 .

u(B) (1.24)
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The assumption of ‘spatially incoherent source’ means that waves arriving from individual
locations within a source are random, they were not emitted in phase or in anti-phase.

By identifying Eq. (1.24) in Eq. (1.23), the respective intensity on the screen is a cos-
inusoidal, fringe pattern given by

I(a) = Io {1+ R [u(B) e™?]} . (1.25)

Alternatively, the complex visibility can be calculated as the normalised coherent flux?

F(B)
=7 1.26
where the coherent flux is defined as
F(B) = / I(a') e B g/, (1.27)

The coherent flux and the complex visibility contain essentially the same information but
have different advantages. The coherent flux, being a linear function of the brightness
distribution, is more useful mathematically. For example, it is additive: the coherent flux
of a system composed of two sources is simply the sum of their individual coherent fluxes.
On the other hand, normalised complex visibility is obtained by dividing the complex
visibility by the total flux. The key advantage of this normalisation is that it removes
sensitivity to the source’s total intensity. As a result, objects with the same spatial
structure but different total fluxes have the same normalised visibility.

Vector notation For 2D sources, Egs. (1.24) and (1.25) can be written in vector nota-

tion as e
B [I(&) e R -Bqa'

1(B) 7 , (1.28)

0
1(@) = Iy {1+ R [u(B) 5]} (1.29)

(u,v) notation Another option is to define

B
= — 1.30
(wo) =5, (1.30)

T —27i(uztvy)

() = J[ 1(z,y)e da dy (131)

Iy ’
and interpret u, v as spatial frequencies, in ‘cycles per baseline’” units.

1.4 Interferometers

Let us now compare the angular resolution of a single telescope with an interferometer.
The single telescope has a diffraction limit in radians (Kitchin, 2020)

A
Abr =122 7. (1.32)

2sometimes called correlated flux, mutual intensity, or mutual coherence
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Larger telescopes, with larger aperture stop (diameter) D, provide smaller diffraction
limits. For instance, let us consider the Extremely Large Telescope (ELT) on Cerro
Armazones in Chile. It is currently under construction and, as of July 2025, it is the largest
ground-based, optical telescope. Its inherent (neglecting atmosphere) angular resolution
in median performance wavelength (0.4-14 pm) is

0.8-107¢
AQT =1.22. W rad ~ 6.2 mas.

For comparison, the diffraction limit of an interferometer, which combines light coming
from two or more telescopes, is

A
Ab =7, (1.33)

where B stands for the baseline, the separation of two telescopes in the interferometer. For
instance, the Very Large Telescope Interferometer on Cerro Paranal in Chile can achieve
B = 130m among the Unit Telescopes (UTs) and B = 200m among the Auxiliary
Telescopes (ATs). Then, the angular resolution from the previous example would be

significantly improved

0.8-107
Af; = 500 rad ~ 0.8 mas.

Therefore, long-baseline interferometry provides the only way to achieve higher resolu-
tion without the need to build enormous telescopes that are technically (and financially)
unfeasible.

Interferometers collect light from a single, small region of the sky at two or more
locations (apertures, telescopes) and bring the light beams collected at each telescope
to a beam combiner, where the light beams interfere and form an interference pattern
(fringes). A basic interferometer is shown in Fig.1.8. It consists of one or more pairs of
light collectors (siderostats, telescopes, etc.) that form a baseline B = Py — ]31, where
the collectors are situated at positions P; and P,. The distance |§ | between them is
typically hundreds of meters, much larger than the diameter of a collector. The wavefronts
collected by the siderostats or telescopes are distorted by the atmospheric turbulence and
are thus sent to an adaptive-optics system (Fig. 1.8, upper right). The correcting elements
are placed close to the siderostats because the largest aberrations must be corrected before
the light come toward the beam combiner.

In the adaptive-optics system, the incoming wavefront from a source is split between
a wavefront sensor and a scientific camera. The wavefront sensor, e.g. Hartman-Shack
(Pretheesh Kumar & Ganesan, 2022), measures distortions caused by atmospheric turbu-
lence. To characterise how the system responds to different types of wavefront distortions,
a calibration process must be performed. During this process, a known set of wavefront
perturbations is applied to the deformable mirror. For each applied mode, the wave-
front sensor records the resulting ‘echo’. These data are used to construct the system’s
interaction matrix, which maps deformable mirror actuator inputs to wavefront sensor
outputs.

To correct for an arbitrarily distorted wavefront in real time, the interaction matrix is
inverted, yielding the reconstruction matrix. This matrix allows computing the required
deformable mirror actuators from the current wavefront sensor measurements. During
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operation, the wavefront sensor continuously monitors the distortions in the reference
source’s wavefront. These measurements are multiplied by the reconstruction matrix to
actuate the appropriate adaptive element. The deformable mirror adjusts its surface in
real time to compensate for the current atmospheric distortions.

Corrected, less distorted wavefronts continue toward the interferometer. They are
brought to the beam combiner and detector using a series of mirrors and delay lines,
which serve to control the relative delays between the light beams coming from different
collectors (e.g. Earth rotation, vibrations of the system or due to the environment),
in order to produce coherent fringes. However, the perfect control of all vibrations is
impossible; thus, the fringe trackers are used (e.g. Menu et al., 2012).

Adaptive optics systems differ for different instruments. The above description is only
one of the concepts. The most common variation is having only a tip-tilt mirror instead
of a deformable mirror. While the deformable mirror corrects higher-order aberrations,
complex distortions across the wavefront caused by atmospheric turbulence, the tip-tilt
corrects only the lowest-order aberration, overall angular motion of the wavefront such as
image motion, including jitter. All long-baseline interferometers have adaptive optics, at
least at the level of a tip-tilt correction.

This technique solves the challenges caused by the atmosphere, however, other factors
may ruin the appearance of fringes. When light from one collector is blocked or when
the beams fail to interfere, the fringes disappear, and we see only a uniformly illuminated
Airy disk, like the one with |[V| =0 in Fig. 1.8.

The condition for the interference is the temporal coherence for the combination of
beams. The beams must maintain constant phase delay over time; specifically, the phase
shift between the beams must be smaller than the wavelength of incoming light. Mov-
able delay lines serve this purpose. They optimise the optical path difference (OPD)
to compensate for the geometrical delay from the position of the telescopes | Byl cos ¢
and to achieve an appropriate phase shift. For optical interferometers, the precision of
the optical path needs to be on the order of tens of nanometers; otherwise, the beams
will not produce interference fringes. The precision of the setting can be more relaxed
for interferometers using longer wavelengths. To conclude, producing interference fringes
with an interferometer is certainly challenging.

1.5 Fringe analysis

By analysing interferometric fringes, we can recover information about the size, shape,
or structure of a source. The aim is either to model or to reconstruct the intensity
distribution of a source. The reconstruction of the intensity distribution is stated in the
inverse version of the van Cittert-Zernike theorem:

For an extended, monochromatic, spatially incoherent source, the angular intensity
distribution of the source is the inverse Fourier transform of the complex visibility

I(z,y) = // 11(u, v) 2T qy dy. (1.34)
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Figure 1.8: Basic optical interferometer setup. Two siderostat mirrors collect starlight. Inter-
ferometers aiming for fainter targets, have larger telescopes instead of siderostats. Wavefronts
distorted by atmosphere pass through adaptive optics systems, which correct them before recom-
bination. The light beams are combined after delay lines carefully adjust optical path difference
(OPD) so that they interfere. This creates a pattern of bright and dark fringes on the detector,
aligned perpendicular to the baseline between the telescopes. The contrast is expressed by the
visibility; several example values of the visibility |V| are shown. Inspired by Buscher (2015).
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The exponentials e?™(“#+v%) represent cosinusoidal (and sinusoidal) waves, Fourier modes.
Each Fourier component has a spatial frequency (how fast it oscillates), amplitude (how
strong it is), and a phase (where it starts). The complex visibility x is what interferometers
measure. [ts amplitude, the real visibility V' = |u|, defined by Eq. (1.21), tells us how much
of a particular cosinusoidal wave is present in the source. In other words, it is obvious
that the intensity distribution is mathematically treated as an infinite superposition of
cosine and sine waves, scaled by the complex visibility.

There are two main quantities we need to extract from the fringes: the visibility (the
contrast) and the phase (the shift). On the other hand, the spacing of the fringes is not
related to the size, shape, or structure of the source. Instead, it is related to the way we
combine the beams. We can extract this information by modelling the complex visibility,
or using Fourier imaging, i.e. Eq. (1.34) directly. The approach depends on the obtained
number of measurements and on the coverage of the so-called uv-plane.

A wv-plane is a plane in the Fourier space®. All interferometers measure the Fourier
transform of the source intensity distribution, i.e. in the Fourier space. They map the
brightness distribution on the sky, described by the vector & = (x, ¥, 2), from the tangent
plane into the projected baseline vectors B = A, v, w) in the uv-plane. For small fields
of view, we can omit the third dimension, hence B - & = X (uz + vy).

We can understand the (u,v) coordinates in two ways. The first one is geometrical,
the uv-plane represents the projection of telescopes’ baselines to the tangent plane

(1, v) = }\(Bx, B,). (1.35)

The second way of understanding (u, v) is to realise that B/X is the spatial frequency in
the Fourier transform, sampled by baselines B. Spatial frequencies describe how many cy-
cles occur per baselines. Longer baselines sample higher frequencies (finer spatial scales).
If a spatial frequency is higher, one can detect finer details. Since each (u,v) point cor-
responds to only one Fourier component with given spatial frequencies, it is necessary to
measure many different baselines.

Given an array composed of n telescopes, we obtain @ baselines and n(n — 1)
points in the uv-plane. For instance, for six telescopes, we have 15 baselines. We also
obtain symmetric points at opposite v and v, which are the complex conjugates of the cor-
responding positive points. This arises from the Hermitian symmetry property inherent
to all visibility. It holds that

w(B) = i (~B), (1.36)
where * denotes the complex conjugate. Another point of view is that it arises from
the fact that the same pair of telescopes (1 and 2, 2 and 1) can be equally well used to
give a baseline vector in the opposite direction and Bzg = —B;. The only difference when
interchanging the telescope order is the direction of fringe displacement: a positive phase
change becomes negative. For six telescopes, we therefore obtain 30 points in total in
the uv-plane. The required uv-coverage depends on the scientific goals of the observation.

3also called an aperture plane
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Figure 1.9: Different projected baselines resulting from the Earth’s rotation and an example of
a uv-plane coverage obtained using this technique. Lower panel: As a star moves, the projected
baselines are different and correspond to different (u,v) points. One measurement with a par-
ticular projected baseline |§0| sin ¢ adds one point to the uv-plane. Top panel: An example of
the uv-plane coverage obtained by ‘Earth rotation synthesis’.

Supersynthesis The van Cittern-Zernike theorem implies that if we measure the com-
plex visibility for all baselines B= A(u, v), we can reconstruct the intensity distribution of
the source using the inverse Fourier transform. The most common and powerful method
to cover the uv-plane, especially for imaging, is to use Earth rotation synthesis (or ‘su-
persynthesis’). We subsequently obtain measurements with different projected baselines
(see Fig. 1.8), because a projected baseline changes when the star moves across the sky,
see Fig.1.9. The wuv-plane coverage also increases with more and more telescopes (base-
lines). The combination of the two is known as aperture synthesis. Further improvement
is done by using more spectral channels as the unit of u, v is cycles per baseline, by
a reconfiguration of telescopes, or by both.

Imaging vs modelling For a reconstruction of an image, we need to have a dense
coverage of the uv plane. Only this allows us to apply the inverse Fourier transform
on the complex visibility (though some gaps in the wv plane and assumptions remain

— 24 +



unavoidable) and obtain a reconstructed image of the observed source. This method is
called Fourier imaging.

An alternative approach that does not require so dense coverage of the uwv-plane is
modelling of the visibility V' (B). We need fewer measurements, values of the real visibility,
with respect to projected baselines. Having them, we can determine the angular size of
a source by fitting the visibility V(E), as a function of a baseline. The difficulty is that
this function varies for different types of sources, see Sect.1.6. So, we need to correctly

assume the nature of the observed source.

1.6 Visibility functions of various sources

As discussed in Sect. 1.5, the complex or real visibility differ with the nature of observed
sources. This section shows the visibility dependences of various sources.

1.6.1 Bessel function

The visibility often includes special functions like the Bessel function. Bessel functions
naturally arise when describing diffraction or interference patterns when integrating over
circularly symmetric apertures. They are a family of solutions to Bessel’s differential
equation, which appears with circular or cylindrical symmetry

2y dy

2 2 7
_|_ —_ — U. 1

The general Bessel function of order n is defined as

™

1 s
In(2) = —/Cos(z sin @ — nd) d6. (1.38)
0

Specifically, the Bessel function of order zero Jy is even

17 1
Jo(2) = —/cos(z sin @) df = — cos(z cos #) do, (1.39)
T T
0
while the Bessel function of order one J; is odd
17 , 17 , 17 _
Ji(z) = — /cos@sm(z cosf)df = — /008(9—2 sinf)df = — /Cos(z sinf—0) do; (1.40)
i o i
see Fig.1.10. It also holds that
1
lim 1) _ L (1.41)
z—0 z 2

1.6.2 Point source

The simplest object that can be observed is a single, point-like source (i.e. unresolved
source), e.g. a star with the angular diameter much smaller than the interferometer’s
resolution. The intensity of such a source is represented by the Dirac d-function, Eq. (1.81),

[(@) = I, 6(& — &), (1.42)
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Figure 1.10: Bessel function of order zero Jo(z) and one Ji(z).

where @, is the angular position of the source. Its Fourier transform is the complex
exponential function Eq. (1.82); thus, the coherent flux is

F(B) = I,e*B (1.43)
and after normalisation, we have
u(B) = eikdo B, (1.44)

Therefore, |V(B)| = . = 1+ 0i = 1, which implies that the fringe contrast is unity and
independent of the baseline length or orientation.

1.6.3 Binary

For a binary star system, the linearity of the Fourier transform Eq.(1.76) is used.
Owing to this property, the coherent flux observed for two stars is the sum of the coherent
fluxes for each star observed separately. If both stars are unresolved ( < ﬁ), i.e. point-
like sources, and if the first one lies at the phase centre, while the second is offset by @,
their ratio of intensities is I;¢ = %, then, their brightness distribution is given by

I=1L6a") + Lad(@ —ay)l, (1.45)
the total coherent flux is given by the Fourier transform, Eq. (1.43),
F(B) = Fy + FyehB, (1.46)

and the complex visibility p according to Eq.(1.24) is the modulus of the normalised
coherent flux

.=l D
1 +Irel e—lka0~B

B \/(1 + Lo e—1kG6-B)(1 4 I, eikd-B)
I+ Irel B .

V=
1+]rel

(1.47)

We used the fact that the denominator is always larger than zero and the complex modulus
identity |z| = v/zz*. After applying the trigonometric identity for the cosine function
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Figure 1.11: Behaviour of interferometric quantities for a binary system. Left: Complex
visibility modulus |u(B)|. Right: complex visibility phase arg[u(B)]. The flux of the secondary
is 30% of the flux from the primary.
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Figure 1.12: Argand diagram with coherent flux F of a binary in a vectorial representation,
in the complex plane. Left: General example. Right: Positions of vector F'; that determine
the maxima of visibility modulus and phase. Inspired by Buscher (2015).

ir] — €74 e obtain the real visibility for a binary

cosz = R|e 5

v \/1 + 12, + 21,0 cos(kdl, - é)

1.4
1+ 1 ( 8>

An example is shown in Fig. 1.11.

We can represent coherent fluxes in the Argand diagram, see Fig.1.12. The coherent
flux of the primary star without any offset is a vector Fo and lies along the direction of
the real axis. Its imaginary part is zero, since it has no angular offset. The vector of
the secondary star with a non-zero offset F; rotates in the complex plane with changing
(u,v) coordinates. The vector F representing the flux of the binary is the vectorial sum
of vectors Fig and Fy. Its length ranges from the minimal value of Fy — F} to the maximal

value of Fyy+ F (assuming Fy > F). Therefore, the visibility modulus oscillates between
Fy—Fy
Fo+IFy

to the circular locus traced by the rotating vector Fy. The maximum phase is thus
. (Fl
arcsin fo)'

and 1. The phase oscillations reaches its maximum when the vector F is tangent
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1.6.4 Uniform disk

The brightness distribution of stars is sometimes approximated as a uniform disk.
The intensity of a uniform disk with the angular diameter 8 is I = % for the angle o/ < g,
otherwise I = 0. Let us compute a Fourier transform from (z,y) angular coordinates to
the spatial frequencies (u,v)

o

plw0) = F{f @yt = [ [ foy)em™ e drdy -
- (1.49)
= [ [ fay e azay.

—00 —00

For the calculation of the scalar product B - & = (ux + vy), we use polar coordinates,
ie.x=rcosy,y=rsing and u = pcos®, v = psin P

ux + vy = pr(cos ® cos p + sin P sin ) = prcos(® — ). (1.50)
With the spatial element r dr dy, we can rewrite Eq. (1.49) as
[
2w 3

ulp,®) = F{S(r,0)} = [ [Toe>meo @2 rardg, (151)
0 0

where f(r, ) is a circularly symmetric function that is separable

fro) = fi(r) fole). (1.52)

Using this property, we recognise the Bessel function of order zero with the argument
a = 2mpr

2
1 .
Jofa) = 5 / giacos(@=) 4, (1.53)
0
therefore,
g , mpl
4 7 r = 2mpr 2
w(p, @) =2m 5 /7’]0(27rp7‘) dr = ldr’ 9 dr] = 20, / r'Jo(r'ydr’.  (1.54)
0 0
The integral of the Bessel function Jj is
/xJO(x) dz = aJi(a), (1.55)
0
therefore,
2 2
u(p, @) = mm)&h(ﬂp@) = %L(WPH)- (1.56)

Using the (u,v) coordinates back again, we get the visibility of a uniform disk

(u,0) = 2J1 (mOv/u? + v?)
L) = OV u? + v?
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Figure 1.13: Uniform disk visibility. The visibility is real everywhere and circularly symmetric
in the (u,v) plane. Left: Visibility modulus of a uniform disk. The visibility modulus decreases
with increasing projected baseline and intersects a zero value for |B| = % which means that
the projected baseline has a length of %. Right: Squared visibilities of uniform disks with

different angular diameters. The larger the diameter, the faster the visibility drops.

where the angular diameter 6 is in rad; u, v, in cycles per baseline. The visibility can also

be written as the jinc function jinc(z) = 7‘]155)

p(u,v) = 2jinc(mvu? 4+ v?). (1.58)

Such a model is commonly used for calibrators in interferometric pipelines such as the
ESO’s EsoReflex (Freudling et al., 2013) and is illustrated in Fig. 1.13. The ‘null’ in visi-
bility means that the contrast of fringes goes to zero, the fringes disappear, and the fringe
pattern becomes a uniformly illuminated field. Michelson & Pease (1921) used the posi-
tion of this null in the visibility for measuring the diameter of Betelgeuse (see Sect.1.1).

A brightness distribution, which is symmetric about the phase centre, has a purely
real visibility. This implies that the phase is either 0° or 180° for all baseline vectors B.
This behaviour is a general property of the Fourier transform of real, point-symmetric
functions f(x) that satisfy f(z) = f(—x) everywhere.

1.6.5 Gaussian disk

A Gaussian disk may represent highly-evolved stars, which exhibit extended atmo-
spheres with circumstellar matter, and the edges of their disks are diffuse. They can also
be described by various limb-darkening models, but a Gaussian disk is a simple model
with strong limb-darkening, extending smoothly to zero. Specifically the intensity of such

a source is
(&) = Iye 191/ (1.59)

O—zl
The visibility is, in accord with Eq. (1.103)

—

[II(B) _ e_QTFZ(U2+U2)J2, (160)

where o = gy% is related to the FWHM.
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1.6.6 Offsets

The visibility as a function of a baseline becomes a bit more complicated when
the source is offset from the phase centre. Then, the convolution theorem given by
Eq. (1.79) is invoked. Convolving any function with the Dirac d-function offset from
the origin by an amount of Z; has an effect of shifting a function by %y, i.e.

f(@) % 0(F — Zo) = f(T — Zp). (1.61)

For instance, to compute the complex visibility of a star modelled as a uniform disk that
is offset from the phase centre by the angle d, the brightness distribution of the star is
—/ 4 —/ —/

I(d) = —5 = 6(@" — aj). (1.62)
Ta
According to the convolution theorem, the total visibility is the product of the visibilities
of the centred disk and of exponential that is Fourier transform of the J-function

21701 BI) sy

B) = £
1(B) 0B

(1.63)
The expression shows that the phase component of the visibility reflects the star’s dis-
placement from the phase centre, whereas the modulus conveys details about the source’s
angular size or structure.

1.7 Measuring complex visibilities

While the real visibility (modulus) can be more or less preserved after applying at-
mospheric compensation techniques, the information about the phase of waves is usually
lost. Due to atmospheric turbulence, the disturbance D from Eq. (1.16) for each telescope
is changed (Haniff et al., 2006)

D =GD = |Gle'®D, (1.64)

where |G| is the gain of a telescope including its throughput, ®, the distorted phase,
influenced by seeing, thermal expansion, etc. The visibility satisfies ¢ o< Dy Dj; thus,
the actual observed complex visibility, without any correction, is changed

fi = GiGip = |G| Gale =2 . (1.65)

The amplitude becomes lower and the phase shifted, no longer reflecting the true source
structure. Yet, the phase is a crucial component of the complex visibility. Most impor-
tantly, the phase encodes asymmetries in the source’s intensity distribution. For a point-
symmetric source, the phase is typically zero or constant. A non-zero phase suggests
offsets, binary companions, structure, or asymmetric emission (e.g. spots, jets). Sev-
eral techniques exist to recover the phase information, such as the closure phase or the
differential phase.

1.7.1 Closure phase

To recover reliable phase information, the concept of the closure phase was intro-
duced (Jennison, 1958). The closure phase is formed by combining measurements around
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a closed triangle of baselines. They are robust observables that are immune to atmo-
spheric turbulence, which makes them powerful for detecting asymmetries and structures
in observed sources. Using n telescopes will provide %n(n — 1) independent closure phase
measurements.

Let us consider telescopes 1, 2, and 3, which create three baselines. The closure phase
®153 is given by the sum of phases around the triangle of the baselines, but each phase
between two telescopes also includes atmospheric perturbation associated with the re-
spective telescope (Broz & Wolf, 2017)

Doz = Pro + Doz + P31 = P12 + D1 — Py + Pz + Py — Pg + @31 + D3 — Oy =
= Q12 + P23 + P31,

where ¢ denotes the intrinsic, unperturbed phases. All the atmospheric phase error terms
® are cancelled, leaving observables that depend only on the original phases.

(1.66)

If we further define the triple product?® as

T3 = piapiazfist (1-67)
and substitute according to Eq. (1.65), we obtain
Ts = [iafinafia = |G| Gale!™ %2 p1s| G| Ga €27 13| G5 | G e P57V pugy = (1.68)
= ‘G1HG2||G3|M12M23M31>

where the amplitude is again lower, but the phase is not shifted. The triple product is
a complex quantity whose argument argT5 = @12 + ¢23 + @31 is the closure phase.

Alternately, the triple product can be defined using the coherent fluxes
T = FioFosFs. (1.69)
Specifically . B B
T3 = F(B12)F(Ba3)F(Bs1), (1.70)

where the baselines creating a triangle satisfy Blg + Egg + 531 = 0. Thus, it can be
expressed as a function of two baselines

—

Ty(Bia, Bas) = F(B1a)F(Bas)F(— By — Bag). (1.71)

1.7.2 Differential phase

Another observable independent of the atmosphere is called the differential phase. It
uses a combination of phases measured on the same baseline but at different wavelengths.
The commonly used wavelength for this method is the Brackett-gamma (Brvy) line. We
can normalise the phase in continuum to zero and other phases measured in the line will
be relative to this continuum.

The measured fringe phase in the spectral channel ¢ is given by

(v;) = ¢(1i) + €0 + e, (1.72)

4or the bispectrum
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where ¢(1;) is the object visibility phase at frequency v;; €y, a wavelength-independent at-
mospheric phase error; and €1, the chromatic atmospheric error. The fringes are measured
simultaneously at three or more wavelengths. Let us assume three different wavelengths
that are equally spaced in frequency, i.e. v; = [vg— Av, vy, 1o+ Av], where vy is the central
frequency and Av is a frequency spacing. The procedure is to subtract the average fringe
phase at the outer wavelengths from that at the central wavelength

Basee (v0) = B(vy) — ; Do — Av) + (v + Av)]

1
= d(vy) + €0 + €1 — B} [O(vo — Av) + € + €1y — 61 Av] — (1.73)

1
— 5 [Cb(l/() + AV) + €0 + €1 + ElAI/] = ¢diﬁ(yo).

After substituting according to Eq. (1.72), the atmospheric error terms were cancelled.

The differential phases reveal how the structure differs accross the emission line, which
is very useful information, especially if circumstellar medium is present.

1.8 Interferometric instruments

Interferometers are useful for studying many types of objects, from cold gas clouds to
exoplanets, surfaces of stars, or relativistic environments around black holes. The largest
interferometers are described below. Detailed information about the interferometers and
the instruments (some of them decommissioned) is in Table 1.1. The of spatial resolution
of each instrument means the value when the visibility reaches the first zero. However,
to estimate the size of a source (if we know what we observe), this is not necessary. It is
possible to use a partial resolution of the interferometer to estimate the size of the target
with a model that fits the measured visibilities, even if they are close to 1.

CHARA The optical interferometric array with the largest baseline in the world (in
2025), Buax = 331 m, is the Georgia State University’s (GSU) Centre for High Angular
Resolution Astronomy (CHARA). The CHARA is located at Mt. Wilson in California. It
uses six 1-m telescopes in a fixed, Y-shaped configuration, see Fig.1.14. Each of the six
light beam paths is equipped with two adaptive optics systems, one at the telescope and
the other in the optical laboratory, just before entering the beam-combining instrument
(Che et al., 2013). CHARA can resolve objects as small as 0.2mas at visible wave-
lengths and 0.5 mas in the near-infrared. The CHARA routinely achieves stellar diameter
measurements with precision better than 1%. A recently new instrument of CHARA is
a visible beam combiner, SPICA, which is being developed by Mourard et al. (2017) and
is able to combine all six telescopes at the CHARA Array. The SPICA project’s goal is to
measure the angular diameters of 1000 stars and provide a large set of stellar parameters
across the Hertzsprung—Russell diagram (Pannetier et al., 2020). Another new instrument
SILMARIL is in commissioning (Anugu et al., 2024). It will be a next-generation optical
interferometric instrument.

VLTI The European Southern Observatory (ESO) has the Very Large Telescope Inter-
ferometer (VLTI) with larger telescopes but shorter baselines than CHARA. The VLTI
can use four 8.2-m Unit Telescopes (UTs) with a maximum baseline of 130 m or four 1.8-m
Auxiliary Telescopes (ATs) with the maximum baseline of 200 m (extended configuration),
see Fig.1.14. The UTs are fixed while ATs can be positioned to more than 10 different
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Figure 1.14: Left: CHARA Array, From (Surdej, 2019). Right: VLTI interferometer, credit
of backgroud: ESO/G. Hiidepohl.

stations. The interferometer is equipped with the NAOMI adaptive optics in the coherent
combination. The VLTT instruments, GRAVITY (Eisenhauer et al., 2011), PIONIER (Le
Bouquin et al., 2011), and MATISSE (Lopez et al., 2022), combine the light from four
telescopes simultaneously.

NPOI The Navy Precision Optical Interferometer (NPOI) offers the best uv coverage
in visible light over the 570-750 nm range. Operating with six telescopes simultaneously,
it enables high-precision, high-fidelity imaging at milliarcsecond angular resolution. Its
imaging instrument, VISION; is uniquely capable of combining light from six telescopes in
the visible band, with photometric calibration on each beam—a capability unmatched by
any other optical interferometer. NPOI’s visible-light performance allows it to probe stel-
lar surface features, spots, or rotational distortion, particularly in hot stars and binaries,
where other interferometers may have limited sensitivity. The dense uwv-plane coverage
provided during a single night supports snapshot imaging, making the NPOI an essential
facility for time-variable or rapidly rotating targets.

The arrays VLTI and CHARA are complementary; they cover different part of sky
with an overlap. CHARA can observed north part of sky, while VLTI covers southern
sky. NPOI is also located in the northern hemisphere.

A major leap forward in the capabilities of optical long-baseline interferometry will be
the GRAVITY+ project. It aims to significantly enhance the capabilities of the VLTI by
pushing sensitivity limits, improving astrometric precision, and expanding sky coverage
through new adaptive optics and multiple laser guide stars for each AT. It will enable
detailed studies of black holes in distant galaxies as well as accretion disks or faint ex-
oplanets. GRAVITY+ thus exemplifies how ground-based interferometry continues to
evolve, combining precision and sensitivity.

