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ABSTRACT

We report the results of a comprehensive study of the spectroscopic binary (SB2) system HD 34736 hosting two chemically
peculiar (CP) late B-type stars. Using new and archival observational data, we characterize the system and its components,
including their rotation and magnetic fields. Fitting of the radial velocities yields Py, = 839219(3) and e = 0.8103(3). The
primary component is a CP He-wk star with T4 = 13000 £ 500 K and v, sini = 75 £ 3km s~! while the secondary exhibits
variability of Mg and Si lines, and has 7. = 11500 4+ 1000 K and v, sini = 110-180km s~!. Transiting Exoplanet Survey
Satellite and Kilodegree Extremely Little Telescope photometry reveal clear variability of the primary component with a rotational
period Proia = 19279988 5(11), which is lengthening at a rate of 1.26(6) syr~'. For the secondary, Pz = 09522693 8(5),
reducing at a rate of —0.14(3) s yr~!. The longitudinal component (B,) of the primary’s strongly asymmetric global magnetic
field varies from —6 to 4+5kG. Weak spectropolarimetric evidence of a magnetic field is found for the secondary star. The
observed X-ray and radio emission of HD 34736 may equally be linked to a suspected T Tau-like companion or magnetospheric
emission from the principal components. Given the presence of a possible third magnetically active body, one can propose that
the magnetic characteristics of the protostellar environment may be connected to the formation of such systems.

Key words: techniques: polarimetric —binaries: spectroscopic —stars: chemically peculiar — stars: magnetic fields.

ignation, introduced by Preston (1974), is often applied to early-

1 INTRODUCTION type variable stars with stable magnetic fields, which generally

Chemically peculiar, or CP, stars comprise an important group of
upper main-sequence objects. The catalogue compiled by Renson &
Manfroid (2009) lists 8205 known or suspected CP stars in the
range of effective temperatures between approximately 7 and 25 kK.
Among them, 3652 stars exhibit abnormal lines of helium, iron-
peak elements, and rare-earth elements in their spectra. Such stars
are commonly referred to as Ap/Bp or CP2 stars. The latter des-

* E-mail: esemenko @gmail.com (ES); mikulas @physics.muni.cz (ZM)

have globally organized (approximately simple dipolar or low-order
multipolar) configurations. While these magnetic fields have only
been observationally detected in 10per cent—15percent of CP2
stars, all such stars are believed to be magnetic (Shorlin et al.
2002).

The spectral peculiarities of CP2 stars are understood to be
a superficial effect resulting from atomic diffusion enabled by
their magnetic fields and generally slow rotation. On a relatively
short time-scale, the diffusion process produces abnormal vertical
and surface distributions of select chemical elements, resulting
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in a typical (although quite diverse) spectrum of peculiarities
(Kochukhov 2018). The presence of regions of chemical contrast
in stellar photospheres (sometimes referred to as ‘chemical spots’)
produce rotationally modulated photometric variability due to flux
redistribution. The modern theory of atomic diffusion, developed
from the early foundation by Michaud (1970), can explain a wide
range of chemical anomalies observed in upper main-sequence stars
(Michaud, Alecian & Richer 2015).

The CP2 phenomenon first appears in main-sequence stars with
masses ~ 1.4 Mg, with an incidence rapidly increasing to 10 per
cent—15 per cent for masses of 3.6 Mg (e.g. Sikora et al. 2019a).
However, there is no direct correlation between the mass and the
strength of the measured magnetic field (e.g. Shultz et al. 2019b).
Fields up to several tens of kG are not particularly rare, even in quite
cool Ap stars (e.g. HD 154708 — Hubrig et al. 2005, HD 178892 —
Ryabchikova et al. 2006). A lower field limit of around 100-300 G
(the so-called magnetic desert, Auriere et al. 2007; Lignieres et al.
2014; Kochukhov et al. 2023) probably has a physical meaning.
Theoretical studies link the existence of this lower field limit in CP2
stars to specific processes of early stellar formation (e.g. Jermyn &
Cantiello 2020; Jouve, Ligniéres & Gaurat 2020; Monteiro et al.
2023). While the properties of fossil magnetic fields are well known,
the origin of magnetism in peculiar stars remains unclear.

The evolutionary decay of magnetic field strengths, found, for
example, by Landstreet et al. (2007), Sikora et al. (2019b), and Shultz
et al. (2019b), suggests that among various hypotheses proposed to
explain the phenomenon of magnetic CP2 stars, the most plausible
is that of a fossil origin. This hypothesis states that the field observed
on the main sequence descends from a seed field acquired during the
earlier stages of stellar evolution. The seed can be a local galactic
magnetic field in the region of formation of the star (Moss 1989),
amplified through turbulent processes such as a pre-main-sequence
dynamo or stellar mass transfer or mergers (Schneider et al. 2019).
The latter scenario might explain the observed low incidence of
CP2 stars in short-period binary and multiple systems (Alecian et al.
2015).

An observational survey aimed at studying the formation and
evolution of magnetic fields in CP2 stars of the Orion OB1 stellar