A potential future project might be a space-based interferometer, which offers the
possibility to eliminate atmospheric turbulence entirely and use extended baselines. Such
concepts have been explored in the past by Bely et al. (1990). Recent visionary designs
of lunar-based arrays, which could benefit from the Moon’s stable environment and also
a lack of atmosphere, are discussed in van Belle et al. (2024) and Carpenter et al. (2025).
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Table 1.1: Long-baseline optical/near-infrared (NIR)/mid-infrared (MIR) interferometers with possible baselines over 100 m.

Facility Instrument |B|[m] Telescopes Resolution Band Ref. Location Note
VLTI  GRAVITY 8-130 4xUTs ~1 mas NIR: K [1] most precise astrometry
PIONIER 11-200 mostly ATs  ~1 mas NIR: H 2] most efficient in H-band
MATISSE 12-200 MHWMM “wmwwmmmw HMM MWW Mwﬁw& [3] Paranal best for dusty environments
AMBER 8-200 4xUTs/ATs  ~10mas NIR: J, H, K [4] Chile decommissioned 2018
MIDI 8-200 4xUTs/ATs  ~10mas MIR: N (8-13) pm [5] decommissioned 2015
PRIMA 8-200 4xUTs/ATs  ~10mas MIR [6] decommissioned 2015
VINCI 8-200 4xUTs/ATs  ~10mas MIR: K [7] decommissioned 2004
.
VEGA (3-4)x1-m ~0.3 mas visible: (450-850)nm  [9] decommissioned 2020
MYSTIC 6x1-m ~0.7 mas K [10] Mt. Wilson best 6-T K combiner
MIRC-X 331 6x1-m ~(0.4-0.5) mas J, H [11]  California  high-fidelity imaging
PAVO (2-3)x1-m ~0.2 mas visible: (630-950)nm  [11] USA precise visible astrometry
SPICA 6x1-m ~0.1-0.2 mas R (600-800) nm [13] survey instrument
SILMARIL 3x1-m ~0.5 mas NIR: H, K [14] in commissioning
MIRC 4x1-m 0.5 mas H, K [15] decommissioned
NPOI  VISION up to 432 6x50-cm ~0.3 mas optical [16] Arizona best uv coverage in visible
classic 2-437Tm  (2-3)x50-cm  ~0.6mas optical [17] USA decommissioned

[1] Eisenhauer et al. (2011), [2] Le Bouquin et al. (2011), [3] Lopez et al. (2022), [4] Petrov et al. (2007), [5] Leinert et al. (2000), [6] Sahlmann et al.
(2009), [7] Longinotti et al. (2002), [8] ten Brummelaar et al. (2013), [9] Mourard et al. (2009), [10] Monnier et al. (2018), [11] Anugu et al. (2020),
[12] Maestro et al. (2012), [13] Mourard et al. (2022), [14] Anugu et al. (2024), [15] Monnier et al. (2006), [16] Garcia et al. (2014) [17] Armstrong

et al. (1998)
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1.9 Appendix: Fourier transform as theoretical basis

Since the Fourier transform is the theoretical basis for interferometry, hereinafter, we
summarise the basic relations.

The Fourier transform of a time-domain signal ¢(t), yielding its frequency-domain
representation G(w), is defined as

“+oo

Glw) = Flg(t) = [ g(t)eat, (1.74)
where w = 2y = % is the angular frequency and k= 27“/% is the wave vector. The
inverse Fourier transform is

1
9(t) = F[Gw) = 5 / G(w) e“tdt. (1.75)
™

A crucial property of the Fourier transform is its linearity, i.e. for any functions f(t)
and ¢(t) and scalars a and b, it satisfies

Flaf(t) +bg(t)] = a FLf(t)] + b Flg(t)]. (1.76)

This means that the Fourier transform of a linear combination of functions equals the
same linear combination of their individual Fourier transforms.

Another important property is a consequence of the convolution theorem. It states
that under suitable conditions, the Fourier transform of a convolution of two functions
is the product of their Fourier transforms. In other words, convolution in one domain
equals multiplication in the other domain. For functions f(t) and ¢(¢) with their Fourier
transforms F'(w) and G(w), respectively, the convolution theorem states that

Flf-gl=F=«G (1.77)

and
Flfxg|=F-G. (1.78)

The convolution of two-dimmensional functions f(Z) and g(%) is defined as
(/ +9)(@) = [[ 1(@)9(@ - 7)aa, (1.79)
where dA is an element of area.

The Fourier transforms of selected fundamental functions are presented in the following
paragraphs.

Constant function

F(1) = / lemtdt = 2m6(w). (1.80)
The Fourier transform of a unit is the Dirac function.
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Dirac function
0 if 0
o(x) = 1. %w%’ (1.81)
lim, ,00(z) =00 if z =0,
Flo(t —ty)] = / §(t —to)e Wit = e o, (1.82)
The Fourier transform of a shifted Dirac d-function is a complex exponential, with the
argument representing the corresponding phase shift.

Complex exponential function

Fle*'] = / el ole Wt = / ) dt = §(wy — w) = d(w — wo). (1.83)
The Fourier transform of a complex exponential function corresponds to a Dirac d-function
in the frequency domain.

Cosine function

o) oo . .
eltw0+e—1two

Flcos(wpt)] = / cos(wpt)e dt = / fe’i“tdt =
. o (1.84)
1 . - 1
=5 [/ e Hw—wo) gy 4 / e‘t(““(’)dt] =3 [6(w — wp) + §(w + wp)] -

The Fourier transform of a cosine function is two Dirac d-functions in the frequency
domain, symmetric at £wy.

Sine function

o0

) eitwo _ e—itwo )
Fsin(wot)] = / sin(wot)e “'dt = / fe_wtdt =
i

—0o0 — 00

T2

1 [/ e_it(w_wo)dt— /e—it(w+wo)dt] — (185>

— 00 —0o0
i
=-3 [0(w —wp) — d(w + wo)] -
The Fourier transform of a sine function is the same as for the cosine function, but
antisymmetric and imaginary.

Rectangle
c0 ot 3 o eiwt % e—iw%
Flrect(t)} = [ rect(te !at = [ 1.7t = =2 -
{rect(t)} rect(t)e e [—iw] ) =
—00 -3 ~2 (1.86)
5 ews —e Wz 1 ( T) , ( 7')
=2T———————— = —sin (w= | = 7sinc (w= ).
27iw 5 2 2

The Fourier transform of a rectangle is a sinc function. One can see the general property
of the Fourier transform that the broader the function, the narrower its transform is.
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Step function

s(t) = ; 1+ sgn(t)] (1.87)
Fls(t)} = 7s(t)ei°’tdt — /_ Z ; [+ sgn(t)] e “tdt =
— ; { [ O:O et + L O:O sgn(t) ei”tdt} = ; [27r5(w) + ﬂ = (1.88)
() 4

1w

The Fourier transform of a step function is a ‘spike’ at zero frequency (due to the constant
offset), and a phase term o 1/w.

Signum function

1 if x >0,
sgn(z) = {_1 £ <0 (1.89)
sgn(t) = ili% e~ sgn(t) = (1112% {e’“t sen(t) — e sgn(—t)} , (1.90)
F{sen(t)} = / {lirr(l) {e_at sgn(t) — eatsgn(—t)} e_i‘”t} dt =
a—
= lir% / e e Wsgn(t) dt — / e e Wsgn(—t) dt] =
a—
- 00 0
— Im /ef(aJriw)tdt_ /e(aiw)tdt] _
a—0
LO —00
T o (1.91)
= lim | [ e~ (@Hw)iqs — / e (@it qt | =
a—0
0 0

I
8=
L3
—

e—(a—i—iw)t o0 e—(a—iw)t o0
(o +iw 0 | a—iw o)

e~ >® _ 60 e—oo—e0

a—0 a—+ iw a— iw

. ( 1 1 ) 1 1 2
= lim - — N =—+—=—.

a—0 \ a + 1w a — 1w 1w 1w 1w

The Fourier transform of a signum function is purely imaginary and antisymmetric.

Sinc function
sin(wot)

sinc(wpt) = , (1.92)

th
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T sin(wt e i@t

F {sinc(wpt)} = /

—0o0

dt =
th

_ 7 sin(wot) COS(wot)dt B 7 i sin(wot) sin(wt) g =
e (U()t e wot

sin(wyt) cos(wt) = ; {sin [(w + wp) t] — sin [(w — wo) t]}

sin(wot) sin(wt) = ; {cos [(w — wp) t] — cos [(w + wp) t]}

)
wt o wty )| (1.93)

For real terms, we use the integral identities

7 a
in(at)e *dt = —— 1.94
/sm(a )e papl (1.94)
0
7cos(at)e_5tdt S : (1.95)
/ a? + s?
where a = w + wy, s = woz. Hence
F {sinc(wot)} / ( il 5 2) / < w—wo 5 2>dx—
T2 (W~ wp)? + wix (W —wo)? + wiz
o (1.96)
i wox 1 Wox
L d / dz.
2. ((w—wo)z—l—w%x?) s ( (W + wp)? + wiz? v
For the real terms, we use
7 ¢ 4 la] / d (a) [arctany]™ = sgn(a)m. (1.97)
s = = sgn(a = .

—0o0
For the imaginary term, the numerator is the derivative of the denominator, multiplied
by a constant:

7 WoT 1 0o
/ [(w — w0)02 n w%xJ der = Yo {ln [(w — wp)® + ngz] }_OO : (1.98)
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Z [( N ] do= o {In [(w = wo)® —wa?]}” (1.99)

W+ wp)? + wiz? 2wy 0
1 2 2.2 1 N2 22
lim In (w +wo)” + ng + lim In (w = wo)” + wga: = 0. (1.100)
e=00 2wy (w—wp)? +wgr? w0 2wy (w4 wp)? + wia?
Hence -
F {sinc(wot)} = B [sgn(w + wp) — sgn(w — wo)] - (1.101)

The Fourier transform of a sinc function is a rectangular function, starting from the fre-
quency —wp and ending at the frequency +wg. One can see the general property that the
time-domain and the frequency-domain representations are duals (see Eq. (1.86)).

Gauss function

g(t) = ae™, (1.102)
00 00 . [e’e) B w2 (w2
F{g(t)} — / ae_btge_i“tdt =aq / e—b(ﬁ—l—%)dt =a / e b[(t+2b) (2b) }dt —
w2 i iw )2 u = t + E w? 7 2 (1 103)
=q e % / e_b(H%) dt = 2b | =qe  ® / e " dy = ’
—00 du = dt —00

[T _w?
=aqa (/-e 1,
b

The Fourier transform of a Gauss function is a Gauss function.

Triangle
0 0 1
F{A(t)} = / A(t)e ™idt = / (1+t)e “idt + / (1 —t)e “idt =
—0o0 —1 0
0 1
= / [e_i‘“t + te_i“t] de + / [e_m — te_i“t} dt =
4 0
u = u =1
= vl _ eiiwt /U _ _e.—iwt =
iw
) . 1.104
e—lwt te_Wt e—lwt 0 e—lwt te_“"t e—lwt 1 ( )
=|-————+ bl — - =
iw iw w? | iw iw iw |,
B 1 1 eiw elw eiw e—lw e—lw e—lw i i B
Ciw Ww? iw iw w? iw iw w? iw w2
2 el¥ e~ W (ei% — e*i 2) (21)2 Sin2 (%)
T2 W w? B w?

The Fourier transform of a triangle function corresponds to a squared sinc, in the frequency
domain. The transform is real, symmetric, and decays faster than a single sinc.
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Ellipse The characteristic function of an ellipse is

2y
S+ <1, otherwise 0.

b?

The domain of integration is the region where for each

y? y?
€ [-bb], z¢€ [—a \/1—[)2,a\/1—b2‘.

The Fourier transform in two dimensions is

Y
a l—b—2

F{elps} = /

%‘@ \

Sl —a 1—5—2
If we substitute
y/ _ g x/ _ f
b a
1 dx |’
dy = - da’ = ad
b a
then
1 1—y?
J—_-{elps} — ab / e?wivby’dyl / eQwiuaz"
- V12

We evaluate the integral and convert the coordinates to polar ones as

1
27r1vb Zﬂiua:p’ 1=y’
F{elps} = vdy } =
2 miua -1y
-1
1
—_y'2 —97i —_y'2
/ 2mivby’ dy |:27r1ua 1—y —e 2miua 1—y ] —
~ 2riu
-1
Yy =sina
dy’ = cosada
us
b 2
— : / e27r1vbsma [eZm'ua cosa ef2ﬂ'ma cosa| o da =
2miu
™
2
™
2
b 2mivbsino :
=— [ e sin(2mua cos o) cos v dav =
U
us
-2
s
2
b 2mivbsino :
=— e sin(2mua cos ) cos o da+
U
0
b 0
+ — / e?mMvbsing gin (2mua cos a) cos v da =
U
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27r1ua: evay dz dy — /e2mvy dy / eQmux dez.

(1.105)

(1.106)

(1.107)
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Let us substitute

a=—7
da = —dr (1.110)
T=«
Then, we obtain
I
F{elps} = - /e’%”’bsma sin(2mua cos a) cos v dav =
>

2

b
= — [ cos(2mvbsin ) sin(27ua cos ) cos a dav =

v
0
1.111
= |2sinzcosx = sin(z + y) + sin(z — y)| = ( )
b 3
= — {sin [27 (ua cos o + vbsin a)] +
v
0
+ sin [27 (ua cos a — vbsin a)]} cos adav.
Let us assume a dimensionless amplitude ¢ = y/(ua)? + (vb)2. For the right-angle triangle,
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After subtracting a 7 from « as |o = a — 7|, we get
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dmu dmu
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The Fourier transform of an ellipse is a scaled Airy pattern, stretched differently along a
and b axes. It is a 2D version if the jinc function, but scaled. The magnitude of oscillations

decreases with distance, as in Jj.
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2. Orion complex

The Orion molecular cloud complex (‘Orion complex’ for short) is located between about
300 pc and 430 pc from Earth (Bally, 2008) and spans more than 200deg? on the sky
(i.e. ~100 pc across). It is a star-forming region comprising gas, dust, H1 and H 11 regions,
emission nebulae, reflection nebulae, dark nebulae, even infrared dark clouds, and—most
importantly—young stars, with ages ranging from literally 0 to 12 Myr.

Currently, star formation occurs in the central part of the Orion constellation (see
Fig.2.1 and Table2.1), particularly within the Orion A and Orion B molecular clouds.
Surrounding, embedded within, and located in front of these clouds lies the Orion OB1
association (Blaauw, 1964), a large stellar group composed of young, massive stars. While
the region of massive star formation closest to Earth, the Orion Nebula M42, lies in front
of Orion A, the most massive members of this association are in the Orion Belt: ¢, ¢,
and ¢ Ori, north of Orion A. The Orion OB1 association consists of a sequence of stellar
groups of different ages, that are partially superimposed along our line-of-sight (Bally,
2008; Kounkel et al., 2018).

The feedback from the Orion OB1 association, i.e. several explosions of supernovee,
ionising UV radiation, and stellar wind of tens of massive stars, formed the Orion—
Eridanus superbubble (Ochsendorf et al., 2015). It is a large, circular structure with
a diameter close to 23° (see Fig.2.6) that extends to the constellation of Eridanus.
This superbubble has been studied at multiple wavelengths (Pon et al., 2016), serving
as a benchmark for studies of bubbles and feedback in the process of star formation.

A final prominent feature visible in the Orion complex is located in the northern part
of Orion: the molecular cloud and H11 region around the A Orionis Cluster (Barrado
y Navascués et al., 2004), associated with the A Orionis molecular ring (Maddalena &
Morris, 1987). Its main star, A Ori, is a blue giant responsible for the ionisation of
the surrounding material.

For a list of individual objects and their membership to individual groups, see Table 2.1.
This table includes the classical division of the Orion complex according to the position
on the sky and age (Maddalena et al., 1986), but it also mentions three-dimensional
groups with similar radial velocities (RV) and parallaxes (Kounkel et al., 2018). In this
chapter, we will discuss individual groups and try to separately understand high-mass
stars and low-mass stars, as well as their possible relations. First, we need to discuss
the individual components of the Orion complex and understand their age distribution,
kinematic properties, and dynamical state.

2.1 Gaia and APOGEE surveys

The mapping and analysis of the Orion complex are being done by using a 6D phase
space with six key parameters: three spatial coordinates (position in space: X, Y, Z)
and three velocity components in X, Y, Z directions, i.e. proper motions and radial
velocities. Surveys like Gaia DR2, DR3 or APOGEE gathered lots of measurements for
revealing this 6D structure of the Orion complex, which enables large-scale studies of this
star-forming region and the possibility to understand its star formation history.
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Figure 2.1: Orion complex in the galactic coordinates with the most prominent parts and stars
marked (see Table2.1). The background image taken from R. B. Andreo.




Table 2.1: Overview of objects located in the Orion complex (Maddalena et al., 1986; Kounkel
et al., 2018). LSR stands for the local standard of rest (Schonrich et al., 2010).

Orion a molecular cloud

Orion Nebula (M42)

M43 (to the north of M42)

Sh2—279 (Sharpless 279)

NGC 1980

Orion molecular clouds (OMC-1-OMC-4)
NGC 1981

NGC 1999

Herbig—Haro objects HH 1-2, HH 34
Waterfall Nebula (HH 222)

LDN 1641

Orion B molecular cloud

MT78, a reflection nebula (NGC 2068)

IC 434

Horsehead Nebula (B 33; in front of IC 434)
Flame Nebula (NGC 2024)

McNeil’s Nebula

Orion East Cloud (LDN 1621 + LDN 1622)
HH 24-26, HH 111

Orion OB1 association

Orion’s Belt (stars ¢, o, &, 0 Ori)
o Ori Cluster
25 Ori Cluster

Orion—Eridanus superbubble

Barnard’s Loop (Sh2-276)
1C 2118
Eridanus Loop (Arc A, Arc B, Arc C)

A Ori Cluster

A Orionis molecular ring
Barnard 30
Barnard 35 (Angelfish Nebula)

‘Orion A’ of Kounkel et al. (2018)
RVisr ~ [0,15] kms™!, 7 ~ [2.0,2.8] mas

‘Orion B’ of Kounkel et al. (2018)
RVisr ~ [8,12] kms™ ! 7 ~ [2.2,2.6] mas

‘Orion C’ of Kounkel et al. (2018)
RVisr ~ [8,17)kms™! 7 ~ [2.2,2.5] mas

‘Orion D’ of Kounkel et al. (2018)
RVisr ~ [-0,15] kms™!, 7 ~ [2.5,3.7] mas

‘Orion X’ of Kounkel et al. (2018)
RVisr ~ [13,16] kms™!, 7 ~ [2.2,2.7] mas

in Orion A, Orion Nebula M42, M43,
part of OB1d

stars near the upper part
of Barnard’s Loop

Orion’s Belt, OB1b association,
faster in RV and more distant stars

Orion’s Belt, OB1b association,
slower in RV and closer stars

stars around A Ori
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The region is fragmented into several different populations with substantial differ-
ences in their phase space. Kounkel et al. (2018) published an analysis of spectroscopic
and astrometric data from APOGEE and Gaia DR2, and identified spatially and/or kine-
matically distinct groups of young stellar objects with ages ranging from 1 to 12 Myr, see
bottom of Table2.1.

Zari et al. (2019) performed another analysis of the three-dimensional structure, kine-
matics, and age distribution of the Orion OB association based on Gaia DR3. They
observed a correlation between stars and gas motions, stellar velocities closely follow
the velocity gradients of the parental molecular gas, indicating that stars largely inherit
the kinematics of their birth environment. However, some regions show deviations due to
feedback and dynamical processes.

The Orion complex is not a single homogeneous entity but consists of multiple sub-
groups and clusters with distinct spatial and velocity distributions. Some groups show
peculiar motions such as runaway stars or expansion from birthplaces, reflecting a his-
tory of hierarchical gravitational collapse, stellar feedback, and dynamical interactions
(Getman et al., 2019; Zari et al., 2019).

2.2 Orion A

Most of the stars from ‘Orion A’ as identified by Kounkel et al. (2018) are located
within the Orion A molecular cloud. Grofischedl et al. (2018) came with a new view
of Orion A after investigating its 3D shape using Gaia DR2 data (Brown et al., 2018).
In 2D, the cloud extends over a projected length of approximately 45pc. However, in
3D, Grofischedl et al. (2018) found that the structure is cometary-like (possibly due to
feedback from nearby OB stars), with its ‘head’ at a distance of 400 pc and its ‘tail’
reaching out to 470 pc, see Fig.2.4.

The most prominent part is the young, dense Orion Nebula Cluster (ONC; see Fig. 2.2).
Kounkel et al. (2022) concluded that even though the ONC is gravitationally bound, it
weakly expands. This behaviour can be attributed to the low-velocity ejection of stars,
resulting from dynamically unstable N-body interactions within the cluster. These ejected
stars tend to be more spherically distributed around the cluster and exhibit higher velocity
dispersions compared to the cluster’s core population.

South of the ONC lies the dark molecular cloud Lynds Dark Nebula 1641 (LDN 1641),
which continues into the Integral-Shaped Filament (ISF). The filament has its ‘lower limit’
in OMC 4, extends through M42 and M43, and reaches its “upper limit” in OMC 3, see
Fig. 2.2 (left). The ISF is a dense filamentary structure of gas and dust (see Fig.2.2,
right panel). It is amongst the most prominent nearby star-forming regions in the Milky
Way. Kounkel et al. (2022) concluded that there is a significant signature of young stars
infalling along the ISF. This means that young stars (or protostars) are moving parallel
to the filament’s long axis, sliding down the gravitational potential toward denser regions
like the ONC. Such a behaviour is often interpreted as gravitationally driven flows along
the filament. It indicates that parts of the complex are still dynamically collapsing.
Kounkel et al. (2022) cloncluded that the ONC shows organised rotation signatures, but
only in stars younger than about 2 Myr. Older stars do not show this rotation, suggesting
that angular momentum evolves during cluster formation and dynamical evolution.
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Integral-Shaped
Filament

Orion bar

Figure 2.2: Part of Orion A. Left: a near-infrared image of Kleiman-Low nebula and Trapezium
cluster obtained with the ISAAC instrument at the 8.2-m VLT telescope. the images of double
stars show ! Ori C (above) and #! Ori F (bottom) in the Trapezium Cluster. These observations
were among the first made with the new VLTI/GRAVITY instrument. Even from this early data,
GRAVITY achieved a breakthrough: it revealed for the first time that ' Ori F is a double star.
Credit: ESO/GRAVITY consortium/NASA/ESA/M. McCaughrean. Right: Herschel image
of LDN 1641 and Integral-Shaped Filament, going through the ONC. Note that the nebula is
saturated (black) in the image from Herschel. Credit: A. M. Stutz / MPIA.

At the heart of the Orion nebula and at the centre of the filament lies the Kleinmann—
Low Nebula!. It is surrounded by optically thick dust and is therefore observed primarily
in far-infrared light, see the left panel of Fig.2.2. Bally (2008) found that the region ex-
hibits a wide-angle, high-velocity molecular outflow. They estimated that the outflowing
material has a mass of 8 My, the bulk of the gas is moving at around 20kms~!, and
individual clumps or streamers have velocities exceeding 100 kms™!.

They provided observational and theoretical evidence for a dynamical interaction be-
tween massive stars (close three-body interactions, binary formation, or stellar mergers)
that occurred around 1475 in a compact region of approximately 500 au within the KL
(Kleiman-Low). This event triggered the explosive molecular outflow (see Fig.2.3), birth
of stars, and ejection of three massive stars: BN (Becklin-Neugebauer object), Source I,
and Source n. They are called after their roles. BN is the ejected massive young stellar
object (YSO) moving northwest at high velocity (=~ 30kms™!). It was likely not the most
massive object. Source I is possibly the most massive component (15-20 M), a protostar
or YSO, surrounded by a rotating disk and bipolar outflow. The star is currently lo-
cated near the centre of the explosion. Source n as a less massive YSO (3-6 M) was also
ejected and moved southwest. Its role was to destabilise the original configuration. Bally
(2008) suggested that such explosive events are an important self-regulating mechanism
in the process of massive star formation. It naturally limits the further growth of massive

Lalso known as Becklin-Neugebauer/Kleinmann—Low (BN/KL; Wynn-Williams et al., 1984)
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Figure 2.3: Outflows during the birth of stars in the Kleinmann—Low nebula. Colours corre-
spond to the ALMA data and represent the relative Doppler shift; blue represents gas approach-
ing at the highest speeds; red is from gas moving toward us more slowly. The background image
includes optical and near-infrared imaging from both the Gemini South and ESO Very Large
Telescope. Credit: ALMA (ESO/NAOJ/NRAO), J. Bally/H. Drass et al.

stars and regulates their immediate environment through feedback, triggered by their own
formation.

Runaway stars Also dynamically ejected from the ONC were three runaway stars:
i Col (Blaauw & Morgan, 1954), AE Aur (Blaauw & Morgan, 1953), and 53 Ari (Blaauw,
1956). The first two are moving in nearly opposite directions with space velocities of vspace
of 107.8kms~! and 113.3kms~! in LSR and with RVs of 109.0kms™! and 57.5kms™",
respectively (Hoogerwerf et al., 2001). Stickland et al. (1987) traced proper motions
and radial velocities in 3D space and found that the past trajectories of AE Aur and
i Col intersect on the sky near the location of the massive, highly-eccentric (e = 0.764),
double-lined spectroscopic binary ¢ Ori (Bagnuolo et al., 2001). This suggested that
the two runaways resulted from a dynamical interaction also involving ¢ Ori. Hoogerwerf
et al. (2001) simulated and verified this possibility. All stars share a common origin,
approximately 2.5 Myr ago, and have consistent nominal observed properties. The high
velocities of the runaways and the high eccentricity of the + Ori binary are consistent with
a binary-binary encounter, as suggested by Gies & Bolton (1986). 53 Arietis appears to
have originated in the Orion association about 4.8 Myr ago and is moving away from it
at a speed of Uspace = 39.1km s71in LSR and RV = 21.2kms™! (Hoogerwerf et al., 2001).
It is thus the third known high-velocity star originating from this region.

The ONC is still active and serves as a natural laboratory for investigating the for-
mation, early evolution, and feedback of massive stars, dynamical processes and events
such as those described above. In total, it hosts around 2600 pre-main sequence stars,
3000 young stellar objects, including approximately 190 protostars (Grofischedl et al.,
2019) that are particularly concentrated in the ONC. In contrast, Orion B tends to host
a higher proportion of more evolved objects Gezer et al. (2025).

— 48 +



e  YSOs

460
o
=)
o L1647
440 true size

~ 75 >

= = 75pc
8
[
—~ 420'
'Q.‘
=
g
2400
2
8
< | I |

3801 = 25pc ~ 20 pc

projected size
20 0 -20

direction of { [pc]

Figure 2.4: True size of Orion A molecular cloud. The points are the YSOs in Orion A
according to Grofischedl et al. (2018). The y-axis in parsecs is oriented toward the galactic
coordinates ([,b) = (211.0°,—19.5°). The xz-axis corresponds to the direction of decreasing
galactic longitude I. The z-axis (not displayed) would correspond to the galactic coordinate b.
The Sun is placed at the origin, (0,0), and serves as the reference point for the distance scale.
The figure illustrates that in galactic coordinate, we see the projected size of Orion A as ~ 20 pc
for the ‘head’ (red) and as =~ 25pc for the ‘tail’ (navy) as denoted by Grofischedl et al. (2018).
However, the true size of the ‘tail’ is 75 pc as GroBschedl et al. (2018) revealed in his 3D study.
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Figure 2.5: Orion B. Column density map of Hy derived from dust emission, using Herschel
data. At the centre lies NGC 2024 (Flame Nebula) that is east of ¢ Ori. To the south is NGC
2023, the brightest nebula in the near-infrared sky. IC 434, excited by o Ori (located 0.5° to
the east), and IC 435 appear dark in the molecular hydrogen map, because they are primarily
regions of ionised or atomic gas and scattered starlight, respectively. Background from Pety
et al. (2017), adapted.

2.3 Orion B

The second giant molecular cloud, Orion B, serves as a laboratory for investigating
the later evolutionary phases, such as their influence on the environment, feedback, and
cloud structure. At the same time, Orion B is rich in cold gas and dust, which makes
the cloud ideal for forming new stars. The cloud is located 400-420 pc away from Earth
and extents of approximately 6° x 8 on the sky (Pety et al., 2017). Orion B is home
to several well-known star-forming regions, including the Flame Nebula (NGC 2024), the
Horsehead Nebula (B 33), the Reflection Nebula (IC 435), IC 434, NGC 2023, and others;
see Fig. 2.5.

Orion B also exhibits a complex internal structure, with varying levels of turbulence,
magnetic field influence, and feedback from nearby OB stars in the Orion OB1 association.
Studies using Herschel and ALMA have revealed fragmented filaments and cores, many of
which appear to be gravitationally bound and capable of collapsing to form stars (Konyves
et al., 2020). The presence of external irradiation from nearby massive stars likely shapes
the cloud’s morphology and affects its star formation efficiency, which is lower on average
than in Orion A (Lada et al., 2017). Observations show that the motions in Orion B
are predominantly solenoidal (divergence-free) rather than compressive, which tends to
suppress star formation. However, in the main star-forming regions within Orion B (such
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as NGC 2023 and NGC 2024), the turbulence is strongly compressive, promoting star
formation (Orkisz et al., 2017).

Orion B is characterised by a higher fraction of more evolved YSOs, particularly of
Class IT and III. (Gezer et al., 2025) suggested that star formation in Orion B may have
started earlier, or proceeded more efficiently in some regions, compared to Orion A. To
remain consistent with Lada et al. (2017), the better efficiency is possible only locally,
where compressive turbulence dominates and star formation is more active.

Kounkel et al. (2022) found that the distance and motions of stars show an age gra-
dient, with older stars closer (around 385pc) and younger stars farther away (around
395 pc), implying that star formation is propagating into the molecular cloud over time.

2.4 (OB1 association

The OBI1 association is home to one of the largest and best-studied associations of
O and B stars. It is divided into subgroups denoted from OBla to OB1d (Blaauw, 1964).
The subgroups in Orion OB1 are believed to have formed sequentially due to stellar
feedback, including UV radiation, winds, and supernovee, beginning with the currently
dust-free la subgroup and ending with dust-embedded 1d subgroup around the Orion
Nebula (Blaauw, 1964; Kubiak et al., 2017):

e OBla is located in the northwest of Orion’s Belt, in front of clouds. the region in-
cludes little gas and massive stars have evolved beyond the main sequence. the mem-
bers are mostly low-mass pre-main sequence stars; B stars are sparse. the age of
the association is approximately 10 Myr and the disk fraction is as low as 10%.

« OB1b with the age of 5 Myr is centred on Orion’s Belt stars (¢, €, § Ori), which is
associated with Orion B. The subgroup includes many B stars. The region consists
of diffuse gas and remining dust, exhibiting low extinction. Main star formation
activity is declining and the occurrence of disks is moderate (30-40%).

e OBlc is estimated to be from 3 to 5Myr old and is centered around NGC 1980.
The association includes O and B stars, dense filaments, and clumps. The extinction
is higher. the formation of the most massive stars is still ongoing. The disk fraction
is estimated to approximately 50%.

o OB1d is the youngest group, <1 Myr old, in the vicnity of the ONC, and is deeply
embedded in Orion A. the members are relatively often massive stars and protostars.
The region is filled with dense, active, star-forming gas with very high disk fraction
(more than 70%).

Blaauw (1964) found 56 O and B stars in the full Orion OB1 association, while Bally
(2008) calculated that Orion should have formed between 30 and 100 stars more massive
than 8 M, over the past 12 Myr and concludes that 10-20 supernovee likely exploded in
the Orion region over this time interval. The effects of supernovee are well-observed across
the Orion constellation, especially in the Orion—Eridanus superbubble (Soler et al., 2018),
see Sect. 2.7.
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2.5 Orion’s Belt

The Orion Belt, including stars from the OB1b association, hosts our closest massive
stars and is an ideal region for investigating questions related to the birth of OB stars
and their evolution. The region, spannig an angular distance of about 2.3° is dominated
by one single star and three multiple systems:

e 0 Ori (Mintaka, HD 36486, HR 1852/1851) studied in this work (Oplistilova et al.,
2023), see Sect. 3, or previously by, e.g., Mayer et al. (2010), Corcoran et al. (2015),
Nichols et al. (2015), Pablo et al. (2015), and Shenar et al. (2015);

e & Ori (Alnilam, 46 Ori, HD 37128) also studied in this work (Oplistilova et al.,
2025), see Sect. 4, or previously by Puebla et al. (2016) or Thompson & Morrison
(2013);

e ¢ Ori (Alnitak, 50 Ori, HR 1948/1949) studied by Hummel et al. (2000, 2013);

e o Ori (48 Ori, HD 37468, HR 1931) studied by Simén-Diaz et al. (2015); Schaefer
et al. (2016).

Each of these systems hosts one or more stars more massive than 8 M, which are known
to evolve on short timescales (< 12 Myr) and will eventually end their lives as supernovee,
enriching the interstellar medium.

South of the Orion Belt lies the well-known young stellar cluster centred on ¢ Ori. Ca-
ballero (2008) provided a comprehensive compilation of stellar and brown dwarf members
in this cluster. The massive stars in this system are responsible for ionising the surround-
ing region and driving strong feedback, which likely influences the evolution of nearby
protoplanetary disks. The ¢ Orionis Cluster contains hundreds of confirmed members, in-
cluding classical and weak-line T Tauri stars, brown dwarfs, and even several free-floating
planet candidates Caballero (2008). Many of these objects exhibit infrared excesses or H,
emission, indicating ongoing accretion or the presence of circumstellar material.

Kubiak et al. (2017) studied the foreground population of the Orion molecular clouds.
They focused on a region covering about 25 square degrees, covering the Orion Belt aster-
ism. They concluded that the Orion Belt population is likely a less massive counterpart of
Ori OB1b. Furthermore, they suggested that the Orion Belt population could represent
an evolved stage of a cluster similar to the Orion Nebula Cluster.

2.6 )\ Ori Cluster

The A Ori Cluster, also referred to as Collinder 69, is a young open cluster centred
on the massive O81III star A Ori (HD 36861), see Fig.2.1, which is embedded in a large
ring of molecular gas (mostly Hy, H1, H11, and dust known as the A Ori ring (Cunha &
Smith, 1996). The cluster lies at a distance of approximately 400 pc and has an estimated
age of about 5Myr. Its relatively low extinction and rich stellar population make it
an important site for studying the formation and early evolution of stars and substellar
objects in environments influenced by high-mass stars.

— 02



The A Ori Cluster exhibits a wide mass spectrum, from massive OB-type stars to
planetary-mass objects. Several photometric and spectroscopic surveys such as Bouy
et al. (2009) and Barrado y Navascués et al. (2004) have confirmed the presence of nu-
merous pre-main sequence stars, including both classical and weak-line T Tauri stars,
substellar objects, and potential planetary-mass companions (i.e. objects with masses
M < 13Mjyp). The presence of infrared excesses among many low-mass members suggests
that circumstellar disks are still present in a significant fraction, although at somewhat
lower rates compared to denser regions such as the Orion Nebula Cluster. The effect of
the ionising radiation and stellar winds from A Ori may be contributing to disk dispersal,
rendering the cluster a valuable case study for environmental feedback processes.

A prominent feature of the A Ori Cluster is the A Ori ring, a molecular ring approxi-
mately 5 x 5 deg in size. Cunha & Smith (1996) explored the hypothesis that the expand-
ing molecular ring around A Ori was produced by a Type-II supernova, approximately
0.3-0.4 Myr ago. Based on its current size and expansion velocity of 14 kms™! (Maddalena,
& Morris, 1987), they argue that a supernova explosion within a flattened molecular cloud
could explain the ring—possibly originating from the former companion of A Ori itself.
Later studies, such as Ansdell et al. (2020), supported the idea that the A Ori ring was
created by a supernova, but estimated that the explosion occurred about 1 Myr ago.

2.7 Orion—Eridanus superbubble

The most prominent nearby example of a profound impact that massive stars may
have on the interstellar medium is the Orion—Eridanus superbubble. The bubble spans
about 300 pc, and its near side lies approximately at the distance of 180 pc; see Fig. 2.6.
The bubble is shaped by the cumulative energy released through stellar winds and multiple
supernova explosions. Many clouds now forming stars are located along the inner walls of
the superbubble, indicating a feedback-driven, ‘sweep-compress-trigger’ scenario (Bally,
2008). The expanding superbubble sweeps up surrounding gas, the gas gets compressed
as it is pushed together by the expansion, and this compression leads to gravitational
collapse, initiating a new sequence of star formation.

The visible part of the Orion-Eridanus superbubble is Barnard’s Loop (Ochsendorf
et al., 2015), an arc of extended filaments of H,, emission. It is named after the astropho-
tographer E. E. Barnard, who photographed it and published a description in 1894. The
loop is spanning up to 20deg on the sky and is situated at a distance of 400 pc, which
corresponds to a physical diameter of roughly 100pc. O’Dell et al. (2011) used high-
resolution spectrophotometry to study the physical conditions in Barnard’s Loop and
determined the temperature 7'~ 6 000 K and electron density n, ~ 2.0 cm~3.

(Kounkel, 2020) explained the origin of Barnard’s loop as a remnant of a single su-
pernova that exploded 6 Myr ago. The centre of the expansion is consistent with the ge-
ometrical centre of the Hir bubble. This is similar to the H1r bubble and the ballistic
expansion associated with A Ori, see Sect.2.6. Foley et al. (2023) found that the expan-
sion of Barnard’s Loop is propelled by a combination of feedback from Orion X (which is
a label for the centre of Barnard’s Loop) and OBP-B1. OBP-B1, identified by Swiggum
et al. (2021), is a combined population of two subclusters, Briceno-1 and OBP-Near, that
are subgroups of Orion OBla and OB1b, respectively. Foley et al. (2023) also found that
just OBP-B1 likely produced one to a few supernoveewithin the past few million years.
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Figure 2.6: Orion-Eridanus superbubble in a wide-angle view. Note the star-forming clouds
along its walls. The background image is emission from Planck at 857 GHz (350 ym); background
from Konyves et al. (2020), adapted.
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Barnard’s Loop may thus be directly related to several known runaway stars, including
AE Aur, p Col, and 53 Ari, discussed in Sect. 2.2.

2.8 Low-mass stars

We shall discuss low-mass stars (M < 8 M) and high-mass stars separately, even
though low-mass stars play an important role in the evolution and star formation history
of the Orion complex. They allow us to understand the complex interplay of star forma-
tion, feedback, and cluster evolution. Their key functions are i) to trace star formation
history, ii) to allow studying protoplanetary disks and planet formation, iii) to contribute
to the stellar population and total mass, iv) to influence feedback processes, chemical
enrichment, and v) to partialy drive dynamical evolution and cluster dispersal.

Low-mass stars are numerous and form over more extended periods of time. Their
ages and spatial distribution help to reconstruct the star formation timeline and the prop-
agation of star formation across the complex. Because they live longer than massive stars
(> 12 Myr), they serve as a ‘fossil record’ of past star formation episodes (e.g. Levine,
2006).

In addition to tracing the history, many low-mass stars in Orion retain protoplanetary
disks, especially around the Trapezium Cluster. Studying these disks gives insight into
the early stages of planet formation in an m‘adverse’ star environment, when UV radiation
from massive stars affects disk survival (e.g. Mann, 2010).

Despite their faintness, low-mass stars dominate the total number of stars in Orion and
contribute substantially to the total mass. This contributes to the gravitational potential
of the cluster and the dynamical evolution of the region (e.g. Rivilla et al., 2013).

While massive stars dominate, low-mass stars also contribute to the dynamic environ-
ment via outflows and jets, as manifested by the Herbig-Haro (HH) objects (Herbig, 1950;
Haro, 1952), compact patches of nebulosity. These outflows can regulate star formation
locally by dispersing gas and triggering or suppressing collapse in nearby regions (e.g.
Bally & Reipurth, 2001).

Over longer timescales, 100 Myr to ~1Gyr, low-mass stars further influence their
environment through chemical enrichment. As they evolve—eventually becoming asymp-
totic giant branch stars—they return processed material to the interstellar medium (e.g.
D’Orazi et al., 2009).

Finally, motions and mutual interactions with massive stars shape the evolution of
Orion’s stellar populations. These dynamical processes influence cluster stability and
contribute to the eventual dispersal of clusters (Kroupa et al., 2018).

2.8.1 T Tau

Low mass stars dominates among YSOs (Gezer et al., 2025), a broader class, includ-
ing deeply embedded stages: i) class 0, protostars, mostly with envelope, very young;
ii) class I, embedded protostars with disks and envelopes; iii) class II, disk-bearing stars,
typically classical T Tauri stars (CTTS); iv) class III, disk-less stars, typically weak-
lined T Tauri stars (WTTS). All YSOs exhibit variability, active accretion, and outflows
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(Schwartz, 1983). In particular, they have narrow jets of partially ionised gas, which are
ejected by young stars, and collide at high speeds (hundreds of km s~!) with nearby clouds
of gas forming HH objects.

T Tauri stars, i.e. class II and class III, are pre-main-sequence (PMS) stars, which
creates the largest group of low-mass stars in the Orion complex. They are named after
the prototype T Tauri located in the neighbouring star-forming region Taurus. Also, some
brown dwarfs show CTTS/WTTS-like behaviour.

CTTS (Bertout, 1989) are young (< 10 Myr) stars with masses less than 2 Mg. They
still accrete material from a circumstellar disk, contract toward the main sequence, and
have not yet started stable hydrogen fusion in their cores. Because of active accretion,
they have strong emission lines (e.g. H,, Li). CTTS exhibit infrared excess, caused by
warm dust in the disk and variability in brightness. They are often associated with jets
and outflows. We can find them in the youngest parts of Orion, especially in the ONC,
L1641 in Orion A, NGC 2024, NGC 2068/2071 in Orion B.

WTTS have a weak or absent emission lines (Gras-Velazquez & Ray, 2005). They
exhibit little or no accretion but are still contracting toward the main sequence. Their
disks have mostly dissipated. They were identified in slightly older parts of the Orion
complex, compared to CTTS, i.e. outer regions of ONC and subgroups OBla, OB1b,
OB1c of the Orion OB1 association.

Older PMS,; still moving toward the main sequence, which do not belong to YSOs, are
called post-T Tauri stars (Jensen, 2001). Observationally, they are often indistinguishable
from WTTS. They were found in more dispersed populations, such as Orion OBla or
OB1b, with ages between 5 Myr and 10 Myr. Another group of objects that show CTTS-
/WTTS-like behaviour, but on a smaller scale, is brown dwarfs (Burrows & Liebert, 1993).
Many are found in Orion, especially in the ONC.

2.8.2 FU Ori

The transition phase of low-mass YSOs between class I and class II is represented by
FU Orionis; its prototype star FU Ori located in the northern part of the Orion complex, at
a distance of about 416 pc (Vallenari et al., 2023). FU Ori became historically significant in
1936, when it brightened from approximately 16 mag to 9.6 mag in the VV-band over a few
months. This dramatic outburst marked the new class of variable stars, now informally
called ‘FUors’. They are characterised by episodic eruptive events. These events are
believed to be initiated by increased accretion from ~ 107 up to ~ 10~* Mg yr—!. During
such outbursts, FUors typically change their spectral type. In the visible range, their
spectra resemble those of F- and G-type supergiants, while in the infrared, they are similar
to K- and M-type stars. The brightening is followed by a slow decline over decades.

FU Ori itself is a binary system (as probably all of them) with a primary mass
of 0.6 M. Its faint, infrared companion, FU OriS, was discovered ~ 0.5arcsec away.
The star represents a critical phase in early stellar evolution, likely linked to episodic ac-
cretion events that influence mass build-up, disk evolution, and possibly planet formation.
Lykou et al. (2022) resolved its accretion disk in the mid-infrared using VLTI/MATISSE
in L-, M- and N-band. The authors concluded that the disk is compact, and of moderate
mass, supporting a picture of steady viscous accretion with declining disk size over time.
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" U IRAS 0541740907

Figure 2.7: FU Ori (the brightest star bottom right) and Barnard 35 Nebula, located in the A
Orionis Cluster. The nebula is dark, but in infrared, it appears bright. It contains Herbig-
Haro object HH 175 (light conical shape) related to protostar IRAS 05417+0907. The image
was captured by the Spitzer Space Telescope with the following filters: 3.6 um (blue), 4.5 um
(green), 8.0 pm (orange), 24 pm (red). Credit: NASA /JPL-Caltech.

2.8.3 Low-mass star surveys

Scholz & Eisloffel (2005) studied targets belonging to the OB1b subgroup near & Ori,
containing a mixture of very low-mass stars and brown dwarfs. In total, they observed
143 objects, with masses between 0.02 and 0.66 M, to characterize rotational properties,
magnetic activity, and accretion behaviour through photometric monitoring. Each object
was observed in the I-band over four nights, resulting in more than 100 measurements
per object. Regarding periodic variability, 30 objects (9 brown dwarfs) showed clear
periodicity (4-100 h), interpreted as rotation periods. Irregular, high-amplitude variability
was confirmed for 5 objects that vary by up to 1 mag. The analysis of trends showed that
lower-mass stars rotate faster.

Caballero & Solano (2008) identified new sites rich in substellar objects, analogous to
the ¢ Ori Cluster. They focused on fields with 45’ radius around ¢ Ori and 6 Ori. Both
regions have low extinction. Their resulting samples included e Ori field with 89 confirmed
stars and ¢ Ori field with 47 confirmed stars. The conclusion was that the ¢ Ori region is
a broad distribution without central concentration. It might be a widely dispersed cluster
or not a cluster. On the other hand, § Ori region exhibits a clear radial concentration
and suggests the § Ori cluster, but likely in a more evolved stage than the o Ori Cluster.
Both fields show approximately 40-70% lower substellar surface density than o Ori.

Karim et al. (2016) filled an observational gap for T Tauri, because they studied
T Tauri stars with ages between 4 Myr and 10 Myr, while the most of existing surveys
focused on stars younger than 3Myr. They found that older T Tauri stars (closer to
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10 Myr) rotate significantly faster than younger ones (approximately 4 Myr). T Tauri stars
clearly undergo a sudden spin-up, marking the end of disk-locked rotation and the start
of contraction-driven rotation. Their findings align well with angular momentum transfer
models, which predict a spin-up once a circumstellar disks dissipate (at approximately
5 Myr).

GroBschedl et al. (2019) measured motions of gas in the southern part of the Orion
complex and found that the clouds of gas were closest about 6 Myr ago. This is consistent
with a feedback event called the ‘Orion-BB’ (big blast), associated with the position ‘Orion
X’. Although it is unlikely that an event in the ‘Orion X’ has been the sole feedback in the
region. They argue that motion of most YSOs corresponds to gas, because they record
a feedback-driven star formation history in Orion and that the majority of the young stars
in this complex are a product of large-scale triggering, which can raise the star formation
rate by at least an order of magnitude, as seen in the head of Orion A.

Noroozi et al. (2024) carried out a ground-based photometric survey covering a 6 deg?
area centred on NGC 1980. The aim was to identify and characterise YSOs. They found
that short-period (< 1d) variables are 2—4 times more common than previously reported,
and 10% of the periodic sample are rapid rotators (< 1d), predominantly weak-line
T Tauri stars. Generally, WT'TSs rotate faster (< 4d), while CTTSs cluster at longer
periods (> 4d), in agreement with previous studies. The authors also identified ultra-fast
rotators, a distinct subgroup with P as low as &~ 0.2 d, rotating at ~ 60% of their critical
velocity.

2.9 Massive stars

Massive stars (M > 8 My) play a central, transformative role in the Orion complex
(the list of the most massive stars in the Orion complex is in Table2.2). Since the time
that a star spends on the main sequence is inversely proportional to the power of mass
m~2®, they are short-lived; however, their influence outlasts their lives. Their key roles
include (Bally, 2008): i) shaping the structure of the Orion complex, ii) feedback and
regulation of star formation, iii) chemical enrichment and iv) turbulence, and driving
large-scale kinematics.

Massive stars, particularly O- and early B-type stars, exert strong winds, ionising
radiation, and supernova explosions that shape their broader environment. Winds and
radiation pressure create bubbles and cavities, like those in Barnard’s Loop and Orion—
Eridanus superbubble. The expansion of these bubbles compresses nearby molecular
clouds, potentially triggering new star formation via ‘collect and collapse’ or radiation-
driven implosion mechanisms. Moreover, massive stars radiate UV photons that ionise
the surrounding hydrogen gas, giving rise to H 11 regions, such as the Orion Nebula (M42).

Through these processes, massive stars provide both positive and negative feedback
to the star formation process. The negative feedback refers to the dispersion of gas by
radiation and winds, which halt further formation in the immediate vicinity. Conversely,
positive feedback involves the compression of gas via pressure waves, creating new dense
cores that may eventually collapse into stars.
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Table 2.2: List of selected massive stars in the Orion complex and their properties. In the case

of multiple systems, the spectral type corresponds to primaries.

Star Spectral type Mass [Mg)] RV [km s71] Notes

00riA 09511 ~ 25 18.5+£2.0 multiple system

g Ori B0 Ia ~ 35 250+ 1.5 supergiant

COri A 09.51ab ~ 40 20.6 £ 1.3 multiple system

' Ori C  O7Vp ~ 45 25.1+1.2 ONC'’s main ionizing source
' Ori A B0.5V ~ 20 28.0+£2.0 eclipsing binary

' OriB B1V ~ 10 29.1+2.5 multiple system

62 Ori A 09.5V ~ 25 31.3+15 strong X-ray emission
20riB B1V ~ 12 27.5+1.2 companion system
cOriA 095V ~ 20-25 30.9+0.5 quintuple system

o Ori E B2Vp ~9 32.0£1.0 magnetic, helium-strong
25 Ori B1V ~ 12 19.7+£1.0 centre of 25 Ori Cluster
AOri A OSIIIf ~ 33 30.1+0.3 binary

a Ori M2Iab ~ 17 219143 red supergiant

B Ori B8Ia ~ 28 19.0£ 1.0 multiple system

~ Ori B2V ~ 8 18.24+0.3 single star

n Ori B1V ~ 36 23.0+0.5 multiple system

¢ Ori 09111 ~ 41 21.5+0.5 multiple system

In addition to regulating star formation, massive stars contribute to the chemical
enrichment and turbulence of the interstellar medium. They end their lives in supernovae
explosions, injecting heavy elements (e.g. O, Si, Fe, Co, Ni, C, Ne, Mg, S, Ca, and T1i) into
the ISM and driving turbulent motions that affect subsequent episodes of star formation.

These energetic outputs also influence the kinematics of star-forming regions. The en-
ergy from massive stars contributes to the bulk motions and expansion of gas in the com-
plex. The velocity structure of gas and stars in Orion reveals sequential star formation
(such as OB1 association, see Sect.2.4) likely driven by earlier generations of massive
stars.

2.9.1 Multiplicity

A defining characteristic of massive stars is their multiplicity. Already Duchéne &
Kraus (2013) concluded that at least 60% of stars with 8-16 M, are members of a multiple
system, and for stars with masses > 16 M, at least 80% were found in multiple systems.
Later studies such as Sana et al. (2014); Sota et al. (2014); Maiz Apellaniz et al. (2019);
Pauwels et al. (2023) raised this number to 90% of massive, hot OB stars, which possess
at least one companion.

Stellar multiplicity is a ubiquitous outcome of star formation. The higher number of
companions and their prevalence among massive stars suggest that multiplicity is closely
linked to initial conditions of star formation or to subsequent evolution (Duchéne & Kraus,
2013). However, massive stars are so short-lived that it is unlikely that they assemble all
of their companions through random interactions in a reasonable timescale.

— 59



407 mas

407 mas

Figure 2.8: Betelgeuse (a Ori) with the NACO adaptive-optics instrument on ESO’s Very
Large Telescope. The use of NACO combined with a lucky-imaging technique, allowed obtaining
the sharpest ever image of Betelgeuse. The image, ~400 mas across, is based on data obtained
in the near-infrared, through different filters. From (Kervella et al., 2009), adapted.

Yet, some stars in the Orion complex are single, particularly massive supergiants such
as «a Ori, Betelgeuse (see Fig.2.8), ¢ Ori, Alnilam (see Sect.4), Rigel (£ Ori), or Bellatrix
(v Ori). Betelgeuse is a semiregular variable red supergiant approaching the end of its
life. It raises a question whether these stars are future evolutionary states of multiple
systems.

Trapezium stars A remarkable example of multiplicity is provided by Trapezium stars,
see Fig. 2.2. Karl et al. (2018) conducted an interferometric survey of the massive binaries
in the Trapezium Cluster with VLTI/GRAVITY focused on 16 stars. They are primarily
of O, B spectral types. The GRAVITY instrument filled the gap between adaptive optics
(wide binaries) and spectroscopic methods (close binaries) to clarify the structure of 6 Ori.
They i) identify three previously unknown companions for §* Ori B, # Ori B, and 62 Ori C;
ii) measured the separation of 3.6au for a previously suspected companion of 6% Ori B;
iii) confirmed four companions to 6! OriA, #* OriC, #* OriD, and #* Ori A, providing
improved astrometry and photometric mass estimates; iv) refined the orbit of the high-
mass binary 0! OriC with P = (11.4 + 0.2) yr; v) determined a new orbit for the close
binary ' OriD with a system mass of 21.7 M, a period of 53d.

Another important result is multiplicity statistics. Including companions detected in
previous studies, 11 stars of 16 are multiple systems. They concluded that the average
companion fraction was approximately 2, which is significantly higher than in previous
studies of OB stars associations. Duchéne & Kraus (2013) found 0.22 4+ 0.06 companions
for stars with masses < 0.1 Mg and 1.3 4+ 0.2 companions for primary stars with masses
> 16 M.

— 60 +



Duchéne & Kraus (2013) also found 22 companions around those 16 primaries in
the studied sample. The separations were a bimodal distribution that included peaks
at 0.5au and 50au. Such a distribution suggests two different formation mechanisms,
namely, disk fragmentation for close companions (accretion) and dynamical capture or
core fragmentation (competitive accretion) for wide companions. However, the authors
rules out stellar collisions as the dominant formation mechanism.

Regarding the mass ratio and the IMF, Duchéne & Kraus (2013) concluded that
there was no excess at the mass ratio ¢ = 1, which implies that there is no significant
population banaries with equal masses. The mass-ratio distribution follows a standard
power-law with a steep slope of 1.7 + 0.1. This contradicts earlier findings of flat mass
ratio distributions in OB associations, such as the O-type population in 30 Doradus of
the Large Magellanic Cloud (Shenar et al., 2022).

2.9.2 Infrared dark clouds

Infrared dark clouds (IRDCs) are prime sites for massive star formation. They com-
prise cold regions of interstellar gas and dust that appear as dark patches against the bright
background of the mid-infrared Galactic plane. In the Orion complex, IRDCs are less
abundant and prominent than in more massive regions along the Galactic plane, such
as near the Galactic Center (Genzel et al., 2010) or Cygnus X (Beuther et al., 2022).
Classic IRDCs are more challenging to detect here due to the low Galactic background
at Orion’s latitude (b ~ —20°), and the closer distance, causing them to blend with sur-
rounding emission. Yet, several cold, dense, high-column-density filaments and cores in
Orion exhibit IRDC-like properties such as the Integral-Shaped Filament in Orion A (see
Sect. 2.2). The ISF contains several dense clumps and cores (e.g. OMC-2/3, OMC-4) that
appear dark in Spitzer 8 ym and MSX 8.28 pm images, especially where the background
is sufficient. Megeath et al. (2012) and Stutz & Kainulainen (2015) point out absorption
spectral lines at mid-IR wavelengths in these regions. These features are analogous to
IRDCs: they are cold (=~ 10-15K), dense (> 10*? cm™2), and filamentary.

A key question that IRCD might reveal is whether the birth of massive and low-massive
stars is contemporary. Cyganowski et al. (2017) and Pillai et al. (2019) analysed ALMA
observations of IRDCs (G11.92—0.61, G11.11-0.12, and G28.34+0.06) and concluded
that low- and high-mass stars form simultaneously. On the other hand, there are extreme
cases in which either only low-mass cores are present, or a single high-mass core dominates
Beuther et al. (2018). For instance, G17.64+0.16 is an example of a single O-type YSO
with mass exceeding > 30 My (Maud et al., 2018), while G28.23—0.19 is a massive IRDC
without any massive core (Sanhueza et al., 2017).

2.9.3 Supernovee

Recent studies suggest that the Orion complex has been significantly shaped by su-
pernova activity in the past. The Orion—Eridanus superbubble has been attributed to
multiple supernova explosions or to strong winds from past OB stars in Orion OB1 as-
sociation (see Sect.2.7). These supernovaevery likely played a critical role in shaping
the large-scale gas morphology and may even have triggered subsequent star formation in
nearby molecular clouds (Lee et al., 2015; Feddersen, 2020).
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Figure 2.9: Artist’s impression of a supernova explosion leaving behind a compact object.
The image is based on the aftermath of the explosion of supernova SN 2022jli, as seen by ESO’s
VLT and NTT telescopes (Chen et al., 2024). Credit: ESO/L. Calgada.

Several studies such as Hoogerwerf et al. (2001) have linked a past supernova to
the observed proper motions of runaway stars (see Sect.2.2), suggesting a supernova-
driven ejection from a binary system in the Orion region around 2.5 million years ago.
The identification of radioactive ¢ Al emission in the region supports the existence of re-
cent core-collapse supernovee, which is also consistent with the evolutionary timescales of
massive stars in the Orion OB association (Voss et al., 2010).

One particularly noteworthy future event in the Orion complex is the anticipated
explosion of Betelgeuse (o Ori). Saio et al. (2023) analysed multiple pulsation periods of
« Ori and interpreted them, via pulsation models, as evidence that this star is in its late
stages of core carbon burning. They argue that once carbon is exhausted, Betelgeuse is
expected to explode in a few decades to a few hundred years, making it a strong candidate
for the next Type-II Galactic supernova. Altogether, supernova feedback in Orion appears
to be a major driver of both cloud dispersal and subsequent star formation, connecting
the death of massive stars to the birth of new stellar generations.
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3. Spectrum of the secondary
component and new orbital elements
of the massive triple star 6 Ori A

In the following study, we analysed one of the brightest members of the Orion OB1
association, namely § Ori. To constrain the complex models, we used a wide range of
observables: photometry, astrometry, radial velocities, eclipse timings, eclipse durations,
spectral line profiles, and spectral energy distributions. We used two codes for modelling,
for the triple system Xitau (Broz, 2017; Broz et al., 2021, 2022a,b), and for the inner
eclipsing binary PHOEBE2 (Prsa et al., 2016; Horvat et al., 2018; Jones et al., 2020;
Conroy et al., 2020; Broz et al., 2025a,b). Each of them has its own advantages (and
disadvantages).
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ABSTRACT

¢ Orionis is the closest massive multiple stellar system and one of the brightest members of the Orion OB association. The primary
(Aal) is a unique evolved O star. In this work, we applied a two-step disentangling method to a series of spectra in the blue region (430
to 450 nm), and we detected spectral lines of the secondary (Aa2). For the first time, we were able to constrain the orbit of the tertiary
(Ab) —to 55450d or 152 yr — using variable y velocities and new speckle interferometric measurements, which have been published
in the Washington Double Star Catalogue. In addition, the Gaia DR3 parallax of the faint component (Ca+Cb) constrains the distance
of the system to (381 =+ 8) pc, which is just in the centre of the Orion OB1b association, at (382 + 1) pc. Consequently, we found
that the component masses according to the three-body model are 17.8, 8.5, and 8.7 Mg, for Aal, Aa2, and Ab, respectively, with
the uncertainties of the order of 1 M. We used new photometry from the BRITE satellites together with astrometry, radial velocities,
eclipse timings, eclipse duration, spectral line profiles, and spectral energy distribution to refine radiative properties. The components,
classified as O9.511 + B2V + BOIV, have radii of 13.1, 4.1, and 12.0 Ry, which means that 6 Ori A is a pre-mass-transfer object. The
frequency of 0.478 cycles per day, known from the Fourier analysis of the residual light curve and X-ray observations, was identified
as the rotation frequency of the tertiary. ¢ Ori could be related to other bright stars in Orion, in particular,  Ori, which has a similar
architecture, or € Ori, which is a single supergiant, and possibly a post-mass-transfer object.
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* Based on spectroscopic CCD observations with a coudé spectro-

graph attached to the 2m reflector of the Astronomical Institute AS CR
at Ondfejov, archival Haute Provence and ESO La Silla spectra, ground-
based UBV photometry from Hvar, and data collected by the BRITE
Constellation satellite mission, designed, built, launched, operated, and
supported by the Austrian Research Promotion Agency (FFG), the Uni-
versity of Vienna, the Technical University of Graz, the University
of Innsbruck, the Canadian Space Agency (CSA), the University of
Toronto Institute for Aerospace Studies (UTIAS), the Foundation for
Polish Science & Technology (FNiTP MNiSW), and National Science
Centre (NCN).

** Tables B.1 and B.2 are also available in electronic form at the
CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via
https://cdsarc.cds.unistra.fr/. .. +A/
*** Pavel Mayer passed away on November 7, 2018.

1. Introduction

The bright star 6 Ori (HR 1852, HD 36486, HIP 25930,
ADS 4134) is a multiple stellar system consisting of six compo-
nents: Aal, Aa2, Ab, B, Ca, and Cb, more specifically, the eclips-
ing binary Aal+Aa2, the interferometric binary (Aal+Aa2)+Ab,
the faint visual companion B, and the spectroscopic binary
Ca+Cb (see Fig. 1). Their properties can be summarised as fol-
lows:

— Aal+Aa2 (Vaa = 2.55mag, Vapr = 5.5 mag)1 is a detached
eclipsing binary with a negligible mass transfer, the orbital
period Py = 5.732436d (Mayer et al. 2010), a slightly ec-
centric orbit (0.08), and apsidal motion (1.45° yr~!) (Pablo
et al. 2015).

— Ab (Vap = 3.7mag) is a nearby companion, which forms
an interferometric pair with Aal+Aa2. It was discovered by

! Q52000 = Sh 32™(0.398° and 6]2000 =-00°17"56.69"
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Heintz (1980), confirmed by speckle interferometry (Mason
et al. 1999) and by Hipparcos astrometry (Perryman & ESA
1997) of the (Aal+Aa2)+Ab system. The corresponding or-
bital period P, must be of the order of tens of thousands of
days.

-B {VB ~ 14mag) is a very faint distant companion? that is
probably not associated with the system. Assuming that the
component is a main-sequence star, its absolute magnitude
of 6.7 mag corresponds to the spectral type K.

— Ca+Cb (Veaicp = 6.85mag) is another distant compan-
ion® to (Aal+Aa2)+Ab that is a spectroscopic, non-eclipsing
binary with a period of 29.96d and of spectral types
B3V +AOV (Leone et al. 2010).

In the present paper, we focus on the triple sub-system
0 Ori (Aal+Aa2)+Ab, with Vauiiaw+ab = 2.223 mag (from
the differential photometry at the Hvar Observatory), aop =
5P 32m(00.400%, and 8000 = —00° 17/ 56.74”. Hereinafter, the
parameters corresponding to the inner orbit Aal+Aa2 and to the
outer orbit (Aal+Aa2)+Ab are denoted by indices 1 and 2, re-
spectively. The parameters of the components Aal, Aa2, and Ab
are denoted by indices 1, 2, and 3, respectively.

Many researchers have studied the system since the end of
the 19th century. For a detailed summary of the early investiga-
tion of ¢ Ori, we refer readers to our earlier study of the system
(Mayer et al. 2010). As far as studies of the 21st century are
concerned, Harvin et al. (2002) carried out a tomographic sep-
aration of the ultraviolet and optical spectra into two systems
of spectral lines, interpreted them as the lines of the primary
and secondary of the eclipsing subsystem, and concluded that
the components have unexpectedly low masses (m; = 11.2Mg
and mp; = 5.6M;). However, Mayer et al. (2010), showed that
the optical spectra are dominated by the spectral lines of the
09.511 primary (Aal; Walborn 1972) and the similarly hot ter-
tiary (Ab), and that the system has normal masses for O and
early-B stars (Harmanec 1988). The previous solution of the
light curves (LCs) led Mayer et al. (2010) to the conclusion that
the faint secondary (Aa2) contributes only a few percent to the
total flux. Although they carried out disentangling of the spec-
tra, they were unable to find its spectral lines convincingly, and
could only rely on an indirect estimate of the mass ratio my/m;.

Five in-depth studies of 6 Ori were published in 2015 (the
first four are a series): Corcoran et al. (2015) presented an
overview of deep Chandra HETGS X-ray observations that cov-
ered nearly the entire binary (Aal+Aa2) orbit. The observed
X-ray emission was dominated by wind shocks from the pri-
mary (Aal). Nichols et al. (2015) discussed the time-resolved
and phase-resolved variability seen in the Chandra spectra. For
the first time, they found phase-dependent variability in the X-
ray emission line widths. They identified two periods in the to-
tal X-ray flux: 4.76 + 0.30 and 2.04 + 0.05 days. Pablo et al.
(2015) carried out a detailed analysis of space-based photome-
try from Microvariability and Oscillations of STars (MOST) and
simultaneously secured ground-based spectroscopy in the resid-
uals of the orbital LC, with periods ranging from 0.7 to 29 days.
Shenar et al. (2015) carried out a multi-wavelength non-local
thermodynamic equilibrium (NLTE) analysis of spectra. The de-
termined parameters led to a O9.51I, B1V, and BOIV spectral
classification for Aal, Aa2, and Ab, respectively, with evolved
primary (Aal) and tertiary (Ab) components. They also found
wind-driven mass loss by the Aal component at 4-10~7 Mg yr.
Richardson et al. (2015) used cross-correlation of the ultraviolet

2 a32000 = Sh 31™58.745% and 6]2000 = -00° 18" 18.65"
3 a32000 = Sh 32™00.406° and 6]2000 = -00°17"04.38"
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Fig. 1. Scheme of the multiple system § Ori (HD 36486, ADS 4134,
Mintaka). Orbital periods were taken from *Leone et al. (2010),
** Mayer et al. (2010), and ** this paper.

spectra from HST to obtain stellar parameter estimates for the
primary, secondary, and the tertiary that was angularly resolved
in the observations.

In this work, we continue our earlier analysis (Harmanec
et al. 2013), which was devoted to the detection of very weak
He1 6678 A lines of the secondary in the red spectral region.
Hereinafter, we focus on the blue spectral region. This study
was also motivated by the tentative evidence of the secondary
reported by Richardson et al. (2015), namely in the ultraviolet
region, observed by the Hubble Space Telescope (Space Tele-
scope Imaging Spectrograph).

However, a robust detection of the secondary (Aa2) spectrum
is still lacking. Now, we have a larger set of spectra in the blue
part of the optical spectrum and procedures to successfully de-
tect the secondary’s spectrum. Moreover, new Gaia DR3 parallax
measurements have been published. This provides the possibil-
ity to estimate the distance of bright stars, saturated in the Gaia
images, from the measured distances of their faint companions.
We also have new high-resolution astrometric measurements at
our disposal, which enables us to constrain the long-period orbit
of (Aal+Aa2)+Ab.

2. Observational data

In this section, only the spectroscopic and photometric data sets
are described as these data sets are new and fundamental to our
analysis. Details of other data sets (astrometry, spectral energy
distribution SED, speckle interferometry, etc.) are described in
the following sections (Sects. 4, 8, 9).

2.1. Spectroscopy

We used digital spectra covering the blue spectral region secured
at the coudé focus of the Ondfejov 2m reflector (Skoda et al.
2002). We supplemented these data sets with spectra from the
public archives of the ELODIE echelle spectrograph (Moultaka
et al. 2004) at the Haute Provence Observatory, and the FEROS
echelle spectrograph (Kaufer et al. 1999) at the ESO La Silla Ob-
servatory. The journal of the observations is presented in Table 1
(see Table B.1 for more details). The coverage of orbital phase
¢ is illustrated in Fig. 2. The short period P; of 5.7324364d is
well covered. The mean signal-to-noise ratio (S/N) is 208.5 (S/N
values of individual spectra are given in Tables B.1 and B.2),
which was sufficient for spectral disentangling. We normalised
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Fig. 2. Coverage of the orbital period P, by blue spectra. Phases are
determined with respect to time Ty = HID 2454002.8735 (time of peri-
astron passage determined by KOREL) for the eclipsing binary.

Table 1. Journal of digital spectra covering the blue spectral region.

Time interval No. of Detector Resolution
[HID — 2400000] spectra [A]
50031.68-50435.40 4 ELODIE 0.05
54136.58-54953.46 6 FEROS 0.03
55836.57-58405.57 65 Site-5 CCD 0.13

Notes. For more details, see Tables B.1 and B.2.

the spectra using polynomials of degree at least 4, with the pro-
gram reSPEF02% (written by Adam Harmanec).

2.2. Photometry

We used space-based photometric data from instruments on
board the BRITE (BRIght Target Explorer; Pablo et al. 2016) and
the MOST (Carroll et al. 1998) satellites and ground-based pho-
tometric data obtained at the Hvar Observatory with the 0.65m
telescope. The time coverage is illustrated in Fig. 3. We did not
use the saturated photometry from the Transiting Exoplanet Sur-
vey Satellite (TESS).

Each BRITE nanosatellite hosts a telescope, which has a
3 cm aperture. The BTr, BHr, and UBr satellites are equipped
with a red filter (with effective wavelength 620 nm); BAb and
BLDb have a blue filter (420 nm). We have eliminated instrumen-
tal effects from the raw BRITE data by removing outliers and
worst orbits, and by decorrelations. For more information on
BRITE data processing, see Pigulski (2018).

The MOST passband covers the visible range of the spec-
trum (350-750 nm). The satellite performs high-precision opti-
cal photometry of single bright stars. It is equipped with a Mak-
sutov telescope with an aperture of 15 cm and a custom broad-
band filter. It can point with an error of less than 1 arcsec. Other
information can be found in Table 2.

The 6 Ori LC from MOST continuously covers 3 weeks of
observation. During calibration, we numerically shifted the mea-
sured magnitude to the V magnitude from the differential pho-
tometry at the Hvar Observatory. Then, we constructed normal
points by centring the errors on the satellite orbital periods from
Table 2, omitting the points with larger than the average uncer-
tainty (0.5 mmag).

The Cassegrain 0.65m f/11 telescope at the Hvar observa-
tory is equipped with a photoelectric detector (BoZzi¢ 1998). This
telescope was constructed at the Ondfejov Observatory of the
Czechoslovak Academy of Sciences and brought to the Hvar Ob-
servatory at the beginning of 1972. A monitoring programme of
bright variable stars has continued until today. The Hvar all-sky

4 https://astro.troja.mff.cuni.cz/projects/
respefo/

Table 2. Information on satellites.

Satellite Height Inclination Period
[km] (] [d]
MOST 825-840 98.7 0.07042
UBr (UniBRITE) 775-790 98.6 0.06972
BAb (BRITE-Austria) 775-790 98.6 0.06972
BLb (BRITE-Lem) 600-890 97.7 0.06917
BTr (BRITE-Toronto) 620-643 97.9 0.06819
BHr (BRITE-Heweliusz) 612-640 98.0 0.06743

Notes. Sources Pablo et al. (2016), Carroll et al. (1998), Webb et al.
(2006).
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Fig. 3. Photometric data from MOST and BRITE displayed with respect
to time. The BRITE data covers six consecutive seasons between 2013
and 2021.

photometry provides accurate UBVR magnitudes in the John-
son system. For ¢ Ori A, we used UBV differential magnitudes
obtained between October 2006 and October 2008 and UBVR
between January 2019 and March 2021.

3. Parallax and distance of 6 Ori

In Gaia DR3 (Gaia Collaboration et al. 2016, 2021; Vallenari
2022), the parallaxes of the faint components of bright stars
in the Orion OBI1 association were measured (see Table 3).
The parallax of 6 Ori Ca+Cb, 7 = (2.6244 + 0.0538) mas im-
plies a distance d = (381 + 8)pc and a distance modulus
# = (7.90 + 0.04) mag. Hereinafter, we assume that the compo-
nents (Aal+Aa2)+Ab as well as Ca+Cb are located at the same
distance. Statistically, they are located close to each other. The
number of stars brighter than Ca+Cb (6.62 mag) is limited, there
is only 15 of them within 7200”. Given the separation of 52", the
probability that stars are physically unrelated is low, p < 1073.

To the contrary, 6 Ori B, which is also a formal member
of the multiple visual system ADS 4134, is located at a sub-
stantially smaller distance (by almost 100 pc). It is therefore not
physically related to ¢ Ori A. Either way, it is too faint (14 mag)
to affect our results.

The Orion OBI stellar association is usually divided into
four subgroups, OBla, OB1b, OBlc, and OB1d (Brown et al.
1994). The system ¢ Ori belongs to OB 1b. We used the distances
of 131 members from the Gaia DR3 catalogue and estimated the
median distance to be (382 + 1) pc, using a cumulative distribu-
tion function that is sensitive to the local number density of stars
(see Fig. 4). We obtained the same distance as the distance of
¢ Ori Ca+Cb, within the respective intervals. We consider this to
be an independent estimate for the § Ori A system since massive
stars are often located in the centre of the given association.

Other bright stars in the Orion belt are also located at very
similar distances (Table 3). For instance, the faint components of
£ Ori C, o Ori C, D, and E all have precise parallaxes. Moreover,
the single star & Ori has a similar spectroscopic distance mod-
ulus. Again, this is an independent confirmation for the § Ori
system.

Article number, page 3 of 22
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Fig. 4. Sorted distances of objects from the Orion OB1b (blue) and
OBla (grey) associations (Brown et al. 1994). Parallax data were taken
from the Gaia DR3 catalogue (Vallenari 2022). The median values of
distance for OB1b and OBla are (382 + 1) pc (brown) and (345 + 1 pc)
(black), respectively. The distance of ¢ Ori C (red), (381 £ 8) pc, is very
close to the median distance of the OB 1b distribution.

For comparison, the dispersion of distance in the radial di-
rection (1o7) of the OB1b subgroup is only 15pc, as seen in
Fig. 4, while the angular dispersion (1) is about 0.5°, which
corresponds to 3 pc, at the distance of 382 pc. In other words, 1’
corresponds to 0.11 pc, and 1” to 0.0018 pc; this is a range of
separations for the faint components discussed above.

The age of the OB1b association is estimated between 4
and 5Myr (Maucé et al. 2018).> The OBla subgroup (north-
west) is older and at a smaller distance (by approximately 37 pc),
while the OB1c and OB1d subgroups (north-east), including the
Trapezium, are younger and at larger distances.

4. Visual orbit of (Aa1+Aa2)+Ab

To determine the parameters of the long-period (P,) orbit of the
(Aal+Aa2)+Ab system, we constructed a simplified two-body
model in the Xitau program (Broz 2017; BroZ et al. 2021,
2022a,b)®. We used astrometric data from the Washington Dou-
ble Star (WDS) Catalogue (Mason et al. 2001). If uncertainties
were not available, we assumed the uncertainties of the sepa-
ration p and the position angle measured from v, +DE direc-
tion as follows: o9y = 1.0°, 0, = 0.0l mas, or oy = 0.2°,
o, = 0.005 mas for measurements before and after 2013, respec-
tively. After removing 8 outliers due to poor resolution, incorrect
plate scale, or calibration (from 1879.127 , 1978.10, 1979.06,
1980.02, 1981.01, 1985.74, 1995.05, 1999.78), we used N = 74
data points (both p, 6).

Another data set incorporated into the model included values
of the systemic velocities y; of ¢ Ori (Harvey et al. 1987; Harvin
et al. 2002), which vary between approximately 12 and 23 km s™!
(see Table 5). This should correspond to the radial velocity of the

5> Some of the outliers seen in Fig. 4 might actually be former mem-
bers of the OB1b association. If they were ejected at the typical speed
of 10kms™!, they may travel 50pc or 7.5° in the radial or tangential
directions. The same is true for ¢ Ori B.

® http://sirrah.troja.mff.cuni.cz/~mira/xitau/

7 Niesten (1904) reported micrométriques measures by 15cm Merz re-
fractor, with two position angles 162° and a note ‘en contact’. How-
ever, it is unlikely that it corresponds to ¢ Ori Ab, because its separation
at that epoch was only 0.11”; separations in other binaries were 1” or
more. This observation is not compatible with our model, which indi-
cates 6 = 127°.
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(Aal+Aa2) component. We did not take into account data points
with possible systematic errors in vy, that is, blending with Ab
(1910, 1948), low amplitude of RV curve K; (1951, 1969, 1981),
and different y; for Aa2 (1987, 1997). In some cases, also the RV
of Ab was measured.

In total, we had N = 88 data points and M = 8 free parame-
ters, which means N—M = 80 degrees of freedom. The model re-
sulted in the best-fit with x* = 95, with contributions y2,, = 60
for astrometry and X122V = 35 for RVs. Although y?> > N — M, the
fit is still acceptable. The RV amplitude is in agreement, as well
as directly measured RV values of Ab, which is lower than ;.

The resulting parameters and parameters that were fixed are
shown in Table 4. We fixed the mass of the (Aal+Aa2) compo-
nents based on the phoebe2 model (Sect. 7) and the distance d
based on the parallax (Sect. 3). The orbit is illustrated in Fig. 5.
The fit of RVs is shown in Fig. 6.

We estimated the uncertainties of parameters using y> map-
ping and verified the MCMC method. According to the y?
statistics, a 1o level corresponds to )(2 = 101. Since the dis-
tance was fixed, the uncertainties are relatively small (1% for
the period, 10% for the mass). We determined the mass of the
Ab component to be 11.0 My. Therefore, the total mass of the
(Aal+Aa2)+Ab system is around 37.5 M.

Mirror solution. We are aware of the existence of a mirror so-
lution, with the opposite sign of inclination #,. It exhibits higher
total mass (up to 52My), higher eccentricity (0.95), shorter
period (40000d), closer periastron passage. The RV curve of
(Aal+Aa2) component is also opposite, with a ‘spike’ due to
the eccentricity. According to our throughout testing, it always
has a worse best-fit )(2, especially the va contribution. Moreover,
in the mirror solution, the RVs of Ab are larger than y;, which
is incorrect. A more complex model is needed to test other con-
straints (see Sect. 9).

5. Spectral disentangling of residuals

After obtaining the reliable value of the long-period (P5) of § Ori
Aa and Ab, we searched for the secondary’s lines in the spectra.
Our experience with the disentangling technique is that the result
is often sensitive to the choice of initial values of the parameters.
This is understandable since the y? sum based on all data points
of all spectra is a complicated function of the orbital elements,
and it is easy to end up in a local minimum.

Moreover, the rotationally broadened spectral lines of the
primary (Aal) and tertiary (Ab) blend with each other at all
orbital phases and altogether dominate the spectrum. Conse-
quently, the contribution of the faint secondary (Aa2) to the y?
sum is almost comparable to the noise. The mass ratio g; of the
Aa2 and Aal components is therefore poorly constrained. Never-
theless, the lines of the secondary can be detected in the residuals
by a procedure called a two-step disentangling.

To disentangle the spectra, we used the KOREL program de-
veloped by Hadrava (1995, 1997, 2004, 2005). Rebinning of the
spectra to a linear scale in RV, needed as input for KOREL, was
carried out using the HEC35D program written by P.H. ® The rel-
ative fluxes for the new wavelength points were derived using the
INTEP program (Hill 1982), which is a modification of the Her-
mite interpolation formula. It is possible to choose both bound-
aries of the desired spectral region, and the program smoothly

8 The program HEC35D with User’s Manual is available at http:
//astro.troja.mff.cuni.cz/hec/HEC35.
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Table 3. Information about bright stars and their companions in Orion.

HD Name % Spectral Ay Vo My Vo—My Gaia DR3 parallax Notes
[mag] type [mag] [mag] [mas]
36486 6 Ori 2.22*% 09511 0.13 2.09 -5.81 7.90 OBI1b association, multiple
37128 £ Ori 1.68* BOIa 0.14 1.54 -6.25%* 7.79 OBIb, single, variable 0.05 mag
37742 ¢ Ori 1.75% 09.51b 0.17 1.58 —6.28%* 7.92 OBI1b, multiple
37468 o Ori 3.82% 095V 0.17 365 -4.14 7.79 OB1b, multiple
37043 ¢t Ori 275 0851 0.09 266 -5.13 7.79 OB1d (Trapezium), multiple
36486 Aal 6 Ori Aal 2.55 09510 242  =57%%  8.12 cf. this work
36486 Aa2 6 Ori Aa2 5.57 B2V 547 =257 0.00052” from Aal, Shenar et al. (2015)
36486 Ab 6 Ori Ab 3.83 BOIV 370 —4.0%*%* 7770 0.32”
36486 B 6 Ori B 140 K? 139 +6.6 3.5002 £ 0.0119 33”, UCAC3 180-24383
36485Ca 6OriCa 6.62 B3V 6.49 —1.6%¥** 8.09 2.6244 + (0.0538 52”, helium star, Leone et al. (2010)
36485Cb 60riCb 9.87 A0V 9.77 +1.8? 0.0012” from Ca
37742 Aa  (OriAa 2.1 09.51b Hummel et al. (2000)
37742 Ab [ Ori Ab 4.3 BO.51V 0.042”
37743 {Ori B 4.0 BOIII 2.4”
37742 C £OriC 9.54 A? 2.5876 +0.0387 57"
37468 Aa o OriAa 4.61 095V Simén-Diaz et al. (2015)
37468 Ab o OriAb 520 B0.5V 0.00042”
37468 B ocOriB 531 B? 0.25"
37468 C ocOriC 879 B05V 2.4720 + 0.0292 11”
37468 D ocOriD 662 B2V 2.4744 + 0.0621 13”
37468 E ocOriE 6.66 B2V 2.3077 £0.0646 42", helium star
37043 Aal (Ori Aal 2.8? O85I1II Bagnuolo et al. (2001)
37043 Aa2 ¢ Ori Aa2 BO.8 111 0.0015”, eccentric
37043 Ab ¢ Ori Ab B21V 0.15”
37043 B tOri B 7.00 BS8III 2.7869 + 0.0476 11”
37043 C tOri C 9.76 A0V 2.6057 = 0.0241 49”, Parenago (1954), Brun 731

Notes. * Hvar all-sky photometry; ** Martins et al. (2005); *** Schmidt-Kaler (1982); spectral types from Maiz Apellaniz et al. (2019); Burssens
et al. (2020) and absorption from Lallement et al. (2019). The visual magnitude including absorption is denoted by V; the absorption, by Ay; the
visual magnitude without absorption, by Vj; and the distance modulus computed from visual magnitude, by My,.

Table 4. Parameters of the orbit (Aal+Aa2)+Ab, for the model with
unreduced y? = 95.

Parameter Value Unit
Ty 2458773.1886 + 0.1 HID
my +my)f 26.5+2.0 M,
ms 11.102+1.2 M,
P, 53839 + 550 d
e 0.5886 +£0.016 1
i 104.710+ 0.4 °
Q, 122.416 0.5 °
w5 258.944+2.0 °
A 134.307+1.0 °
Y1 19.1+£0.5 kms™!
df 382+8 pc

Notes. T, denotes the time of periastron passage; (mm; +m;), the mass of
Aal+Aa?2 (the primary in this model); ms, the mass of the Ab compo-
nent (the secondary in this model); P,, the orbital period of Aa and Ab;
e,, the eccentricity; i, the inclination; €,, the longitude of the ascend-
ing node; @,, the longitude of periastron; A,, the true longitude; y;, the
systemic velocity attributed to Aal+Aa2; and d, distance. ! indicates the
respective parameter was fixed.

interpolates the rebinned spectra with the continuum values of
1.0 at both edges.

To account for the variable quality of the individual spec-
tra, we measured their S/N ratios in the line-free regions and
assigned each spectrum a weight w according to the formula:

(S/N)?
W= —5—
(S/N)frean

where (S/N)mean denotes the root mean square of S/N ratio of all
spectra.

Fitting with KOREL was performed with the following mea-
surement equation:

Fliy,0) = ) 5 Flij - expliywij) for Vi,

J

; ey

@)

where j denotes the component; i, the spectrum; I, the nor-
malised intensity; ¥ 1, its Fourier transform; y, the Fourier-
transformed quantity x = In /Ay, related to the wavelength 4;
s;j, the intensity factors (constant or variable); v;;, the radial ve-
locity.

Two-step method. We used the period derived by Mayer et al.
(2010), pericentre rate derived by Pablo et al. (2015), and pa-
rameters from Table 4 as the initial conditions. With the method
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Fig. 5. Orbit of 2-body model. Top: Orbit of (Aal+Aa2)+Ab compo-
nents in the (u-v) plane (green), calculated using the two-body model
and the simplex method. Observations are shown with blue symbols
and uncertainty ellipses ( ). The residuals are plotted in red; the
value of y*> = 95. The astrometry used for the fit is from the WDS.
The radial velocities of Aal, from Table 5 were also used for the fit,
extending the time span to 44 000 days. Bottom: Detail of the observed
arc. The most precise astrometric measurements from 2013 and 2019
constrain the orbital period P,.

of spectral disentangling, we needed to detect a line spectrum of
the secondary in the blue spectral region 4275-4509 A.

In the first step, we fitted the orbit of the close pair
(Aal+Aa2) and converged q, ey, wi, K;, Ty, while Py, w were
fixed as well as the outer orbit (Sect. 4). We set the same and con-
stant intensity of lines of Aal and Ab (s; = 1, s3 = 1) constant
and assigned zero intensity to Aa2 (s, = 0). The result of the
first step was the disentangled spectra of only the primary (Aal)
and tertiary (Ab), and the residuals for all individual spectra after
disentangling (O—C).

In the second step, we added a value of 1.0 to the residuals
and reran KOREL on this ‘residual’ data set. Now, the intensity
factors of Aal, Ab were zero (s; = 0, s3 = 0) and the inten-
sity factor of Aa2 was constant s, = 1. We fitted the spectrum
of the Aa2 component by converging the mass ratio ¢ and fix-
ing Ty, ey, w1, K1, Py, and @;. We successfully detected the de-
sired spectrum of the Aa2 component. The determined param-
eters are summarised in Table 6. This method gave higher e,
lower ¢, precise K| and w;, which were well constrained. All
disentangled spectra in these two steps have a flat continuum,
not wavy. To confirm the detection, we created a pseudo-y> map
(see Fig. 7).%; uncertainties as in Table 6.

° We had some success using only a one-step method and setting Aal,
Aa2 to have fixed intensity factors s; = 1, s, = 1 and Ab to have free
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Fig. 6. Synthetic RVs of the Aal+Aa2 (green) and Ab (black) compo-
nents, relative to the barycentre of the (Aal+Aa2)+Ab system. We used
a simplified two-body model and fitted data from Table 5, plotted with
blue symbols. The residuals are plotted in red; the value of y* = 95. The
last most precise point is from this work.

Table 5. Observed values of y, velocity of the Aal+Aa2 components.
It is variable due to the presence of the third (Ab) component. In some
cases, also the RV of Ab was measured. If the reference is not provided,
the value is taken from the list of Harvey et al. (1987) or Mayer et al.
(2010), where more information about RV observations is provided (in
their App. A).

T (TDB) TBessel RV Observatory or Ref.
[JD] [BY] [kms™']

2415793.70  1902.1174 23.5+1.4 Potsdam
2418981.13  1910.8443 143+ 1.8  Allegheny
2420024.23  1913.7002 20.4+0.6  Ann Arbor
2422391.71  1920.1822 18.6+2.1 Vienna

242838290  1936.5855 12.5+0.9  Yerkes

2432499.19  1947.8555 124 +1.4 McDonald
2433656.03* 1951.0229 13.6+1.9 Heidelberg
2440410.36*  1969.5156 159 +2.1  Kodaikanal
2444922.09* 1981.8683 16.6 +3.0 Kavalur
2445139.84  1982.4645 20.4+0.7 IUE

2446865.19* 1987.1883  27.5+0.7 Harvin et al. (2002)
2450535.00  1997.2359 24.0+3.0 Harvin et al. (2002)
245412540  2007.0661 21.7+0.5 Mayer et al. (2010)

2457040.9380 2015.0486 21.1+1.6 Richardson et al. (2015)
2457121.0974 2015.2681 21.4+0.1  this work

Ab component:

2457022.1757 2014.9972  19.1 +2.7  Richardson et al. (2015)
2457064.0764 2015.1120 159+2.9 Richardson et al. (2015)
2457121.0974 2015.2681 12.0+3.0  this work

Notes. * denotes the data that were not included in the fit due to system-
atic errors (see text).

Three-step method. A more precise orbital solution can be
obtained by using KOREL in a sequence (three-step method). We

intensity factor s3. Parameters 7, e¢;, w,, K;, g; were converged and P,
) were fixed. This setting prevents fluctuations related to variable sy, s,
factors, making the model much more stable. Otherwise, the continuum
is wavy when s, is free. The results from this approach are e; = 0.0804,
w; = 153.9°, K; = 108.3kms™', ¢; = 0.4893
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Table 6. Solution to the disentangling of 75 blue spectra in KOREL. We
prefer the solution from the three-step method (bold).

Parameter Two-step Three-step o
Panom,1 [d] 5.732821 (Mayer et al. 2010)

w [°y™"] 1.45 (Pablo et al. 2015)

T, 2454002.8737 2454002.8735 0.02
el 0.0833 0.0761 0.01
w [°] 153.6 153.5 3.0
K, [kms™] 110.1 108.3 0.5
q1 0.3996 0.4517 0.02
oy 0 0.1 -
oy, 0 0.4! -
Oy, 0 0.1 -
K, [kms™'] 295 239 10
pseudo-y? 197588 172575 -

Notes. The anomalistic period Paem,1 and the pericentre rate w; were
fixed. Free parameters were the time of periastron passage Ty, eccen-
tricity e, argument of periastron w;, semi-amplitude of the primary K,
mass ratio ¢, standard deviations of the intensity factors for the pri-
mary, secondary, and tertiary, o, , 07, , 0, respectively. The dependent
parameter is the semi-amplitude of the secondary K,. The models are
quantified by pseudo-y? in Fourier space.

206000
. q;=0.39
204000 1

2

202000 -

200000 -

pseudo—y

198000 H

196000

0.0 0.2 0.4 0.6 0.8 1.0
4

Fig. 7. Plot of the pseudo-y” in Fourier space vs. the mass ratio
¢q1 = my/m,. This is related to the two-step disentangling method, to
its second step, when the signal of the secondary component (Aa2) was
sought for in the residuals.

started the process by fitting the primary and tertiary (Aal+Ab)
with variable intensities s, s3. We fixed P; and «; of the close
orbit and converged Ty, e, w;, K;. The outer parameters of the
orbit were fixed.

We continued by fitting Aal, Ab with the constant s-factors
and Aa2 with the variable one. Except for g, all parameters were
fixed. Finally, we found the solution for all three components
with constant s-factors, free T, e, w1, K1, q1, and fixed Py, «;.

The resulting s;(¢) is variable with time and should corre-
spond to the LC; however, the amplitude of the eclipses (without
reflection) is too low (0.04 mag) to be seen. The resulting value
of g = 0.4517 is higher, compared to the two-step disentan-
gling, while e; = 0.0761 is close to that found from the LC, and
K, =239.7kms™!.

In the three-step method, which we considered to be more
reliable, we also computed the radial velocities of all three com-
ponents (see Tables B.1 and B.2). We estimated the uncertainties
as a standard deviation weighted by S/N.

Table 7. Atmospheric parameters derived with PYTERPOL from
the blue spectral region 4271-4513 A, with the mean resolution of
0.0144 A.

Parameter Aal Aa2 Ab
T.[K] 31400(1000) 25442(1500) 30250(1000)
eff 29500 25600 28400
3.55(5) 3.48(6) 3.64(5)

loggcgs] 337 3.9 35
. O 114(20) 89(15) 216(25)

vsini [kms™] 130 150 220
I 0.692(34) 0.035(15) 0.194(10)
R 0.707 0.059 0.234
X3 2.562 1.769 0.2384

Notes. T+ denotes the effective temperature; logg, logarithm of sur-
face gravity; vsini, projected rotational velocity; Z, metallicity; Lg, rel-
ative luminosity; y2, the reduced value of x> (divided by the degrees of
freedom), and ! indicates the fixed parameter. For comparison with pre-
vious results, the values from Shenar et al. (2015) are shown in grey.
In the case of Aal and Ab components, the results are usually in agree-
ment within the uncertainties. More significant differences are for the
Aa2 component; however, our values for the secondary are constrained
by the disentangled spectra and mass ratio from KOREL. The uncertain-
ties of the parameters are given in concise form in brackets.

6. Atmospheric parameters of Aa1, Aa2, and Ab

We used the disentangled blue spectra to estimate the atmo-
spheric parameters, namely, Ts, logg, vsini, and the rela-
tive luminosities of the three components using the program
PYTERPOL (Nemravovi et al. 2016)!°. The program uses the
simplex minimisation technique to fit the synthetic spectra to
the observed ones. As model spectra, OSTAR and BSTAR grids
(Lanz & Hubeny 2003, 2007) were used.

The results are summarised in Table 7, where the uncertain-
ties were estimated from several independent trials. The fitted
spectral line profiles of all components are shown in Fig. 8. Most
of the lines are fitted reasonably well, except for He14471. The
value of log g was determined primarily from the Hy wings. The
metallicity Z is not well constrained.

The sum of relative luminosities that were fitted indepen-
dently (0.692 + 0.035 + 0.194 = 0.921) is close to 1, which is
an independent verification of the correctness of the KOREL
disentangling. The effective temperatures agree with the spec-
tral classifications of Aal (09.511) and Ab (BOIV), although
the effective temperature of the Aa2 component is significantly
lower (around 25000 K) than that of the other components, cor-
responding to B1'V, according to Harmanec (1988) calibrations.
The metallicities were fixed to the solar value since they are not
well constrained by the blue spectra containing only one strong
magnesium line. The values from Table 7 are the initial parame-
ters for the phoebe2 model.

7. Orbit of eclipsing binary Aa1+Aa2

For the eclipsing binary Aal+Aa2, we solved the inverse prob-
lem using PHOEBE?2 (Conroy et al. 2020), obtaining a more pre-
cise model than with PHOEBE1 (PrSa & Zwitter 2005) in our
preliminary analysis (Oplistilova et al. 2020). The initial val-
ues of parameters for PHOEBE2 were inferred from the analysis

10 nttps://github.com/miroslavbroz/pyterpol3
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Fig. 8. Comparison of the disentangled spectra (blue) of the Aal, Aa2,
and Ab components with the best-fit synthetic spectra ( ) found
by PYTERPOL. The range from 428 to 449 nm was used for disentan-
gling. The flux is normalised to the local continuum. The small panels
show the residuals (red). The relative luminosities of the Aal and Ab
components significantly exceed that of the Aa2 component (see also
Table 7).

performed with PHOEBE1. We had three photometric data sets
available for analysis, SMEI, MOST, and BRITE (Oplistilova
et al. 2020), but we preferred to use only BRITE data to have a
homogeneous data set spanning nine seasons. MOST was used
in Sect. 9. We did not use SMEI data since they suffer from a
contamination problem because stellar images in SMEI image
have angular sizes of the order of 1 degree.
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PHOEBE2!!, a Python module, is software for modelling
eclipsing binaries. To achieve the smallest possible discretisation
error, the software uses a mesh of triangular elements. Each ele-
ment of the mesh is assigned local properties (e.g. temperature,
intensity), and the eclipse algorithm determines which elements
are visible, which are partially visible, and which are not visible
at all. The total flux is obtained by integrating over all visible
elements.

We implemented a custom object-oriented Python wrapper
to construct a model of the eclipsing binary and combine differ-
ent data types. Each model was quantified by the y? value. First,
we fitted the stellar parameters using the simplex method (Nelder
& Mead 1965) or the supblex method (Rowan 1990). Second, we
used the Markov chain Monte Carlo method (MCMC; Robert &
Casella 2011; Tierney 1994), which was originally invented by
Slanistaw Ulam alongside with the atomic bomb. This method
uses a sequence of random samples and provides a straightfor-
ward algorithm for the numerical estimation of parameters and
their uncertainties. In other words, it describes the topology of
the parameter space in the vicinity of the local/global minimum.
The MCMC method was run using the API OpenMP (applica-
tion program interface), which allows our code to run in parallel
on multiple CPUs.

The MCMC method relies on Bayes’ Theorem, which relates
four probabilities as follows:

P(D|Ow)P(Onm)
P(Ou|D) = P(D) ; 3)
where D denotes the vector of data; @y, the vector of parameters
of our model; P(D), the probability of obtaining the data (nor-
malisation); P(®y), the prior, a priori knowledge of parameters
(we used uniform, uninformative priors); P(D|®y), the likeli-
hood function, which is equivalent to the forward model or Xz;
and P(@y| D), the posterior distribution, which quantifies our be-
lief in the parameters after combining our prior distribution with
the current observations and normalising by the overall evidence.

The input data for the script are the RV curves of the primary
and secondary, and the LCs in the blue and red filters. The syn-
thetic fluxes were normalised by two free parameters S g and
Sbiee satisfying:

. Fc,i
max(F¢;)’

F c,norm — D¢ “4)
where ¢ denotes the colour of the filter (blue or red), and i is the
point number.

We set the algorithm parameters as follows: for the spatial
discretisation, we used 1500 triangles covering the surface of the
primary and 500 triangles for the small secondary surface. As a
sampler, we used emcee (Foreman-Mackey et al. 2013) with 30
walkers and 2000 iterations. After some initial tests, we set the
number of initial steps (burn-in) to 300. These are not taken into
account as they are irrelevant and randomly distributed within
the prior. The program ran on 30 CPUs.

In our modelling, we fixed the orbital sidereal period to
5.732436 d following Mayer et al. (2010), the pericentre rate
w = 145° y’1 (Pablo et al. 2015), and in some models also the
effective temperature of the primary 77 = 31 000 K, and the third
light, additional to the components Aal and Aa2, I3 = 0.26685
calculated from Table 7 (Sect. 6).

We used the following parameters in our model:

— atmosphere, black-body (approximation),

' nttp://phoebe-project.org
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— limb darkening, linear,

— limb darkening coefficients, interpolated based on van
Hamme (1993),

— gravity brightening, 1.0 (corresponding to the 8 coefficient
for gravity darkening corrections),

— reflection and heating fraction, 1.0,

— distortion method, Roche,

— irradiation method, Wilson (1990), Wilson’s original reflec-
tion effect scheme incorporates all irradiation effects, includ-
ing reflection and redistribution,

— radial velocity method, flux-weighted (i.e. radial velocities
are determined by the radial velocity of each element of visi-
ble surface, weighted by its intensity). Consequently, the RV
curve includes the Rossiter-McLaughlin effect.

We did not take into account either the effects of light travel
time or gravitational redshift. This setting of the phoebe2 model
is used for all models in Sects. 7.1 and 7.2.

7.1. Model for season 2016

We had the BRITE LCs from 9 seasons at our disposal (Table 8).
First, we selected well-covered season 2016 and fitted several
models with some parameters free or fixed, namely the effective
temperature of the primary and the third light (for both blue and
red filters). The results are presented in Table 9. We prefer the
model with the fixed effective temperature of the primary, which
also has the lowest value of )(2. The data, the model, and the
residuals are shown in Fig. 10.

Then, we used the MCMC method to estimate the uncer-
tainties of the parameters. Figs. 11 and 12 show the corner plot
and the paths of walkers. In particular, masses M; and radii R;
show strong positive correlations. In contrast, the inclination i;
and R; show negative correlations due to geometrical reasons.
In binaries, the sum of masses is inversely proportional to the
third power of sini; thus, i; and m; show negative correlations.
The value of the systemic velocity vy is a little problematic as
the value of 21.96kms~! was assumed and subtracted, then our
model drifted to about —2.5 kms~!, so that the resulting value is
18.5kms™.

The detached binary system Aal+Aa2 is shown in Fig. 9.
In addition, we derived several parameters from the nominal
phoebe2 model (y> = 604); see Table 10. We estimated the syn-
thetic apparent brightness of & Ori A as follows. The passband
flux in Johnson V at the observer location is (in [W m™2]):

Dy = Aeﬁwz LS pie (5)
%

where Az [m~!] stands for the effective wavelength range; w =
1 m?/d? [sr™], for the solid angle; d, for the distance of the sys-
tem; >;, for the summation over the triangular elements (grid);
I, [Wm™ sr™!], the monochromatic intensity on the stellar sur-
face; S [m?], the surface area of the element; u = cos 6, where
0 is the angle between the normal and the line of sight; 7, the
visibility in the range from O (visible element) to 1 (hidden or
eclipsed element).

We assumed the monochromatic calibration flux of Bessell
(2000):

Dyea = <I>V,ca1/l% = 0.03669877 W m™> (6)
eff

and the Johnson V passband flux:

Dy e = f FOcadd = A @ e = 3.119396- 107 Wm™2, (7)
A
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Fig. 9. Mesh plot of 6 Ori Aal+Aa2 binary from the phoebe2 model
(with x> = 604). This is a (u,v) plane projection with scale in Rg, at
phase ¢ = 0.75. The grey scale corresponds to the monochromatic in-
tensity I, [W m™ sr~!] for the effective wavelength of the BRITE blue
filter (420 nm).

Table 8. Time intervals of the BRITE LCs (red and blue filters) when
¢ Ori was observed. The whole time span was divided into 9 seasons.
Time is given in HID —2400000. Season 2019 denoted by * was omitted
since red-filter data were not available. In total, BRITE nanosatellites
measured 499 656 raw data points. The numbers of points are shown
for each season and filter.

Season Blue filter Ng Red filter Nr
2013 56628-56734 22822 56603-56733 33357
2014 56926-57098 38126 56924-57095 61672
2015 57370-57434 6472 57374-57443 9665
2016 57645-57810 22800 57729-57734 22996
2017 58011-58178 17055 57645-58178 12812
2018 58375-58561 61777 58430-58556 28001
2019*  58745-58917 10291 - 39888
2020 59112-59256 4727 59129-59286 44131
2021 59469-59638 5065 59504-59646 58109

where f(1) denotes the filter transmission; d.g = 545 nm, the
effective wavelength; and A.g = 85 nm, the effective range.

The apparent magnitude V, (without absorption) of the pri-
mary Aal and Aa2 is then:

)
Vo = 0[mag] - 2.5log & v ®)
V,cal

For the tertiary, we used the value of the third light:
Oy, = (Pv,1 + Dvp2) iy . )

Comparing V; of the Aal + Aa2 + Ab system with Table 3,
we get synthetic values 2.65 + 5.91 + 4.02 = 2.34 mag and ob-
served values 2.42 + 5.4 + 3.70 = 2.08 mag. Thus, the total
synthetic magnitude Vj, is about 0.26 mag fainter than observed.
This result is acceptable, especially because the phoebe2 model
was constrained only by the relative BRITE photometry (see also
Sects. 8, 9). In other words, the result can be considered to be an
independent confirmation of the distance.
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Fig. 10. Comparison of observations and the phoebe2 model of § Ori with x> = 604. The values of the effective temperature of the primary T and
the third light /5 were fixed. The upper panel shows the phased LCs in the blue and red BRITE filters. The lower panel shows the RV curves for

the primary Aal (green) and the secondary Aa2 (purple). The grey points
to x°.

7.2. Model for all observing seasons

Then, we made fits for all seasons. We kept the effective tem-
perature of the primary 7'; and the third light /5 fixed (as for the
preferred model). The detailed results are presented in Table B.3.
We took season 2016 as a reference. In Fig. 13, we show the de-
viations from the solution for season 2016.

In season 2018, the red filter measurements had greater un-
certainties, however, it did not lead to any artefacts. We also
omitted season 2019 since only measurements in the blue filter
are available. We cannot confirm that variations of the parame-
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correspond to our model, the red lines to the residuals, or contributions

ters are intrinsic. Since the masses of the components must be
constant, the mean values over all seasons should be preferred.
The variations are most likely due to the oscillations.

8. Spectral energy distribution (SED)

The absolute flux is an additional observational constraint. In
the case of ¢ Ori, the absorption is low because the star is not lo-
cated behind the Orion molecular clouds. According to the red-
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Fig. 11. Corner plot (a full covariance matrix) for the § Ori model, as derived by the MCMC analysis. The model is the same as in Fig. 10. Each
diagonal panel shows a 1-D histogram (posterior distribution) for one parameter (explained in Table 9). Each sub-diagonal panel shows a 2-D
histogram, the isolines corresponding to the confidence intervals, and the correlations between parameters.

dening maps of Lallement et al. (2019)'2, E(B—V) = 0.042 mag,
with a substantial scatter of individual samples (due to the Orion
clouds). Therefore, the total absorption Ay = 3.1 E(B—-V) =
0.130 mag, if extinction is not anomalous. There are not enough
line-of-sight samples in the maps of Green et al. (2019)'3.

From the photometric catalogues in VizieR tool (Allen et al.
2014), we took the standard Johnson system photometry (Ducati
2002) and measurements from Hipparcos (Anderson & Fran-
cis 2012), Gaia DR3 (Gaia Collaboration 2020), 2MASS (Cutri

2 https://stilism.obspm.fr/
B http://argonaut.skymaps.info/

et al. 2003), WISE (Cutri et al. 2012), MSX (Egan et al. 2003),
Akari (Ishihara et al. 2010), and IRAS (Neugebauer et al. 1984).
The data covered the spectral range from 0.35 to 100 um.

We have removed clear outliers, multiple entries, and points
without uncertainties. The IRAS 60 and 100 um measurements
show an excess, probably due to the far-infrared emission be-
hind ¢ Ori; thus, they have been removed too. In the end, our
photometric data set contained 31 data points (see Fig. 15).

For the Hvar photometry (Bozi¢ 1998), we performed a re-
moval of eclipse phases (around 0.0, 0.45, 1.0), and computed
average values at the maximum light. In this case, the absolute
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Fig. 13. Relative differences of parameters derived for ¢ Ori for eight
seasons (Table B.3). In all models, the effective temperature 7 of the
primary (Aal) and the third light /5 were fixed. Season 2016 was taken
as a reference. Explanations of the parameters can be found in Table 9.

photometry is more reliable. The magnitudes transformed to the
Johnson system are as follows: U = 0.940 mag, B = 1.977 mag,
V = 2221 mag, R = 2.334mag, with uncertainties less than
0.010 mag. The comparison star used was HD 36591 (HR 1861):
V = 5341mag, B-V = -0.190mag, U — B = —0.927 mag,
V —R = —0.050 mag. In order to compare with the absolute flux,
we used the calibrations from Bessell (2000) (see also Fig. 15).
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9. Three-body model with all observables

In order to account for additional observables in Xitau, we re-
placed the two-body model (Aal+Aa2)+Ab with a three-body
model Aal+Aa2+Ab. Thus, the equations of motion were:

ij .
fi= 2 =50 ri* fovat o for i, (10)
g lij

where the first term is Newtonian gravitational interactions; the
second, oblateness; and the third, relativistic effects. This model
includes all relevant N-body perturbations (e.g. the radial ve-
locities with respect to the common centre of mass, the light-
time effect, precession of Q;, @, Q,, w,, variation, evection;
see also Appendix A), even though some of them are of mi-
nor importance for ¢ Ori. We included the oblateness of the
bodies, parametrised with the Love number kpjp ~ 0.015 (Fab-
rycky 2010)', which results in the observed value of precession
@ ~ 1.45°y~!. Finally, we also included the parametrised post-
Newtonian (PPN) approximation of relativistic effects (Standish
& Williams 2006; Broz et al. 2022b) since the stars are both
massive and close. The motion was integrated numerically using
a Bulirsch—Stoer integrator, with a precision parameter £ = 1075,
and output every 0.2 d (plus exact times of observations).

Our model was constrained by astrometry (as in Sect. 4), RVs
of all components (Aal, Aa2, Ab), eclipse timings, eclipse du-
ration, LCs, synthetic spectra, and the SED. Individual contribu-

!4 In the Fabrycky (2010) model, only the radial force component is
included. In the multipole model (Broz et al. 2021), containing all
components, the value of J, = —Cy =~ 1.5 10, or equivalently
k2 = Jz(Q()/no)z ~25- 10_3.
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Table 9. Results of fitting three phoebe2 models for § Ori Aal+Aa2.
LC from season 2016 and all RV's were used to constrain the models. We
fixed or released effective temperature T of the primary and the third
light /5. We prefer the model with fixed 7 and /5 (bold). The uncertainty
o is estimated the same for all models. The following numbers of data
points were used: Ny = 321, Nicg = Nrcr = 100, Nry; = 71, and
NR\/2 = 50

Parameter Fixed T, Fixed T, free I3 loa Unit
Ty 0.8303 0.8277 0.0030 HID*
T, 31000 31000 300 K
T, 22709 22778 300 K
R, 13.27 13.01 0.55 Re
R, 3.70 3.66 0.35 Re
i 77.671 78.45 1.1 °
Sy 1.0079 1.0236 0.0008 1
Sy 1.0084 1.0250 0.0009 1
m 18.07 17.39 1.5 M,
my 8.47 8.26 0.4 M,
e 0.0825 0.0826 0.0031
w 129.98 137.50 2.5 °
W 1.45° 1.45 1.45 ° yrl
v 19.43 21.96 0.5 kms™!
38 0.26685 0.308 0.05
IR 0.26685 0.316 0.05
Xum 604 490
Xics 145 136
Xier 113 113
Xavi 171 216
Xevs 70 72

Notes. T, denotes the time of periastron passage (* means

HJD-2457733); T and T, the effective temperatures of the primary
and secondary, respectively; R, and R,, the radii of the primary and sec-
ondary, respectively; 7, inclination; S g and S, the coefficients adjusting
normalisation of the flux defined in Eq. (4); m; and m,, the masses of the
primary and secondary, respectively; e;, eccentricity; w;, the argument
of periastron; v, the systemic velocity; /sg and /3g, the third light in the
blue and red filters, respectively; x2,,, the total value of x*; x? 5. X7 cg>
Xay» and x&,,, the contributions to y? from the LCs in the red and blue
filters and radial velocities of the primary and secondary; Ny, the total
number of data points; Nicg, NLcr, Nrvi, and Ngyo, the corresponding
numbers of data points. Uncertainties were estimated from Figs. 12 and
13.

tions to the y? metrics were multiplied by weights:

2 _ 2 2 2 2 2
X° = WskyXsky T WrvXry + WeTvXETY T WECLXECL + WicXic t

2 2
+ WsynXsyn t+ WseD X sep » (11

where subscripts denote the data sets mentioned above, respec-
tively. We used wsxy = wger = 10, due to the limited number of
points, and wsyx = wsgp = 0.1, due to the remaining systematics
of rectification of spectra and absolute flux measurements.

Our model had 27 free parameters (see Table 11). The os-
culating elements are referenced to the epoch 2458773.188651
(TDB), corresponding to the most precise speckle interferom-
etry measurement. They are defined in the Jacobi coordinates,
suitable for a system with hierarchical geometry. In this particu-
lar case, the distance dj,. (Sect. 3) was fixed.

Table 10. Derived parameters corresponding to the § Ori Aal+Aa2
model with y? = 604.

Derived parameter Value Unit
log g, 3.46 +0.01 cgs
log g» 4.27 £0.01 cgs
q)\/J 2.714 - 10710 Wm72
Dy, 1.342 - 107" Wm?
(DV,I + CI)VJ + (DV3 3.618-10710 Wm2
Voa 2.65 mag
Vo’z 591 mag
VO,l + V(),z + Voyj; 2.34 mag

Notes. log g denotes the logarithm of surface gravity, ®y the passband
flux at Earth, V| the corresponding apparent magnitude (without absorp-
tion, at a distance of 382 pc).

We used the MOST LC (Pablo et al. 2015) to derive
three times of the primary eclipse timings: 2456283.521,
2456289.277, and 2456294.994 (TDB, barycentric). Additional
timings were obtained from the TESS (Ricker et al. 2014):
2458473.344, 2458479.080, 2458484.830 (TDB, barycentric).
Due to large-amplitude oscillations, the uncertainty is degraded
to 0.005 d. The primary eclipse duration is 0.667 d, with an un-
certainty of 0.010d, again due to the oscillations. We used a sim-
plified eclipse algorithm for spherical stars.

At the same time, we computed the synthetic LC with the
modified version of the Wilson-Devinney program (Wilson &
Devinney 1971; Wilson 1979; Van Hamme & Wilson 2007; Wil-
son et al. 2010; Broz 2017); similarly as in Sect. 7. In this case,
however, the instantaneous true phase and distance were deter-
mined by the N-body integration. The third light is no longer
an independent parameter; instead, it is determined by the third
component (m3, T3, loggs). This allowed us to constrain our
model by eclipse depths. Other improvements included: a cor-
rection of computations for highly eccentric binaries, precise
computations of the Roche potential from the volume-equivalent
radius (Leahy & Leahy 2015), and more photometric filters (PrSa
& Zwitter 2005), including MOST. As the oscillations were not
accounted for in the synthetic LC, uncertainties of 0.01 mag were
assigned to all data points (see Fig. B.1). The observed spec-
tra cover the blue region (430 to 450 nm). The synthetic spectra
were interpolated by Pyterpol (Nemravova et al. 2016) from
the BSTAR and OSTAR grids (Lanz & Hubeny 2003, 2007).

We used the Planck (black body) approximation for the
whole range of wavelengths, or absolute synthetic spectra for
the limited range of the respective grids. The fit was performed
with the simplex algorithm (see Fig. 14). We consider the best-fit
model to be a compromise because it exhibits a tension between
i) the synthetic spectra (in particular, log g, or R,) and the du-
ration of eclipses, ii) the minima timings, RVs, and oblateness
(see also Fig. B.2). The best-fit parameters are summarised in
Table 11, and the derived parameters in Table 12. Uncertainties
were estimated by the y?> mapping and by the MCMC method.
Actually, for the Aal, Aa2 components, they seem to be compa-
rable to the phoebe2 model (Sect. 7), but here we use a different
and more extensive set of observations, in order to constrain all
components at the same time.

The observed and synthetic SEDs are compared in Fig. 15.
Even though the corresponding contribution y?2. is larger than
the number of data points Nggp, we consider the fit to be ac-
ceptable as there are several multiple (but independent) measure-
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Fig. 14. Example of a convergence of the three-body model of § Ori.
The individual contributions to y? correspond to astrometry (SKY), ra-
dial velocities (RV), eclipse timings (ETV), eclipse duration (ECL),
synthetic spectra (SYN), and the spectral energy distribution (SED).
The total y? is summed with non-unit weights (see values in the main
text).

ments of the same band that are not consistent with each other.
At the same time, there is no systematic offset of the SED. In
other words, our model provides independent confirmation of
the parallax distance.

All blue spectra are shown in Fig. 16. There were remain-
ing systematics between the observations and the model related
to the rectification procedure, especially close to the He 14387
line. While the Hy was fitted without problems, the synthetic
He 14471 line was much shallower than the observed one. These
problematic regions were removed from the fitting. These spec-
tra constrain not only the RVs but also the relative luminosities L,
log g, or radii R of all components.

Contributions of individual components are demonstrated in
Fig. 17. Indeed, the secondary (Aa2) is faint (relative L, =
0.038). Unfortunately, its contribution is comparable to the sys-
tematics mentioned above. Consequently, some of the parame-
ters are not very stable (in particular, log g», vyor2). Nevertheless,
our fitting in the direct space is independent and complementary
to the fitting in Fourier space (Sect. 5). Moreover, the secondary
is constrained by other observables (e.g. eclipse duration, eclipse
depth, RVs of the primary, the 3rd-body orbit, or the total mass
my + my + m3).

Mirror solution. Eventually, we explored the mirror solution
(Sec. 4). We fixed the total mass m; + my + m3z = 52.0 Mg and
performed a similar testing as in Fig. B.2. The overall best-fit has
X2 = 25468, which is worse than the nominal model. It exhibits
a strong tension between the synthetic spectra and the SED. Es-
pecially the Hy line profiles are fitted poorly (/\(fyn = 69441
vs. 44795). This is directly related to the log g3 value, which is
very low (around 3.2) according to our model, as well as mod-
elling of the disentangled spectrum of the tertiary component
(Sects. 6). Consequently, we exclude the mirror solution and pre-
fer the nominal model presented above.

10. Pulsations

After obtaining a well-constrained model, we analysed the resid-
ual MOST LC (Fig. 18), in order to address the large-amplitude
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Table 11. Free parameters of the three-body model of ¢ Ori. The best-fit
model has non-reduced y* = 23739.

Component Parameter Value Unit o
Aa+Ab Mo 35.108 M, 2.0
Aal+Aa2 q1 0.4785 1 0.03
Aa+Ab q> 0.3338 1 0.03
Aal+Aa2 P, 5.733121 d 0.000001

loge,; -1.089 1 0.01

i 79.124 deg 1.0

Q 224.294 deg 1.0

W 43.451 deg 1.0

A 72.695 deg 1.0
Aa+Ab P, 55453 d 1000.0

log e, —-0.248 1 0.01

i 105.170 deg 1.0

Q, 122.735 deg 1.0

w5 261.255 deg 1.0

A 133.391 deg 1.0
Aal T, 31385 K 1000
Aa2 T, 24515 K 1000
Ab Ts 27906 K 1000
Aal log g, 3.452 cgs 0.1
Aa2 log g, 4.128 cgs 0.1
Ab log g; 3.220 cgs 0.1
Aal Urotl 114  kms™! 10
Aa2 Uror2 184  kms™! 100
Ab Urot3 279  kms™' 10
Aal Cy -9.2x107* 1 0.1x 107

20 2221 mag 0.01

y 18.455  kms™! 1

dpe 382f pc -

Nsky 74

Ny 105

NETV 6

NecL 1

Nic 22136

Nsyn 76794

Nsep 31

N 147147

Xixy 59

Xﬁv 2991

Xerv 82

XecL 10

Xﬁc 13704

XéYN 44795

)(éED 17872

¥ 23739

Notes. my, denotes the total mass; q; = my/my, g, = m3/(m; + my) the
respective mass ratios; P, osclulating period; e, eccentricity; i, incli-
nation; €, longitude of node; @, longitude of pericentre; A, true lon-
gitude; T, effective temperature; g, gravitational acceleration; vy, ro-
tational velocity; Cy9, quadrupole moment; z,, magnitude zero point;
v, systemic velocity; and d,, distance. f indicates the respective pa-
rameter was fixed. Orbital elements are osculating for the epoch T, =
2458773.188651 (TDB).
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Table 12. Derived parameters of the three-body model of ¢ Ori.

Component Parameter Value Unit o
Aal m 17.803 M, 1.0
Aa2 my 8.518 M, 1.0
Ab ms 8.787 M, 1.0
Aal+Aa2 a 40.099 Ro 1.0
Aa+Ab a 20038 Ro 100
Aal+Aa2 e 0.081 1 0.02
Aa+Ab e 0.565 1 0.01
Aal R, 13.119 Ro 1.0
Aa2 R, 4.168 Re 0.5
Ab R; 12.045 Ro 1.0
Aal L 0.563 1 0.1
Aa2 L, 0.038 1 0.01
Ab L, 0.397 1 0.1

Notes. m denotes the mass; a, the semi-major axis; e, the eccentricity;
R, the stellar radius; L, the relative luminosity (in V).

UuB V. R | J H K
T T
+ synthetic
102 ¢ \“\ observed E
k,\ residua
-3 M w. reddening
10° " Planck ------- E
10k \g 1
£ \j
o
£ 10° \} E
- ™
@ e
= 10° b > 1
w
107 * - i
108 | - A
.
10-9 I I I
300 1000 3000 10000 30000
Agtt [nm]
U B \ R
T
synthetic
obselqved —
he var
— ~ residua ——
'_E \ . w. reddening
~ 102} RN Planck ------- |
-
=
w
10—3 L I I I
300 400 500 600 700 800

Agit [nm]

Fig. 15. Model from SED data. Top: Comparison of the observed
(blue) and synthetic ( ) SED of ¢ Ori. The residuals are plotted
in red. The wavelength range is from 350 nm (ultraviolet) to 25 um (far-
infrared). Bottom: The same for the limited wavelength range of syn-
thetic spectra. The Hvar differential UBVR photometry with removed
eclipses is plotted in green.

oscillations (BRITE data were not used because of instrumental
issues). Our analysis is similar to that in Pablo et al. (2015), al-
beit it is different in several aspects: i) our model (from Sect. 9)
is constrained by all observables, ii) not only did we subtract
the synthetic LC but we also removed the eclipse intervals (both
primary and secondary), to suppress the binary signal. Conse-
quently, the remaining frequencies should be preferentially re-

Table 13. Fourier analysis of the residual MOST LC (from Fig. 18).
The synthetic LC was subtracted and eclipses were removed to suppress
the binary signal. The first two frequencies are then identified as the
rotation frequency of the primary (Aal; Nichols et al. 2015) and the
tertiary (Ab; this work).

Frequency Period Amplitude Notes
[cd™] [d] [mmag]

f 0.218 4.572 6.37 rotation of Aal
i3 0.478 2.090 3.39 rotation of Ab
5 0.396 2.522 4.04 pulsation?
Ja 0.929 1.075 3.05 pulsation?
5 0.168 5.931 2.95 orbital (Aal+Aa2)
Js 1.168 0.855 1.95 orbital + 1 ¢d™!
fa 0.975 1.025 1.96 approx. 1 cd™!
e 0.346 2.887 2.54 2 forn?
Jo 0.086 11.551 1.67 0.5 forn?
fio 2.214 0.451 1.29 pulsation?

Notes. The uncertainty is determined by the time span, f) = 0.045cd™".
For reference, the orbital frequency of the Aal+Aa2 binary fo, =
0.174 cd™", and the orbital frequency of the satellite fyoq = 14.19cd™!.

lated to rotation or pulsations, even though ‘gaps’ also create
spurious signals.

We used the Period04 program (Lenz & Breger 2004) to
compute the Fourier spectrum (Fig. 19), subtract the dominant
term (prewhitening), recompute the spectrum again, and repeat
these steps ten times. Our result is shown in Table 13.

For reference, the minimum frequency (also spacing) is
given by the time span of observations, fy = 1/A = 0.045cd™!,
which means that frequencies differing by fj are certainly pos-
sible to distinguish. The maximum frequency (also Nyquist) is
given by the sampling, fxy = 1/(26) = 1000 cd™". The orbital
frequency of the binary Aal+Aa2 is fo, = 1/P; = 0.174cd™".

In the MOST data, the first two frequencies are f; =
0.218cd™!, f» = 0.478cd™!. These correspond to the Chandra
data (Nichols et al. 2015), fx; = 0.210cd™!, fx» = 0.490cd™!,
within uncertainties. The first one was identified as the rota-
tion frequency of the primary (Aal) by Nichols et al. (2015).
Here, we interpret the second one as the rotation of the tertiary
(Ab). This is confirmed by the rotational broadening. For param-
eters from Tables 11, 12, fio3 = o3 /(2R3 siniy) = 0.474cd ™!,
where we assumed an alignment.

Interestingly, fiot1 = Urot1 /(2R siniy) = 0.174 cd™! derived
from rotational broadening is not equal to f;, which differs by
fa- It corresponds to the orbital frequency, which would indicate
a synchronous binary.

Alternatively, when we assume an asynchronous primary, the
synchronicity is F|; = fi/fon = 1.250. For comparison, the
periastron-synchronised value is F; = [(1 + e;)/(1 — ¢))*]'/? =
1.181. In both cases, it means a minor modification of the LC.

The remaining frequencies (f3, f, fio) are likely associated
with pulsations, namely low-order modes ¢ = 0, 1,2, or 3, typ-
ical for 8 Cep or SPB stars (Paxton et al. 2015). They can be
present either on the primary (Aal), or the tertiary (Ab), which
contributes up to 40% of the light.

11. Conclusions

In this paper, we studied the triple star Aal+Aa2+Ab in the mul-
tiple system ¢ Ori. The close eclipsing binary Aal+Aa2 contains
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Fig. 16. Comparison of the observed (blue) and synthetic (

) rectified spectra. The residuals are plotted in red. All components Aal, Aa2,

Ab of ¢ Ori contribute to the total flux. The wavelength range included the spectral lines: Hy 4341, He 1 4378, and numerous weaker lines.
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Fig. 17. Same as Fig. 16, with the distinguished contributions of in-
dividual components Aal, Aa2, Ab of ¢ Ori. The wavelength range is
limited to 430 to 440 nm. Only the sixth spectrum, 2455836.582700 is
shown.

an O star, is non-interacting, and has a negligible mass transfer.
Consequently, it represents a target suitable for defining the in-
trinsic parameters of evolved O stars. Our main results are as
follows:

1. The distance of the system was estimated from the new Gaia
DR3 parallax of the faint component § Ori (Ca+Cb).
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Fig. 18. Residuals of the MOST LC (red), and the Fourier series up
to the order of £ = 10 (black; Table 13). Individual orders as they are
summed up are shown in grey. The times of primary (P) and secondary
(S) eclipses are indicated on top.

2. The outer orbit (Aal+Aa2)+Ab was constrained by new
speckle interferometric measurements from the WDS (the
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Fig. 19. Periodogram of the residual MOST LC with the 10 princi-
pal frequencies indicated on top. The first periodogram is shown; it is
subsequently modified by subtraction (prewhitening). The broad peak
between 10 to 20cd™! corresponds to the satellite frequency finos and
its combinations with fi, etc.

period of approximately 152 years and eccentricity 0.58) and
by vy velocities.

3. The secondary (Aa2) spectrum in the blue spectral region
was detected by the two- and three-step disentangling.

4. The RV curve of the secondary was obtained by cross-
correlation with a disentangled template spectrum.

5. The two-body model of the eclipsing binary was constructed
in PHOEBE2.

6. The three-body model in Xitau was constrained by all ob-
servables.

Compared to previous studies, we obtained significantly
lower masses than Pablo et al. (2015), in their low-mass model
(23.81+8.54) M. In contrast to the study of Shenar et al. (2015),
where models were calculated for two distances, 212 and 380 pc,
we adopted the latter. Our results give lower radii of Aal, Aa2;
Shenar et al. (2015) have [(16.5+1)+(6.5+2)] R. Nevertheless,
the radius of Ab is in agreement with Shenar et al. (2015) who
reported (10.4 + 2) R,. We also obtained low log g3 similarly as
Shenar et al. (2015).

Hertzprung—Russel diagram. Given the spectral types of
Aal + Aa2 + Ab, O9.511 + B2V + BOIV (Pablo et al. 2015
and this work), the primary has evolved from the main sequence;
however, it has not reached the overflow yet. The Hertzsprung—
Russel diagram (Fig. 20) with the positions of Aal, Aa2, Ab
components indicates an interesting problem — the Ab com-
ponent is very offset from a normal position. This offset is ei-
ther related to its log g3 value (3.2) or to its ms3 value (8.7 Mp).
However, it is not easy to modify these values, because they
are well constrained by observations. To put Ab on the evo-
lutionary track, either logg; =~ 3.7, or m3 =~ 18Mg. If all
components were normal, the sum of masses should be about
24 + 18 + 10)My = 52Mg. Interestingly, this is similar to
the mirror solution, which was excluded (see the discussion in
Sects. 4 and 9). Consequently, we are left with an unusual stel-
lar component. Actually, it is not unusual — see for example
0 Ori Ca, or o Ori E which are both helium-rich, with Ha
emission (Tab. 3). Detailed stellar-evolution models with pos-
sible mass transfer between (some of) the components shall be
computed in future work. Additionally, long-baseline optical or
near-infrared interferometry may be able to measure precisely
the angular diameters of the component stars (e.g. (Shabun et al.
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Fig. 20. Hertzsprung—Russel diagram with the positions of the Aal,
Aa2, and Ab components of ¢ Ori and evolutionary tracks from Paxton
et al. (2015). Numbers next to the main sequence indicate the theoretical
masses, small numbers the theoretical gravitational acceleration log g.
According to the 3-body model, the masses are 17.1, 8.5, 8.7 M. For
the tertiary (Ab), it is in disagreement with the evolutionary track, but
in agreement with the value of log g5 inferred from normalised spectra
(Hy). The instability region of pulsations (8 Cep type, order £ = 0)
is indicated as grey area. Other modes (¢ = 1,2,3) can be found in a
very similar region (Paxton et al. 2015). Both Aal, Ab components are
located here, and they can exhibit photometric variability attributed to
pulsations.

2008)) and the separation of the inner orbit in the sky, giving di-
rect constraints on the size of the orbit, helping to resolve any
discrepancies in the masses measured between this study and
other similar studies of ¢ Ori.

A comparison of ¢ Ori with other bright stars in the Orion
belt (see Table 3) shows that o Ori has a similar architecture
(((Aa+Ab)+B)+C)+D+E, and even a very similar angular scale
(Simén-Diaz et al. 2015). All of its components seem to be less
evolved."> On the other hand, ¢ Ori exhibits an angular scale
about 10 times larger and has the primary evolved in an O su-
pergiant (Hummel et al. 2000). In this sense, & Ori, which seems
to be a single variable B supergiant (Puebla et al. 2016), may
represent an even more evolved object.

Given the fact that all these stars (0, &, £, o) are the most
massive within the Orion OB1b association, they might have en-
countered and perturbed (destabilised) each other. Again, a pos-
sible convergence of their proper motions will be analysed in
future work.
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Appendix A: Secular rates for § Ori A

We used the standard Gauss equations to estimate the secu-
lar rates for the 6 Ori A system. A perturbation due to the
quadrupole moment J, = —Cy of the primary induces a pre-
cession of the argument of pericentre:

5 -1
an—Bmh( )JﬁJL—, (A
a 4]71
and the longitude of the node:
. 3 R i
O = -2nis ( ! ) =1, (A2)
2 a r]l

where n; = ,/G(m]+m2)/a?, m=4Jl- e%, and 7 is the inclina-

tion with respect to the primary equator. Otherwise, the notation
is the same as in Table 11. Forz] — 0,1 — 0, J, > 0, we would
have @) > 0, Q) <0, @) = =2Q;.

The quadrupole moment is determined by the internal struc-
ture:

Sy =—

f plr?P»(cos 6)dV, (A.3)
\%

mlR%

where the Legendre polynomial P,(x) = %(3x2 —1). For a homo-
geneous body, it would be related to the ellipticity (Fitzpatrick
2012)'7:

2
Jz = —gé‘o . (A4)
For a rotating body, it is related to the Love number!®
0 \2
h—b(o), (A.5)
no

where € is the angular rotation frequency; ngy, the mean mo-
tion at the surface. Assuming J, = 1.8 - 107* results in @ =
1.47degy™!, Q = —0.73 deg y~!, where the node circulates with
respect to the primary equator, but it only librates with respect to
the observer plane.

For the binary Aal+Aa2 (acting on a mass-less particle), the
equations should be modified as follows:

5co82i, — 1

Wy = +3nyJ. s A.6

2 2 2(a2) e, (A.6)
3 ay\* cosi

Sb=——mb(l) =y (A7)
2 ay 772

where the inclination 7, is with respect to the binary. The effec-
tive quadrupole moment is:

1 mpmy

hh=o———
2T 2 (my +my)?

(A.8)
because the respective radius (|r] = a;) is the same as the ref-
erence radius (R = a;). Given that J, = 0.109, and the ratio of
ai/a, = 0.002, the precession rates should be of the order of
10 %degy".

7 1) = R(1 — 2/3gyPy(cos )
18 approximately, 0.02 for the Sun; 0.3 for the Earth, Jupiter, or an M-
dwarf; up to 0.75 for incompressible fluid
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Fig. B.1. Comparison of the observed MOST (blue) and synthetic
( ) light curve. The residuals are plotted in red. Apart from the
eclipses, the light curve contains large-amplitude oscillations (not in-
cluded in our model); uncertainties 0.01 mag were thus assigned to all
data points.

However, for the massive triple system (Aal+Aa2)+Ab, we
used the theory of Breiter & Vokrouhlicky (2015); for the longi-
tudes of pericentre and node:

. 3 n2 ms n2
Wy = _

8 7]2 mi+mp+ms ny

in J sin 2J
3cost/ — 1 — yom- o . (A9)
1+vycosJ++/1+y2+2ycosJ

. 3n, ms ny
Q) = ——cost/1+72+27cosJ, (A.10)

4 ;72 my+my+msz ny
where m| = mimy/(mi+my), my = (mi+my) mz/(m+my+ms)

denote the reduced masses; L; = m’lnla%, L, = m’znza%, the an-
gular momenta; cos J = cosij cos i + sinij sinip cos(Qd; — ),
the mutual inclination; and y = L1 / (LGz) Assuming parameters
from Table 11, @, = 3.4-10°degy™', Q> = 8.5- 107 degy ™',
which is neghglble on the observat10nal time span. All these ef-
fects were nevertheless included in our numerical N-body model
(Sect. 9).

Appendix B: Supplementary figures and tables

In Tables B.1 and B.2, we present more details on the spectral
data sets discussed in Sect. 2.1. In Table B.3, we report param-
eters derived for the 8 seasons observed by the BRITE satel-
lites. The LC from our three-body model (Sect. 9) is shown in
Fig. B.1. Individual contributions to y?> computed for an exten-
sive set models of ¢ Ori is shown in Fig. B.2.
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Table B.1. Details on spectra from the coudé focus of the Ondfejov 2m reflector in the blue region. The RVs were determined during the spectral
disentangling (three-step method) in KOREL.

T Exposure time S/N  Heliocentric correction RV, ORry, RV, ORv, RV; ORv,
[HID — 2400000] [s] [kms™'] [kms™!'] [kms™'] [kms!'] [kms!'] [kms!'] [kms']
55836.5692 1113 2353 26.2335 -13.03 1.73 101.44 1.48 17.25 1.72
55836.5827 1131  268.3 26.2097 -13.29 1.52 100.76 1.30 16.46 1.51
55836.5963 1129 2173 26.1849 -13.97 1.87 104.81 1.60 17.91 1.86
55836.6137 1250  238.0 26.1517 -14.86 1.71 108.90 1.46 17.19 1.70
55836.6287 1265 236.2 26.1222 -17.11 1.72 115.37 1.47 17.70 1.71
55836.6434 1174 254.2 26.0929 —19.88 1.60 113.68 1.37 15.16 1.59
55837.5877 1124 2143 26.0588 -94.63 1.90 278.78 1.63 16.35 1.88
55837.6016 1134 239.5 26.0328 -96.07 1.70 280.05 1.45 13.32 1.69
55837.6152 1150 2327 26.0064 -95.62 1.75 279.59 1.50 14.24 1.74
55837.6294 1218 237.1 25.9784 -98.09 1.71 278.48 1.47 13.54 1.70
55871.5969 1999 217.1 16.9755 -79.45 1.87 251.90 1.60 17.42 1.86
55893.4601 1662 226.5 79171 36.33 1.79 -31.61 1.54 17.48 1.78
55893.4820 2003 225.8 7.8667 36.04 1.80 -25.90 1.54 11.27 1.79
55953.4009 1916 2249 —19.2387 -11.07 1.81 91.43 1.55 15.22 1.80
55953.4226 1766  243.8 —-19.2836 -9.87 1.67 87.03 1.43 12.58 1.66
55953.4508 1599  250.2 —19.3381 -7.24 1.62 79.34 1.39 14.11 1.61
55953.4692 1503  252.0 —-19.3704 -5.12 1.61 75.37 1.38 14.21 1.60
55953.4871 1468  216.3 -19.3992 -1.59 1.88 71.30 1.61 14.07 1.87
55956.3498 3561 230.1 —-20.1601 58.08 1.77 -72.93 1.51 11.98 1.75
55959.2469 2134 230.6 -20.9128 4.46 1.76 68.90 1.51 14.61 1.75
55977.3276 2165 209.0 -25.6205 86.76 195 -121.98 1.67 14.70 1.93
55990.3318 4872 206.6 -27.3138 96.47 197 -152.94 1.69 14.40 1.95
55991.2779 1466  258.1 —27.2883 -5.95 1.58 77.34 1.35 14.43 1.56
55992.2949 1415 199.3 -27.3830 -93.85 2.04 278.69 1.75 18.81 2.03
56003.3328 1200 186.8 -27.6165 -72.08 2.18 231.46 1.86 12.62 2.16
56011.3498 1361  142.0 -27.1206 54.90 2.86 -52.75 245 17.89 2.84
56167.6213 2054 154.9 26.1472 118.69 2.62 —195.80 2.25 15.19 2.61
56241.4709 2405 199.5 15.4295 112.55 1.86 —178.56 1.59 6.27 1.85
56257.4224 2287 219.6 8.5701 13.12 1.85 42.02 1.59 16.01 1.84
56257.6273 3324 227.7 8.1164 35.28 1.79 -5.17 1.53 13.21 1.77
56330.3789 1399 2455 —22.8962 -91.20 1.66 271.45 1.42 16.21 1.64
56354.3038 3112 2415 —27.1587 -50.33 1.54 180.31 1.32 5.28 1.53
56357.3761 1138  170.5 —27.5049 88.62 2.38 —124.65 2.04 15.73 2.37
56596.5631 1415 2124 19.1204 98.83 191 -147.64 1.64 17.80 1.90
56608.6423 2196 181.0 14.3991 121.15 225 -201.59 1.92 13.34 2.23
56609.4312 3840 166.5 14.4441 93.94 244  -153.01 2.09 19.46 243
56621.6375 6298 264.2 8.7784 22.16 1.54 14.69 1.32 14.10 1.53
56629.6451 5211 2323 5.0123 -30.90 1.75 135.90 1.50 15.84 1.74
56642.5644 2340 236.0 —1.1527 103.79 1.72 —163.06 1.48 14.29 1.71
56643.3817 2365 218.8 —1.2259 121.57 1.86 —-196.79 1.59 12.93 1.85
56643.6078 4554 246.3 -1.7159 110.68 1.51 —198.65 1.29 19.58 1.50
56666.3166 2968 197.2 —11.9535 120.06 2.06 -196.17 1.77 16.15 2.05
56666.4940 5013  237.6 —12.3482 120.37 1.56 —187.88 1.34 8.33 1.55
56704.3508 2793  279.8 -24.9170 -15.22 1.45 90.44 1.25 13.73 1.44
56714.2672 2292 260.6 —26.4964 -77.91 1.56 246.02 1.34 16.17 1.55
56719.3096 3214  240.8 -27.1475 -1.73 1.69 79.65 1.45 18.73 1.68
56721.3496 2993  256.5 -27.3779 -32.32 1.59 140.09 1.36 16.81 1.57
56737.3202 629 2263 —27.4373 -93.55 1.80 265.23 1.54 15.84 1.78
56738.3020 2404 184.0 -27.3532 -58.28 2.21 194.34 1.89 15.57 2.19
56746.2894 1392 199.8 -26.5682 120.01 2.03 -201.76 1.74 16.48 2.02
56928.5832 1652 221.9 26.6856 59.66 1.83 -64.14 1.57 14.96 1.82
57105.2900 1986 205.6 -27.2198 —45.65 1.98 170.70 1.69 12.24 1.96
57106.2877 565 118.5 -27.1303 60.16 343 -62.99 2.94 14.03 3.41
57106.3182 1784  166.9 -27.1696 63.36 2.44 -69.25 2.09 16.40 2.42
57116.3066 1651  156.0 —25.8607 —-88.80 2.61 254.62 2.23 11.35 2.59
57128.2762 1434  158.1 —23.3452 —-39.86 2.57 158.43 2.20 14.13 2.55
57297.5482 3202 187.7 26.2886 83.80 2.17 —113.55 1.86 20.79 2.15
57364.5793 2224 219.8 2.9803 85.92 1.85 —124.80 1.58 14.50 1.84
57445.3477 3194 2184 -26.6982 114.68 1.86 —185.19 1.60 16.60 1.85
57464.3540 6102 211.3 -27.6372 18.76 1.92 28.03 1.65 15.26 1.91
58389.5221 2398 176.3 26.7622 -29.27 2.31 132.85 1.98 16.06 2.29
58390.6224 161 79.9 26.4953 81.98 5.09 -114.83 4.36 15.47 5.05
58390.6416 3001 1745 26.4581 85.89 233 -118.96 2.00 17.81 2.31
58402.5225 2556  171.8 24.7883 108.15 237 -177.53 2.03 16.77 2.35
58405.5661 2701 1933 24.0578 —-89.81 1.92 273.70 1.65 6.62 1.91
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Fig. B.2. Contributions to y? for a set 100 best-fit models of ¢ Ori. Individual contributions are shown in the panels (from top left): astrome-
try (SKY), RV, eclipse timings (ETV), eclipse duration (ECL), normalised spectra (SYN), SED, light curve (LC), and total. Every simplex was
initialised with a different combination of the gravitational accelerations log g;, log g3, which were kept fixed to obtain a regular grid. All other
parameters were free. The number of convergence steps was limited to 2000, consequently, 200000 models were computed in total. Axes corre-
spond to the values of log g1, log g3, colours to y? (see also tiny numbers). The colour scale was adjusted as follows: cyan the very best fit for a
given data set, blue acceptable fits (<3.0 min y?), orange poor fits (=3.0 min x?). The factor was 1.5 for the SKY, total; and 30.0 for the ECL data
set. ‘Forbidden regions’ can be seen, in particular, large log g;, log g5 due to the SYN, SED, or large log g; due to the ECL, LC. The weighted very
best fit is denoted by the red circle.
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Table B.2. Details on ELODIE and FEROS spectra in the blue region. ELODIE is at the upper part of the table, FEROS at the lower part. The RVs
were determined during the spectral disentangling (three-step method) in KOREL.

T Exposure time S/N  Heliocentric correction RV, ORry, RV, ORv, RV; ORv,
[HID — 2400000] [s] [kms™'] [kms™!'] [kms™'] [kms!'] [kms!'] [kms!'] [kms']
50033.5779 187.13 86.9 14.76 126.27 427 -206.96 3.66 18.15 4.24
50033.5920 333.78 99.6 14.72 123.38 373 -206.12 3.19 16.55 3.70
50435.4013 120.50 1029 -1.87 112.98 361 —184.64 3.09 20.89 3.58
54136.5830 30 2953 -22.15 22.27 1.26 4.33 1.08 14.51 1.25
54809.7226 20  216.8 2.19 76.14 1.71 -101.90 1.47 15.43 1.70
54809.7238 20 2134 2.19 76.02 1.74 -101.64 1.49 15.43 1.73
54809.7255 20 219.8 2.19 72.08 1.69 -100.56 1.45 12.72 1.68
54953.4599 30 2320 —-18.33 27.82 1.60 6.80 1.37 15.67 1.59
54953.4615 30 216.8 -18.33 27.35 1.71 10.92 1.47 10.76 1.70

Table B.3. Results of eight phoebe2 models of ¢ Ori. LCs from eight individual seasons S. (Table 8) and all RVs were used to constrain the
models. We assumed a fixed value of the temperature 7', and the third light /5. The uncertainties are the same as in Table 9.

Parameters ~ S. 2013 S.2014 S. 2015 S. 2016 S.2017 S.2018 S. 2020 S.2021  All seasons
T, [HID] 733.8355*  733.8355*  733.8412*  773.3830*  733.8412*  733.8359*  733.8343*  733.8447* 733.8340*
T, [K] 31000 31000f 31000f 31000f 31000f 31000f 31000f 31000f 31000f
T, [K] 23477 23371 23055 22709 23055 23455 22577 21825 22940
Ry [Ro] 12.96 12.79 12.78 13.27 12.78 12.82 12.95 12.61 12.87
R, [Ro] 3.69 3.47 3.54 3.70 3.54 3.43 3.75 3.39 3.56
i [°] 79.21 79.48 79.46 71.67 79.46 79.53 78.85 79.55 79.15
Sy 1.00631 1.00489 1.00556 1.00786 1.00872 1.02264 1.00430 1.00455 var
Sk 1.00375 1.00355 1.00872 1.00841 1.00361 1.02431 1.00342 1.00640 var
my [Me] 18.06 18.08 18.08 18.07 18.08 17.22 18.05 18.08 17.97
my [Mo] 8.40 8.38 8.42 8.47 8.42 8.06 8.38 8.34 8.35
el 0.0843 0.0845 0.0900 0.0824 0.0903 0.0881 0.0861 0.0851 0.0864
w [°] 133.5 132.9 131.0 130.0 131.0 129.0 134.0 135.91 129.86
wy [° yr'] 1.45° 1.45° 1.45° 1.45° 1.45° 1.45 1.45 1.45 -
y [kms™] 19.27 19.02 19.33 19.78 19.33 19.71 18.93 19.52 19.36
b 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f -
Iy 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f 0.273f -
Pz 661 683 1051 604 1003 877 1310 1176

Xics 195 174 598 153 280 392 895 61

Xer 201 254 180 200 463 217 160 284

Xayi 197 188 206 184 192 200 186 207

Xy 68 66 67 67 68 68 69 77

Notes. * —2457000 HID. The explanation of variables is the same as in Table 9. " indicates the respective parameter was fixed. var denotes variable
values for each season (they were between 1.004 and 1.010). For each season, the numbers of data points were: Ny, = 321, N cg = N cr = 100,
NRVI = 7], and NRVZ =50.
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4. VLTI observations of the Orion
Belt stars: 1. € Orionis

In the following study, we obtained, reduced, and calibrated interferometric measurements
from our successful ESO proposal (ID: 112.25JX, PI A. Oplistilova) for the VLTI. We
chosed an extended configuration (=~ 130m) that is available from 2020. We constructed
a single star model for € Ori using PIONIER interferometry, alongside high-resolution
spectroscopy. The interferometric data imply that the star has a very oblate shape,
similar to Achernar (a Eri; Domiciano de Souza et al., 2003) or Altair (o Aql; Monnier
et al., 2007), less massive stars from the neighbouring constellation.
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ABSTRACT

Context. Massive stars play a decisive role in the evolution of the Universe. They are the primary sources of ionising radiation,
generate strong stellar winds affecting the interstellar medium, and ultimately end their lives as supernove, ejecting synthesised,
r-process elements.

Aims. In order to constrain their current state and structure, we need sufficiently complex models, constrained by astrometric, interfer-
ometric, and spectroscopic observations. However, they are not available for distant stars. Instead, we focused on the nearest massive
stars in the Orion Belt.

Methods. We obtained VLTI interferometric observations of Orion Belt stars and calibrated visibility data from the GRAVITY and
PIONIER instruments. Additionally, we obtained spectroscopic data from the CFHT and CTIO observatories. For modelling, we used
a modified version of PHOEBE2, extended with new interferometric and spectroscopic modules. To describe non-spherical, rotating,
or Roche-like stars, integrals over triangular meshes have to be computed, using extensive grids of synthetic spectra (OSTAR, BSTAR,
ATLAS). For fitting, we used the simplex algorithm and y* mapping of the parameter space.

Results. In this paper, the first in a series, we present single-star models of the BOIa supergiant & Ori. Interferometric visibilities
indicate that the star is not spherical but rotating close to its critical velocity. The preferred distance, d = (384 + 8) pc, corresponds to
the median of distances for the Orion OB 1b association. Specifically, we obtained the following parameters: mass m = (28.4+2.0) M,
equivalent radius R = (27.6 = 1.5) R, (the polar and equatorial values were 22.3 R, and 33.6 R, respectively), effective temperature
Ter ~ 25000 K, inclination of the rotation axis i ~ 45 deg, longitude of the ascending node (of the equator), Q ~ 300 deg, and period
P = 4.3:1):8 d. This ‘compromise’ model provides a reasonable fit to wind-free Balmer line profiles (Hy, HJ, He, etc.), but there is
still some tension between interferometric and spectroscopic datasets, corresponding to a faster- vs. slower-rotating star.
Conclusions. Our fast-rotating model implies that circumstellar matter should be naturally present, in the form of wind or disk, and
contribute to continuum radiation. The fast rotation of & Ori is compatible with a merger, formed from a multiple system of comparable

©ESO 2025

mass, like 6, ¢, or o Ori.

Key words. Stars: massive — Techniques: interferometric — Stars: individual: & Ori — Stars: individual: Orion’s Belt

1. OB stars in the Orion Belt

OB stars live relatively short—only a few millions or tens of
millions of years, yet they are crucial cosmic engines with in-
fluence on the Universe that outlasts their lifetimes. They ex-
ert strong feedback on their environment; not only as sources of
energy, ionising photons, chemical elements—through winds or
core-collapse supernova explosions (Clayton 1983)—but also as
precursors of neutron stars, black holes, and consequently grav-
itational wave sources (Marchant et al. 2021).

Most likely precursors include overcontact binaries
(Almeida et al. 2015), X-ray binaries (Atri et al. 2019), quies-
cent binaries (Shenar et al. 2022), or pair-instability supernovae
(Renzo et al. 2022). Various formation channels must be con-
strained by photonic observations. The distribution of black hole
masses (Abbott et al. 2021) indicates a hierarchical merging.
This is complicated by ‘kicks’ of the order of 100 km/s, during
explosions (Wongwathanarat et al. 2013) or mergers (Shenar
et al. 2022). The kicks can be compensated by the escape veloc-

Send offprint requests to: A.O.,
e-mail: alzbeta.oplistilova@gmail.com

* Based on ESO proposal Programme ID:
Oplistilovd

112.25JX, PI A.

ity from nuclear clusters or the escape velocity from multiple
systems, where the radial velocities (RVs) of components are
comparable to the kick velocities.

The very characteristic of massive stars is multiplicity; 90%
of massive hot OB stars possess at least one stellar companion
(Sana et al. 2014; Sota et al. 2014; Maiz Apellaniz et al. 2019;
Pauwels et al. 2023), which influences their evolution throughout
their lives. Yet, some stars remain single (e.g. € Ori), even though
they share the same birth environment with multiple systems.
Considering the possible interactions among stars, they might be
the result of a more complicated evolutionary process, includ-
ing mass transfer or mergers resulting from close encounters be-
tween stars.

The evolution of massive stars still remains poorly con-
strained by observations. The primary kind of observation con-
straining diameters is long-baseline interferometry. While the
most massive stars in the Large Magellanic Cloud, e.g. BAT99-
98 with M~200M, located in the Tarantula nebula (30 Dor)
(Hainich et al. 2014; Kalari et al. 2022), are too distant (50 kpc)
for interferometric measurements, the Orion OB1 association at
about 400 pc from us seems to be a perfect region for the inves-
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tigation of questions related to the birth of OB stars and their
evolution.

The brightest stars in the Orion Belt, members of the OB1b
Orion association, ¢ Ori, ¢ Ori, o Ori, and € Ori with individual
component masses of up to 35 My (Hummel et al. 2013; Schae-
fer et al. 2016a; Puebla et al. 2016a; Oplistilovd et al. 2023)
represent massive stars that are accessible to the most advanced
optical interferometers. The parallaxes of faint stars surround-
ing the aforementioned bright stars were measured in Gaia DR3
(Gaia Collaboration et al. 2021); the corresponding distances are
all around 0.38 kpc (Oplistilova et al. 2023). It is thus possible
to measure their angular separations and angular diameters.

In this first paper, we focus on £ Ori (Alnilam, 46 Ori, HD
37128), which is the largest and brightest star in the Orion Belt.
Based on photometric measurements taken at the Hvar Obser-
vatory (Bozi¢ & Harmanec 2023), its standard magnitudes are:
V = 1.691 mag, B = 1.509 mag, and U = 0.495 mag. It is clas-
sified as a BOIa blue supergiant and represents the only massive
single star in Orion’s Belt. Its mass of about 30 M, (Puebla et al.
2016a) is similar to the total masses of the other multiple sys-
tems in Orion. Also, it has an intense wind (Puebla et al. 2016a)
and a mass-loss rate of up to M = 5.25 - 107° Mg yr~! (Repolust
et al. 2005). It might be the case that £ Ori is a post-mass-transfer
object, and represents a future evolved state of multiple stellar
systems in Orion. For this reason, we include a brief discussion
of the relevant systems, d, , and o Ori, to enable comparison of
their masses, radii, spectral types, etc.

60ri (Mintaka, HD 36486, HR 1852/1851) is our clos-
est massive multiple system consisting of five components
in total: [(Aal + Aa2)+ Ab]+(Ca+Cb). The triple star A
(09.511+ B2V +B01V) has the periods P; = 5.732436d, P, =
55450d and the mass 17.8 + 8.5 + 8.7 ~ 35M, (Oplistilova
et al. 2023). The primary (Aal) is an unusually evolved O-type
star. The star has been studied in a series of papers by Cor-
coran et al. (2015), Pablo et al. (2015), Nichols et al. (2015),
and Shenar et al. (2015). We have already constructed a model
of §0ri A (Oplistilova et al. 2023), based on diverse obser-
vational data (photometry, astrometry, radial velocities, eclipse
timings, eclipse duration, spectral line profiles, and spectral-
energy distribution), with the exception of interferometry, as pre-
vious VLTI/AMBER data were not usable. One conclusion from
that study was that the compact binary Aal+Aa2 is a pre-mass-
transfer object, while the tertiary seems to be unusually inflated
(according to its log g and the HR diagram).

ZOri (Alnitak, 50 Ori, HR 1948/1949) consists of four
components [((Aa+ Ab)+B]+C, also includes a triple star
09.7I1b+B0.5IV+BOII and, in particular, a double-lined
spectroscopic binary with the mass 33 + 14 ~ 47 M, (Hum-
mel et al. 2000). The 2 mag fainter companion Ab with the pe-
riod P; ~ 2687 d, mean separation of 45 mas, and eccentricity
e; = 0.338 was discovered by Hummel et al. (2000). The pri-
mary Aa is the only known magnetic O-type supergiant. Tertiary
B has a fast rotation of 350 km/s, separation of 2.4 arcsec, period
P> = 1509 yr, and eccentricity e, = 0.07.

Finally, o Ori (48 Ori, HD 37468, HR 1931) has six com-
ponents [(Aa+ Ab)+B] + C + D + E of spectral types
[(09.5V +B0.5V) + A2V]+B2V + B2V+ ?. The triple star has
masses of 17 + 13 + 12 ~ 42 M,,. Binary A (P; = 143d) and
component B form a visual pair with P, ~ 160 yr. The angular
separations of all components are 4.3 mas, 260 mas, 11 arcsec,
13 arcsec, and 42 arcsec, respectively. Unlike 6 Ori, the inner or-
bit of o-Ori is eccentric, while the outer is circular (Schaefer
et al. 2016b). According to Schaefer et al. (2016b), the expected
angular diameters are 0.27 and 0.21 mas for Aa and Ab, respec-

Article number, page 2 of 16

tively. The system has already been observed by interferometers
such as CHARA/MIRC, NPOI, and VLTI/AMBER; however,
the diameters were unresolved.

In 2023, we succeeded with the ESO proposal (Programme
ID: 112.25JX) to observe ¢, 0, £, and o Ori with the Very Large
Telescope Interferometer (VLTI). The main goal was to resolve
the angular diameters of individual components to constrain
complex models of the stellar systems.

2. Observational data

Hereinafter, we describe the observational datasets, including in-
terferometry from VLTI instruments, spectroscopy from CFHT
and CTIO, together with other datasets used for modelling & Ori.

2.0. VLTI/GRAVITY interferometry

In our two runs of Programme ID: 112.25JX, (PI A. Oplistilova,
12h + 1h) —in phase 112, running between 1/10/23 and 31/3/24
at Cerro Paranal in northern Chile, we obtained observations of
Z, o, and 6 Ori with the GRAVITY instrument (Eisenhauer et al.
2011; GRAVITY Collaboration et al. 2017) and observations of
€ Ori with the PIONIER instrument (Le Bouquin et al. 2011).

Both runs were performed in service mode. Such data should
enable us to fit stars’ angular diameters and angular positions
with up to 10-microarcsecond accuracy.

For observations with GRAVITY, we requested 12 concate-
nations, each including 2 observing blocks (OBs), science target
and calibrator (CAL-SCI). Each concatenation lasted 1 h; thus,
we obtained observations on four different nights for each tar-
get, 12 hours of observations in total, We chose the extended
configuration, which made these observations possible for the
first time, and the high spectrometer resolution. The observa-
tions (snapshots) were in on-axis mode, with automatic fringe
tracking, adaptive optics with Coude guiding, and standard cali-
bration. For § and o Ori, we set the Wollaston spectrometer out
and for £ Ori, in. Otherwise, the brightest object £ Ori would be
saturated. All our three targets were very bright; therefore, we
used the auxiliary telescopes (ATs) and allowed for the worst
weather conditions when observations are possible, which were
a seeing <1.4 arcsecs, variable sky with thin cirrus, and an air
mass of 1.6.

We performed the calibration using the EsoReflex GRAV-
ITY pipeline (Freudling et al. 2013). The essence of calibration
is to compare the visibilities of calibrators (see Table 1) with the
theoretical visibilities of a uniform disk, which is described by

2 J1(mOVu? +1?)
rOVZ+2
where J; is the Bessel function of the first order, the square root
Vu? + v2 corresponds to the length of a baseline, and 6 is the an-
gular diameter of a star. The visibility function for a uniform disk
is the simplest model, but it is sufficient for the calibration pro-
cess. The larger the diameter, the faster the visibility drops. The
comparison of theoretical and observed visibilities is expressed

by a transfer function as the ratio of the calibrator’s squared vis-
ibilities and theoretical squared visibilities for a uniform disk

uu, v) = ey

V2
TF = VT )
UD

The transfer function is used to reduce raw uncalibrated data; the
reduced data V2 are the ratio of raw data and the transfer function
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Fig. 1. Coverage for interferometric measurements showing the squared visibility V? vs. baselines (u, v) = B/ in cycles per baseline. Individual
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For all three objects, we obtained squared visibilities mea-
sured on six baselines, covering the wavelength range from
1.95 um to 2.45 um. The coverage of measurements in uv-planes
for each target is shown in Fig. 1, and examples of reduced
squared visibilities V> and the corresponding calibrators’ visi-
bilities are in Fig.2. We also obtained closure phases for four
triangles composed of those six baselines. We checked the clo-
sure phases of calibrators; they were close to zero as expected.

In the case of £ Ori and its calibrator, we obtained two po-
larisation directions, P; and P,, thanks to the Wollaston prism.
However, since the object does not have a strong magnetic field,
we cannot use the polarimetric data to determine any properties.
The Wollaston prism was used just to prevent saturation of this
bright target.

2.1. VLTI/PIONIER interferometry

With the PIONIER instrument, we proposed a single concatena-
tion composed of three observing blocks (CAL-SCI-CAL) and
obtained six interferometric measurements of € Ori on six base-
lines, within one hour of observing time. This resulted in a to-
tal of 36 squared visibility and 24 closure phase measurements.
To get this snapshot, we applied for the grism as the disperser
for PIONIER. The PIONIER instrument works in the H-band
(1.52-1.76) um, which delivers a better angular resolution than
GRAVITY for measuring a single star. The target is very bright;
thus, observations could be conducted under relaxed weather
constraints: seeing <1.15 arcsec, variable sky with thin cirrus,
and an air mass of 2.0. Data reduction was performed using the
Pndrs software (Le Bouquin et al. 2011). The uv-plane cover-
age is shown in Fig. 1, and the reduced squared visibilities V>
together with those of the calibrator ¢ Lep are in Fig. 2.

2.2. CTIO/CHIRON and CFHT Spectroscopy

We obtained four echelle spectra of spectral range (4504—
8900) A at the Cerro Tololo Inter-American Observatory (CTIO)
with the 1.5-m reflector using the highly stable cross-dispersed
echelle spectrometer CHIRON. We used the fibre mode with the
resolution of R ~ 25 000. A preliminary reduction to 1-D spectra
was carried out at CTIO (Tokovinin et al. 2013). We performed

Table 1. Epochs of interferometric observations and uniform-disk di-
ameters (UDD) of calibrators. The values were taken from the VLTI or
PIONIER pipelines, or recalibrated by us in the case of { Ori.

Star T [HID] Calibrators UDD,, [mas]

2460268.66081427
. 2460270.66197214

6 Ori
2460271.64182168

2460300.59365039

HIP 26149 0.6658

2460269.65275756
2460271.75297908
2460300.67146289
2460317.64698373

1.9350

¢ Ori HIP 26108

2460268.82653117
o Ori 2460271.72554332
2460317.61074530

2460318.55852424

HIP 26174 0.6419

eO0ri  2460268.50080073 0.7950

{ Lep

rectification using the reSPEF02 software written by A. Har-
manec'.

Additionally, we used four spectra measured by the 3.6-m
Canada-France-Hawaii Telescope (CFHT), located near the
summit of Mauna Kea on Hawaii. The spectra from the
ESPaDOnS instrument cover the region of (3815-6600) A and
have the resolution of 68 000. These archival spectra have rel-
atively low uncertainties in the normalised intensity, less than
0.01, corresponding to photon noise for bright stars. Due to re-
maining rectification systematics, we added a value of 0.01 to
uncertainties.

2.3. Spectral-energy distribution (SED)

To compute SED, we downloaded absolute fluxes from the pho-
tometric catalogues in the VizieR tool (Allen et al. 2014). We
selected all measurements within the wavelength range of the
BSTAR absolute synthetic spectra. Specifically, we obtained
measurements between 0.353 and 2.1 um in the standard John-
son photometric system (Ducati 2002), and measurements from
Gaia DR3 (Gaia Collaboration 2020), and 2MASS (Cutri et al.
2003). We omitted clear outliers and multiple entries. For mea-

! https://astro.troja.mff.cuni.cz/projects/respefo
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Fig. 2. Examples of raw visibilities of the calibrators and reduced squared visibilities V2 of the science targets, &, 9, £, and o Ori. Measurements

are from nights: 20 November 2023, 22 November 2023, 8 January 2024, 23 November 2023, respectively. Left column: calibrators and the
corresponding Bessel functions with the calibrator’s diameters plotted for reference (magenta). Right column: science targets with obvious signals
from companions. For the single star € Ori, the signal suggests an elongated or non-spherical shape, unlike the calibrator { Lep, which exhibits a

perfectly spherical shape. Colours correspond to individual baselines.
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Fig. 3. Comparison of DIBs’ intensities for £ Ori and stars which are close on the sky. (HD 37140, and HD 36628). The most distant star has
the deepest DIBs, while the star with the lowest distance has very weak DIBs. The spectrum of & Ori also shows weak DIBs, which suggests its
distance is lower than 420 pc. The spectra were taken from public archives of CFHT and ESO.

surements without reported uncertainties, we assumed the value
of 0.02mag. Hipparcos measurements were not used due to
underestimated systematic uncertainties. The final dataset con-
tained 13 data points see Table C.1.

To compute the reddening Eg_y for £ Ori, we used the differ-
ential photometry measured in October 2006 and February 2024
(2454015.6-2460362.4 HID) at the Hvar Observatory (BoZi¢ &
Harmanec 2023), namely, the observed colour index (B — V) =
—0.192 mag. For the corresponding spectral type BOIa, the in-
trinsic colour is (B — V) = —0.240, according to (Golay 1974),
consequently, Ep_y = 0.05mag and Ay = 0.155 mag, which is
in agreement with Fan et al. (2017) and negligible in the infrared.

For the construction of SED, we also used calibrated UBV
photometry from the Hvar differential archive. It contains 21 ob-
servations secured in 2006 by Petr Harmanec, Domagoj Ruzd-
jak and Davor Sudar, and 4 observations secured during one
night in 2024 by Hrvoje BoZi¢. We use the mean values of all
25 observations, U = 0.479 + 0.025, B = 1.487 + 0.034, and
V = 1.679 + 0.018. The SED data were calculated using the
wavelengths from Bessell (2000) and calibration fluxes from
Wilson et al. (2010). The resulting values of SED are in Ta-
bleC.1.

2.4. Parallax

As £Ori is too bright, it saturates Gaia’s detector, designed pri-
marily for stars fainter than G = 6 mag, and its parallax measure-
ments are not reliable. Hipparcos parallaxes were less precise;
Perryman et al. (1997) estimated the distance of 412 pc, while
van Leeuwen (2007) 606 pc. Instead, in Oplistilova et al. (2023),
we used Gaia DR3 parallaxes of the faint stars in the same stel-
lar association (Orion OB 1b). We assumed that the most massive
stars are located close to the median distance. Then the distance
of £Ori should be close to d ~ 384 pc, which is just intermedi-
ate between the other Orion Belt stars, { Ori (386 pc) and 6 Ori
(381 pc).

As a verification, we checked diffuse interstellar bands
(DIBs). Their strength depends on the interstellar medium, not
on a spectral type, and is correlated with the colour excess Eg_y,
which quantifies the amount of dust/reddening along the line
of sight (Friedman et al. 2011). We assumed that the interstel-
lar medium in the direction of £Ori has similar properties to
other stars close on the sky. We used the same methodology as
Guinan et al. (2012); we selected two stars (Table 2) that are not
in a dusty region according to the WISE map (Baumann et al.

2022) and have both Gaia parallaxes and high-resolution spec-
tra in public archives. Then, we compared the strengths of their
DIBs (Fig. 1). The star HD 37140 shows significant DIBs at
the distance of (420 + 9) pc, while HD 36628 shows no DIBs
at (242 + 2) pc. Thus, we verified that £ Ori is likely located at
the distance <420 pc, and our previous estimate seems to be rea-
sonable.

Similarly, the colour excess Ep_y is closely related to the
distance. We thus computed Eg_y according to Johnson & Mor-
gan (1953), using U, B, and V magnitudes from Blanco et al.
(1970) and Mermilliod (1994), see Table 2. The colour excess
of £0ri is computed in Sect. 2.3 Moreover, according to Green
et al. (2019)?, there is a sudden ‘jump’ in reddening in this di-
rection, occurring at a distance of 400 pc.

We conclude that the previous distance estimate of about
600 pc is certainly incorrect. The relation of Eg_y, the strengths
of DIBs, and distance of £Ori corresponds to our estimate,
(384 + 8) pc.

Table 2. Distances and reddening of stars, which are close to & Ori on
the sky. The corresponding DIBs observations are shown in Fig. 1.

Star d [pc] Egp_y [mag] Spectral type
HD 37140 420+9 0.256 B8 II*
£0ri 384 (assumed) 0.050 BO1Ia
HD 36628 242+2 0.030 BOIV/V*

Notes. * Houk & Swift (1999)

3. £0ri as a single star

We constructed a single-star model of the B0 Ia supergiant & Ori
using PHOEBE2? (Pr3a et al. 2016; Horvat et al. 2018; Jones
et al. 2020; Conroy et al. 2020). PHOEBE2 employs seam-
less triangular meshes, closely following the generalised Roche
potential. Each triangular element of the mesh is assigned lo-
cal quantities (e.g. temperature, surface gravity, intensity, direc-
tional cosine). The total flux is then computed by integrating over
visible elements. PHOEBE2 incorporates various stellar atmo-
sphere models, which enables a realistic, self-consistent treat-
ment of limb darkening, gravity darkening, as well as rotational

2 http://argonaut.skymaps.info/
3 http://phoebe-project.org
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Table 3. Grid of almost spherical models for & Ori assuming a fixed value of vsini = 70 kms™'. Except for the temperature 7, all the parameters
were determined from interferometry. The values of x% ¢ do not exhibit a significant minimum, because the model is too constrained by v sin .
Then, we kept the determined parameters fixed and fitted the temperature according to the spectroscopic data to find yZ,;. However, synthetic line
profiles were in all cases deeper than the observed ones. The model with the lowest %, and yZ,; is in bold.

i[deg]l m[Mo] QI[deg] Requv[Rol Oequv [mas] Prc[d]l  v[kms™'] wsini[kms™] 3 (11 T[K]l  xgp [10°]
14 22.90 289.7 24.68 0.598 4.31 289 70 11451 25384 13.4
15 23.99 289.9 25.26 0.612 4.72 270 70 11.532 25363 14.7
20 26.06 289.9 26.32 0.638 6.51 205 70 11.658 26366 17.0
30 27.12 290.5 26.85 0.650 9.70 140 70 11.715 26718 18.5
40 27.43 299.4 27.00 0.654 12.55 109 70 11.732 26929 18.9
50 27.58 290.2 27.08 0.656 14.99 91 70 11.740 27962 20.1
60 27.66 299.1 27.12 0.657 16.97 81 70 11.743 27956 20.3
70 27.68 290.5 27.13 0.657 18.43 74 70 11.745 27198 19.3
80 27.68 290.1 27.13 0.657 19.31 71 70 11.747 28041 204
90 27.71 290.0 27.14 0.657 19.62 70 70 11.746 28050 20.4

Notes. i denotes the inclination of the spin axis with respect to the sky plane; m, mass; €, the orientation of star’s equator, as seen by the
observer; Requiv, equivalent radius; 6cquy, angular diameter; Py, rotational period; v, circumference velocity. For models based on interferometry,

the parameters i, log g = 3.0, vsini = 70 km s~!, T = 25000 K were fixed,

while m, Q were free.

Table 4. Grid of non-spherical models of £ Ori without a vsini constraint. Otherwise, )(%IS and )(ng were computed as in Table 3. The best-fit
model based on interferometry is shown in Fig. 6, while the one based on spectroscopy is in Fig. 7.

i[degl m[Mo] QIldeg] Requv[Rol fequv [mas] P [d]l  v[kms™'] wsini[kms™] a3 [11  TI[Kl  xgp [10°]
0 23.75 306.1 25.20 0.610 4.85 None 0 12.188 25300 71.7
10 23.87 307.2 25.26 0.612 4.80 266 46 11.949 25283 31.7
20 2147 290.2 23.96 0.580 3.99 304 104 10.273 24537 1.9
30 23.46 300.6 25.04 0.607 4.07 311 155 8.734 23970 15.4
40 24.96 308.1 25.83 0.626 4.14 316 203 7.363 23378 43.0
50 26.73 300.8 26.73 0.648 4.21 321 246 6.959 22747 68.1
60 28.18 301.3 27.45 0.665 4.27 325 282 6.929 22282 85.8
70 28.58 300.7 27.64 0.669 4.28 326 307 6.967 21997 96.1
80 28.27 298.6 27.49 0.666 4.36 319 314 7.222 22018 100.0
90 28.16 298.1 27.44 0.665 4.44 312 312 7.339 22192 100.0

Notes. The parameters i (range of value), log g = 3.011, and T = 24985 were fixed, while m, Q, P,y free.

N A A O O O
30+ + + —
— 25+ ++ m
éh
FRUSeS .
- T BSTAR grid *
1.5+ OSTAR grid x 7
e ATLAS low log g grid ~ +
1.0 - € Orimodel -
[ T T Y T T T T T S S T [N Y S S S B
10000 15000 20000 25000 30000
T'[K]

Fig. 4. Grids of synthetic spectra BSTAR and OSTAR (Lanz & Hubeny
2003; Lanz & Hubeny 2007), used in our spectroscopic models. Each
spectrum is parametrised by log g and 7. In order to describe also criti-
cally rotating stars (cf. green points), it was necessary to compute addi-
tional ATLAS spectra (Castelli & Kurucz 2003) for low values of log g
and T.

distortion. It is a powerful tool for solving an inverse problem,
constrained by light curves and radial velocity curves, and re-
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cently, it was extended to include interferometry, spectra, and
SED.

A new interferometric module of PHOEBE2* (Broz et al.
2025b) enables computations of interferometric observables—
squared visibility (V?), closure phase (argT3), and amplitude
(IT5|)—by means of the Fourier transform approach. Addition-
ally, a new spectroscopic module (BroZ et al. 2025a) utilises
interpolations in grids of synthetic spectra, assigning one spec-
trum to each element. Again, the total spectrum is obtained by
integrating over all elements, weighted by appropriate passband
intensities. It allows fitting of detailed spectral line profiles.

Visibility. First, we modelled & Ori as a spherical star with fixed
radiative parameters according to Puebla et al. (2016a), namely,
T = (27000+500) K and log g = (3.00+0.05) that they estimated
by the fitting of line profiles of Hg, H,, Hs, Hy. In PHOEBE2,
we set the Kurucz atmospheres, but linear limb darkening coeffi-
cient ¢; = 0.01621 interpolated from van Hamme (1993) tables
for comparison purposes (see below). We assumed the distance
d =~ 384 pc, as discussed in Sect.2.4. We verified the computa-
tion of V2 using the independent implementation of Broz (2017).
The fitting of V? from PIONIER and the convergence of one

4 https://github.com/miroslavbroz/phoebe2
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Fig. 5. Almost spherical model of £ Ori based on PIONIER observations in passband Johnson:H. Left: squared visibility vs. projected baseline
B/ ; right: corresponding triangular mesh with the passband intensities (grayscale). fixed vsini (Puebla et al. 2016b) The model was converged
starting with the parameters from Table 3 (bold line). The best-fit was with X%ns = 11.23. The free parameters were i = 13.6deg, m = 20.3 Mg,

Q = 293.7deg, P, = 4.01d; the fixed parameters, vsini = 70 km s T =

25000K, y = 25.9kms~!; and the derived parameters, v = 298 kms™!,

Requiv = 22.43R;, (derived), Ryole = 22.29 Ry, (derived), Requ = 22.46 Ry, (derived), Oquiy = 0.543 mas. The star is close to critical rotation and has
almost pole-on orientation in order to decrease projected rotation (cf. v sini).
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Fig. 6. The same as Fig. 5, but with free vsini. The model was converged starting with the parameters from Table 4. The best fit model was
with X%ns = 6.928. The free parameters were i = 58.3°, m = 28.0Mg, Q = 301.5deg, P,y = 4.26d; the fixed parameters, 7 = 27 000K,
y = 25.9kms™!; and the derived parameters, vsini = 277kms™, v = 325kms™!, Requy = 27.37Ro, Rpole = 22.29Ro, Requ = 33.61R,,
BOequiv = 0.667 mas, 6. = 0.540 mas, and .4, = 0.814 mas. Again, the star is close to the critical rotation, but with an oblique orientation. This
model better explains the visibilities along different baselines B/A. The meaning of Q is illustrated.

free parameter (m) using the simplex method (Nelder & Mead
1965) resulted in exactly the same X%IIS = 12.1 in both codes

(Fig. D.3). The y? value is smaller than the number of degrees
of freedom v = N — M = 35, which most likely indicates over-
estimated uncertainties of PIONIER observations. In fact, previ-
ous PIONIER observations were more precise (Pietrzynski et al.
2019). If the uncertainties are properly rescaled, the best-fit mass
is m = (23.5 £ 0.5) Mg, corresponding to the angular diameter
6 = (0.615 +0.007) mas and physical radius R = (25.4+0.3) R

Second, we modelled a rotating, almost spherical star. For
simplicity, we used black-body atmospheres to avoid problems
with too low log g values, occurring when the star is close to
the critical rotation (cf. Fig. 4). Nevertheless, we derived the
limb darkening coefficients from the Kurucz atmospheres and set
them manually, with a power-law prescription (Prsa et al. 2016)

I 1 2
L L-—c(l —p?) = el =) —e3(1 = p5) —ca(1 =), (4)

where ¢; = 1.698, ¢ = —4.151, ¢3 = 5.887, ¢4 = —2.525
are suitable for the temperature 7 = 27000 K and logg = 3.0
(Puebla et al. 2016a). We set the bolometric gravity brightening
exponent 8 = 1.0, which corresponds to hot stars (7 > 8000 K),
assuming that the local temperature is proportional to

T= Tpole (g/gpole)()‘zsﬁ s 5)

where g is the local gravitational acceleration. To reveal all pos-
sible minima of y?, we computed a more detailed grid in incli-
nation of the rotation axis (hereafter only ‘inclination’) i. The
orientation of the star is also determined by Q, longitude of the
ascending node (of the equator). We made the parameters m and
Q free, the parameters log g, d, vsini (and i) fixed, while the
dependent parameters Prot, Requivs Bequiv Were constrained by the
following relations

Q)
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Fig. 7. Almost spherical model of £ Ori based on CFHT spectroscopy. Hydrogen Balmer lines were fitted using 1443 data points, excluding H,
and Hg, which are ‘filled’ by wind-induced emission. An interstellar calcium 3968 A for H, was masked. The best fit resulted in XépE = 1770. Free
parameters were Py = 4.551d, T = 25037K, logg = 3.016, i = 21.40deg, and y = 25.00 kms™!. Other parameters were fixed and set according
to interferometry. The derived parameters were vsini = 111kms™' and v = 305kms™'. The dotted lines show laboratory wavelengths, while the
solid vertical lines indicate the Doppler-shifted line centres, corresponding to the resulting . The teal circles denote the points that contributed to
x* with values greater than 10. This model explains reasonably well the Balmer lines, with a few systematics remaining in H,, H,, possibly due to
different metal abundances. The temperature was constrained, and log g was slightly adjusted. However, due to the difference in inclination (i = 21

vs. 62 deg), the interferometric model would become worse, with 3,5 = 16.04.
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Fig. 8. SED model of ¢ Ori based on data from the Hvar Observatory
and Vizier—the monochromatic flux F, vs. wavelength A. The best-fit
value was X%ED = 52 with the following parameters: Tex = 24 654K
(fitted), d = 384 pc (fixed), M = 28.43 M,, (fixed), R = 27.45R, (de-
rived); other parameters were fixed and set according to interferometry.
This model served as an independent verification of the temperature
from the spectroscopic model.

G
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where the value of vsini was set up to 70kms~! (Puebla et al.
2016a).

The converged models for fixed values of i are listed in Ta-
ble 3. Unfortunately, the models were too constrained by the
fixed value of v sin i; the X%/IS dependence on i remained flat over
the full range of i. Formally, the lowest X%’IS value is for the low-
est inclination, i = 14 deg. Lower values of i cause problems in
modelling of edges. For the best-fit model, converged from pa-
rameters with the lowest X%/IS’ see Fig. 5. It is a almost spherical
star close to critical rotation, with almost pole-on orientation.
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To obtain a model that best corresponds to the measured
squared visibilities, we relaxed the vsini constraint and com-
puted another grid in #, using still only the interferometric data.
In this case, there were three free parameters, m, Q, and Pyy.
Our results are summarised in Tab. 4. Fortunately, X%/IS substan-
tially decreased, from 12.2 down to 6.9, and the best-fit model is
again a critically rotating star, seen at an oblique inclination of
i = (58 £ 20)deg (see Fig. 6). On the other hand, the nominal
projected velocity, vsini = 27730 kms™', seems to be too high.

Spectroscopy. To constrain radiative parameters, which were
only assumed in the previous interferometric models, we used
the spectra from CFHT. First, we checked the influence of i, i.e.
v sini, on synthetic line profiles, by computing forward mod-
els for the Balmer lines, H,, Hs, H., H;, H,,, that are not much
influenced by the wind (Puebla et al. 2016a). We used narrow
ranges of wavelengths (+3, 2.5, +4, +5, £5) A, respectively, in
order to eliminate neighbouring lines. Also, we masked one re-
maining interstellar calcium line 3968 A near H..In PHOEBE?2,
we set spe_method to ‘integrate’ and set the interpolation to
nearest-neighbour, to remain within the respective grid (Fig. 4)
and prevent excessive extrapolation. Furthermore, we computed
additional ATLAS synthetic spectra (Castelli & Kurucz 2003)°
for low values of log g and 7', to describe critically rotating stars.
The resulting Xng values for fixed v sin i are listed in Table 3
and for relaxed v sin i, in Table 4. The X%PE contribution to the
total y? is more than 3 orders of magnitude larger than X%/IS be-
cause of the number of measurements. While )(éPE and X%’IS are
the lowest for i = 14 deg in the models with fixed v sin i, there is
a tension between spectra and visibilities for models with relaxed
v sin i, which describes the interferometric data much better.
For comparison, we reconverged a model based only on
spectroscopy, starting from the parameters with the lowest )(éPE
in Tab. 4 (bold); again with relaxed v sin i. The best-fit model is
shown in Fig. 7, corrsponding to /\/épE = 1797. The free parame-
ters and their resulting values were P,y = 4.535d, T = 24915K,
logg = 3.01, i = 21.0deg. Other parameters were fixed and
set according to interferometry. The derived projected velocity,

5 https://github.com/RozanskiT/vidmapy
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Fig. 9. Maps of x? for the £ Ori model. We performed 2D mapping of x> across different datasets: squared visibilities (VIS), spectral lines of
Balmer series (SPE), and spectral energy distribution (SED). We systematically varied two parameters to create a regular grid (P, vs. i in the
first row, T vs. m in the second row). The remaining parameters were held fixed. The colour scale was adjusted as follows: cyan—the best fit for
a given data set, blue—acceptable fits, white—poor fits, orange—unacceptable fits, red—forbidden regions. In the first row, the fixed parameters
are those resulting from the best fit of interferometric data in Fig. 6: d, m, and Q; other fixed parameters are 7 = 25000K, logg = 3.011, and
v = 25.9kms~!. The dependent parameters were Requiv and vsini. In the second row, we set Py and i according to the best fit in the first row. The
individual panels, from the upper left, are as follows: I) VIS dataset shows a preference for a critically rotating star and i around 45 deg. 1I) SPE
dataset (H lines) shows a preference for a fast-rotating star, P, = 5d, i = 25 deg. The correlation between P, and i is due to rotation and v sin i.
IIT) SED dataset also allows a critically or fast-rotating star for i close to 20 deg. However, it is possible to re-fit 7, R, or d to achieve improved
SED fits in other regions of the parameter space. IV) VIS dataset shows a flat dependence on temperature and the preferred mass. V) SPE dataset
for H lines demonstrates a weak correlation between 7' and m, the best-fit of T is around 25 000 K. VI) SED dataset is strongly correlated between
T and m due to the Stefan—Boltzmann law and Eq. (7). The crosses mark the models from Tables 3 and 4.

vsini = 111kms™, is substantially lower. A forward model
based on parameters from interferometry, with higher vsini,
gives smeared lines, while the observed lines are sharper.

cussed in Sect.2.3. We converged only the effective tempera-
ture Teg. Other parameters were fixed according to the model
based on interferometry (from Fig. 6). The resulting value was
T = 24 880K, which is very close to the value inferred from
the fitting of Balmer lines. Our model was in good agreement

Closure phase. Unfortunately, even though closure phases are  with the observed SED; see Fig. 8.

very useful to detect photocentre offsets, the observed ampli-
tude from PIONIER seems to be too high (up to 4deg) com-
pared to any of our models. Even critically rotating stars, which

have the largest differences of polar-to-equatorial temperatures, Compromise model. Finally, we computed two-dimensional

exhibit synthetic amplitudes less than 0.1 deg (Fig. D.4). Never-
theless, taking into account only the signs and trends of arg T3
vs. A, synthetic closure phases should change in the same sense
as observed ones, which allowed us to resolve the 0 ambiguity
(120 vs. 300 deg) in Sect. 3.

SED. As an independent check, we computed the PHOEBE2
model for the SED (using again the new module). As syn-
thetic spectra, we used the absolute fluxes from the BSTAR,
OSTAR, and ATLAS grids. The observed SED values were dis-

x* maps to better understand mutual relations between datasets
(see Fig.9). We always distinguished individual contributions to
x*, namely from interferometry (VIS), spectroscopy (SPE) and
SED (SED). In each panel, we were changing only two parame-
ters to get a regular grid, while others parameters are kept fixed.
For mapping, we chose the period P,y from 4 d to 20 d with the
step of 0.5d vs. the inclination i from 0deg to 90 deg with the
step of 5deg. Alternatively, we chose the temperature 7' from
21 000K to 30000 K with the step of 500 K vs. the mass m from
21 M, to 32 Mg, with the step of 0.5 Mg, Let us recall that m is
always related to Requiv (Eq. (7)).
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The VIS maps with squared visibility measurements show a
preference for a critically rotating, oblate star, seen at an oblique
angle (40 to 60deg). On the other hand, there is a negligible
dependence on temperature. A higher mass (28 to 30 M) is pre-
ferred, but this is certainly correlated with the distance (Eq. (8)).

The SPE maps with Balmer lines demonstrate that only
lower inclinations can appropriately fit the depth and width of
spectral lines. There is a weak correlation between the mass and
temperature, indicating the appropriate temperature is around
25000 K and not well-constrained mass.

The SPE maps based on He I lines (Fig. 10) is quite similar.
Although there is a correlation of good fits between i and Py,
we see a possible solution for a fast-rotating star, with a simi-
lar inclination to that derived from the Balmer lines. Again, the
mass and temperature are weakly correlated, indicating the tem-
perature 25 000 K. (The fits around 28 000 K resulted in poorer
line depths.)

The SED maps are, of course, strongly influenced by the
fixed temperature and mass, but show good solutions for a crit-
ically rotating star, with a similar inclination as for spectra. The
mass and temperature are strongly correlated.

We conclude that the inclination is the only uncertain param-
eter, for which the results differ according to interferometry (40
to 60 deg) vs. spectroscopy (10 to 30 deg). Other parameters cor-
respond to all three kinds of observations. As a compromise, we
prefer the value around 40 deg, which partly explains both the in-
terferometry and the spectroscopy. The resulting parameters of
£ Ori are summarised in Table 5.

4. Discussion

Our interferometry of & Ori can be compared to Abeysekara et al.
(2020), who acquired intensity interferometry in B band. Their
limb-darkened angular diameter, 6 p = (0.660 + 0.018) mas, is
in perfect agreement with our measurements in H band (Tab. 5).

However, as discussed in Sect. 3, the observed closure phases
are high (up to 4deg) compared to our model. This raises the
question: what could be missing in our model?

Possible binarity. Such a modest amplitude in closure phases
indicates a flux asymmetry with low contrast, up to 4° =
0.07rad = 7%, in the Johnson:H passband. For this estimate,
we assumed a maximally asymmetric object (i.e. a binary)
and used the following closure phase approximation, arg 73 =
F,/F, sin (271%), where F, F, denote the fluxes of the two
stars and ¢ the angular scale. Based on this, we estimated the
mass of the companion, assuming that it is on the main se-
quence, to ~12Mg,. To explain the observed dependence on
B/ A, the angular scale should be of the order of 0.5 mas, cor-
responding to ~40Ry. From this, we estimated the orbital pe-
riod, P = 27 +/a’/(GM) ~ 6d, assuming the total mass ~30 M,
i.e. of the same order as the primary. RV amplitudes for the pri-
mary and secondary are of the order of a hundred kms~!, but
these could be suppressed by orbit orientation (e.g. for i = 5°,
15kms™"). In the dataset of Thompson & Morrison (2013), there
are RV variations of this order observed in the He I 5876 A line.
However, they are not persistent, and they cannot be phased
with a fixed period. Only for one season, Thompson & Morri-
son (2013) reported a period of about 5d. In the context of our
model, this could correspond to the rotation period of the pri-
mary, or even more likely, to the variability of circumstellar ma-
terial.
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Fig. 10. The same as Fig. 9, but for the spectroscopic dataset based on
He I lines. Top: SED dataset for He I lines exhibits results very similar
to spectroscopy based on Balmer lines. The higher P,y and i values
are excluded because of other datasets. Bottom: SED dataset for He I
lines, indicating two possible solutions at 7 = 25 000 K or 27 500 K due
to systematic offsets in some lines. The model with T = 25000K fits
better the depths of He I lines. The map also shows no preference for
the mass.
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Fig. 11. Spectroscopy of € Ori showing the H, line profile that is highly
variable and can be in several morphologies, like P Cygni profile, in-
verse P Cygni profile, double emission, or pure emission (Thompson &
Morrison 2013). It implies an intense wind (e.g. Puebla et al. 2016b), or
a deccretion disk fed by mass loss from the star. This variable line was
not used in our modelling.
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Fig. 12. Hertzsprung—Russel diagram showing the position of &Ori
(blue) in comparison to the S-Cep instability region (¢ = 0; orange)
and several evolutionary tracks (black) from Paxton et al. (2015). Note
that the instability was computed only up to 24 M, but the region most
likely continues upwards, and the instability also occurs for the lumi-
nosity class Ia (log L/Lg > 5.3).

Table 5. Resulting parameters of & Ori based on a compromise among
interferometry, spectroscopy, and SED.

Parameter  Value Uncertainty Unit Note
m 28.42 2.0 M, fitted
Proy 427 e d fitted
i 45 20 deg fitted
Q 301.6 30 deg fitted
d 384 8 pc fixed
Teqt 24985 1000 K fixed
logg 3.011 0.1 cgs fixed
B 1.0 0.1 1 fixed
% 25.0 0.9 kms™! derived
YLSR 8.2 0.7 kms™! derived
Requiv 27.36 1.5 Ry derived
Rpore 22.29 1.2 Ry derived
Requ 33.61 1.8 Ro derived
BOequiv 0.667 0.035 mas derived
Opote 0.540 0.064 mas derived
Oequ 0.814 0.073 mas derived
L 271000 38000 Lo derived
vsini 220 Ry kms™! derived
v 326 % kms™! derived
f 1.47 0.35 rad/d derived

Notes. m denotes the mass; Py, the rotation period; i, the inclination
of the stellar rotation axis with respect to the sky; €, the longitude of
the ascending node of the star (i.e. equator); d, the distance; T.g, the
effective temperature; log g, the logarithm of surface gravity; 3, bolo-
metric gravity brightening exponent; vy, the systemic velocity; yisgr,
the systemic velocity with respect to the local standard of rest; Requiv,
the equivalent radius; Ry, the pole radius; Ry, the equatorial radius;
Ocquiv» the equivalent angular diameter; e, the polar angular diame-
ter; Oqu, the equatorial angular diameter; L, the luminosity; v sin i, the
projected rotation velocity; v,, the rotation velocity; and f, the rotation
frequency.

Wind. Another asymmetry could be related to wind (Puebla
et al. 2016b), if the material expelled from £ Ori is not evenly
distributed, but concentrated in relatively dense clumps. This
phenomenon is especially relevant for hot, massive stars like B
supergiants, O-type stars, or Wolf-Rayet stars (Puls et al. 2008;
Krticka et al. 2021). Only if clumps are locally optically thick in
the Johnson:H passband, they contribute to the respective con-
tinuum flux and the closure phase signal observed by PIONIER.
Otherwise, wind is observed in H, line (Fig. 11), which is highly
variable and exhibits a range of morphologies, from a classical
P Cygni profile, an inverse P Cygni profile, double emission, to
pure emission (see also Thompson & Morrison 2013, Fig. 1).

Disk. An additional asymmetry might be produced by an un-
resolved disk, fed by mass loss from the star, and partially
eclipsed by the star. If this is the source of the double emis-
sion sometimes observed in the wings of H, (Fig. 11), the red-
shift and the blueshift, Al =~ GA, are interpreted as rotation,
Av = AA/Ac = 274kms™!. This is surprisingly similar to the
projected velocity vsini in our models of & Ori. Finally, if the
star is close to critical rotation, as indicated by the PIONIER
observations, we naturally expect an ongoing outflow from the
equator.

Pulsations. Moreover, € Ori is close to the 8 Cep instability re-
gion (Paxton et al. 2015) for low-order modes £ = 0, 1,2 (see
Fig. 12). Photometric observations of &£ Ori seem to be compat-
ible with typical periods ranging from 0.1 to 0.6 d, and the am-
plitudes ~0.1 mag for 8 Cep variables (Lesh & Aizenman 1978).
Such pulsations can enhance mass loss, especially if the star is
rotating near its critical velocity. On the other hand, the peri-
odograms for BRITE light curves or for RVs do not exhibit dis-
tinct peaks Krticka & Feldmeier (2018); Thompson & Morrison
(2013), so their interpretation is stochastic, episodic activity due
to mass loss.

Stellar evolution. If we—for the moment—assume a standard
stellar evolution model for a 28.4 M, rotating star, it takes
~7.3 My to evolve from the zero-age main sequence to BOIa (Ek-
strom et al. 2012; Paxton et al. 2013). This is about 25% longer
than for a non-rotating star due to enhanced mixing and ho-
mogenised composition. For comparison, there are two groups of
low-mass, young stellar objects (YSOs) observed in the vicinity
of £Ori, denoted ‘Orion C’ and ‘Orion D’ (Kounkel et al. 2018).
Their ages span from approximately 0.3 to 5.5 My. They were
classified as Class II or III, as some are still accreting and asso-
ciated with translucent gas clouds (Bricefio et al. 2005). This im-
plies either that the stellar evolution for & Ori was non-standard,
e.g. with extreme mass loss, or the formation of low- and high-
mass stars was not eodem loco et tempore. Additionally, both the
distance and the systemic velocity of £ Ori (384 pc and 8kms™';
measured with respect to the local standard of rest) seem to be
in the middle, between Orion C and Orion D groups (Kounkel
et al. 2018, Fig. 11). This relation might suggest that high-mass
stars form either a bit earlier than low-mass stars or elsewhere
(Sanhueza et al. 2017; Maud et al. 2018).
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5. Conclusions

We obtained and calibrated VLTI/GRAVITY and PIONIER in-
terferometric data for the brightest stars in the Orion Belt, the
closest star-forming region. In this first paper, we modelled the
supergiant € Ori based on VLTI/PIONIER visibility data, CFHT
and CTIO spectra, and absolute fluxes. While the models based
on interferometry indicate an oblate, critically rotating star, the
models based on spectroscopy indicate a fast-rotating, less oblate
star. The fast rotation might imply that £ Ori is a merger.

We also discussed the possibility of binarity, based on the
asymmetry visible in closure phase data. However, due to the
lack of consistent radial velocity variations, we excluded this bi-
nary model. We rather attributed the asymmetry to the clumped
stellar wind or possibly to a deccretion disk. To better constrain
its properties, it is necessary to observe &£Ori with a spectro-
interferometer such as CHARA/SPICA (Mourard et al. 2024),
which is capable of scanning across the H, line.

In a forthcoming second paper, we will focus on the multiple
stellar systems in the Orion Belt.
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Appendix A: Calibrator of £ Ori: HIP 26108

The most challenging object for the calibration was ¢ Ori
because the diameter of its calibrator HIP26108 in the
pipeline database (GRAVI_FAINT_CALIBRATORS.fits) was
clearly wrong, and the squared visibility was greater than one
in several wavelength intervals. Therefore, we determined the
diameter of the calibrator based on the absolute flux from the
photometric catalogues in the VizieR tool (Allen et al. 2014). We
used the standard Johnson system photometry (Ducati 2002) and
measurements from Hipparcos (Anderson & Francis 2012), Gaia
DR3 (Gaia Collaboration 2020), 2MASS (Cutri et al. 2003),
WISE (Cutri et al. 2012), MSX (Egan et al. 2003), SkyMap-
per (Keller et al. 2007), Subaru/Suprime (Taniguchi et al. 2015),
Akari (Ishihara et al. 2010), and IRAS (Neugebauer et al. 1984).
The data covered the spectral range from 0.42 to 23.88 yum.

For SED modelling, we used the reddening value Eg_y =
0.014 mag, i.e. extinction Ay = 0.0434 mag (Green et al. 2019)°,
and the parallax of (6.2 + 0.1) mas from Gaia, corresponding to
d = (161.1 = 2.5) pc. Based on the spectral type K4III, we used
the temperature 7 = 3 800K and log g = 2.0. The fit with the
lowest y? value (see Fig. A.1) led to the physical radius R =
(33.52+0.53) Ri. We thus recalibrated £ Ori using the calibrator’
angular diameter, § = 2R/d = (1.935 + 0.002) mas.

—— : : ———
Planck curve: 7= 3 800 K, R = 33.5 Ry, d = 161 pc
observed ———

103 £

104 §
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Fig. A.1. SED in terms of the monochromatic flux vs. wavelength for
the calibration star HIP 26108, which was used to determine the correct
calibrator’s radius R = (33.52 + 0.53) R, and recalibrate the visibilities
of £ Ori.

Appendix B: Radial velocities

Thompson & Morrison (2013) measured RV of the He 1 6678 A
lines on 132 electronic spectra from the Ritter Observatory and
found variations ranging from about —10 to +20kms~'. In an
effort to understand the nature of possible RV changes, we
measured RVs of various spectral lines available in the high-
resolution spectra at our disposal (CFHT, SOPHIE, and CTIO).
The RVs were measured in reSPEFO, comparing direct and
flipped line profiles on the computer screen. The zero point of
the velocity scale was checked via measurements of a selec-
tion of telluric lines and also interstellar lines. The results of
RV measurements are summarised in Table B.1. It is seen that
the individual RVs from spectra taken during a particular ob-
serving night agree very well, but there are undoubtedly real RV

® http://argonaut.skymaps.info/

Table B.1. Individual radial velocities (in kms™') measured in the
CFHT, SOPHIE, and CTIO electronic spectra.

Line CFHT SOPHIE SOPHIE CTIO CTIO
He16678 A - 26.8 25.7 9.9 10.5
He15876A  21.6 19.7 19.6 5.4 5.4
Her5015A 226 29.6 30.1 17.7 17.5
Her4922A 222 27.1 27.2 15.8 15.5
Her4713A 218 26.7 25.8 16.0 16.4
Sim4574A 166 25.3 23.8 13.9 13.4
Sim4568A  17.9 25.4 26.2 12.6 12.6
Sim4552A 205 28.4 27.1 12.4 13.8
Hen5411A 294 30.7 30.7 26.2 24.1
Heud686A 423 44.7 454 352 37.6
H 55.1 50.1 50.5 224 243
H, 34.5 35.8 33.6 - -
H; 31.5 33.1 334 - -
H, 26.3 28.8 28.9 - -
HS 25.9 - - - -
H9 24.9 - - - -

Notes. Julian dates (UTC) of the observations were 2454754.1558,
2457015.4119, 2457015.4139, 2460637.7725, 2460637.7732.

changes from one observing season to another. We note, how-
ever, that the RVs of the Hen lines of higher ionisation show
little evidence of variability. This seems to contradict the pres-
ence of orbital motion in a putative binary system. The observed
changes can be caused by some velocity fields in the stellar at-
mosphere and/or envelope. As Fig. B.1 illustrates, Hg line shows
variable asymmetry due to partial filling of one or another wing
by the emission, which also seems to affect, to some extent, the
He 15876 and 6678 A lines. A more systematic study of the na-
ture of these changes seems desirable. At present, we conclude
that the single-star models are preferable.
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Fig. B.1. The Hg line exhibits variable asymmetry due to partial emis-
sion filling in one of the wings.
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Appendix C: Supplementary tables
In Tab. C.1, SED of & Ori is summarised.

A&A proofs: manuscript no. output

Table C.1. Absolute monochromatic fluxes for € Ori. Dereddening was
applied to all measurements, assuming E(B — V) = 0.050 mag.

AA] F0s'm?m™'] os'm?m Filter
3531 3.66609 e—02 3.22576e-03 Johnson:U
3670 3.45552e-02 7.86573e—04 Johnson:U, Hvar
4360 1.92305e-02 5.92874e-04 Johnson:B, Hvar
4442 1.85143e-02 1.13899 e—-04 Johnson:B
5450 9.07753e-03 1.49252e-04 Johnson:V, Hvar
5537 8.64778 e—03 1.36701 e-04 Johnson:V
6730 4.68045e-03 4.11829e-04 Gaia:G
6938 4.03631e-03 3.55151e-04 Johnson:R
8780 1.64095 e—03 1.44385e—-04 Johnson:1
12390 4.32121e-04 9.97331e-05 2MASS:]
12500 4.32235e-04 9.95143 e-05 Johnson:J
16300 1.32848 e—04 1.91180e-05 Johnson:H
16495 1.30820e—-04 1.86919e-05 2MASS:H
21638 5.47162e-05 1.13176 e-05 2MASS:Ks
21900 5.17698 e—05 1.06892 e—05 Johnson:K

Notes. A denotes the wavelength; F', the absolute monochromatic flux;
and o, the uncertainty of the absolute flux.
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Appendix D: Supplementary figures

We demonstrate the line profiles formation in our model in Figs. D.1 and D.2. Each triangle has a synthetic spectrum, determined
by local broadening effects (thermal, pressure, . ..). For example, He 1 and He 11 lines form at different locations on a fast or critically
rotating star due to strong temperature gradients. He I lines have the lowest intensity on the poles, while He i1 lines have the highest

intensity at the poles. For reference, we show the closure phases for the respective model in Fig. D.4.
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Fig. D.1. Synthetic Her1 and He 1 line profiles from our spectroscopic model, corresponding to selected triangles, having a range of temperatures
and RVs. For a fast-rotating star, the pole is substantially hotter than the equator. The central line (RV = 0) corresponds to the pole, other lines
originate from the equator (RV # 0). He1 lines are less intense at the pole, while He 11 lines are less intense on the equator. The grey points indicate
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Fig. D.2. Same as Fig. 7 for He I lines. The best-fit spectroscopic model still exhibits systematics (in particular, 4009 and 4026 A lines). None of

1.00 [
0.95
0.90
0.85
0.80
0.75
0.70

He 14009.258

He 14026.210

He 14120.811

He14143.761

He 14387.929

4006

4009
ATA]

observed ——

4012 4023

4026
ATA]

4029

observed errors

4120 4123
A[A]

synthetic

4143
ATA]

residuals

these is easy to correct, e.g. by changing 7', log g, or metallicity (see also Pablo et al. (2015)).
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Fig. D.3. Spherical non-rotating model of £ Ori based VLTI/PIONIER observations; the squared visibility vs. the projected baseline B/ is plotted
for two models, Xitau (Broz 2017) and Phoebe (Broz et al. 2025b). The resulting )(3”5 = 12.1 is the same in both cases. The number of degrees
of freedom, v = N — M = 35. The resulting parameters are m = 23.52 M, (free), d = 384 pc (fixed), T = 27 000K (fixed) (Puebla et al. 2016a),
log g = 3.0 (fixed) (Puebla et al. 2016a), R = 25.40 R, (derived), 6 = 0.615 mas (derived).
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Fig. D.4. Model of £Ori showing a forward computation of the closure phases with fixed parameters from the visibility model (Fig. 6). The
observed closure phases reach up to nearly 4 deg, while the synthetic ones are at most 0.15 deg. If we recalibrate the observed closure phases (left
column) by multiplying them by scaling factors 1/40, 1/6, 1/100, and 1/18, respectively for each of the triple baselines (right column), we see
similar trends in the observed and synthetic closure phases, arg 75 vs. B/A. We used this asymmetry of the flux to set the orientation of the star’s
equator, as seen by the observer, Q (favouring 300 deg over 120 deg).
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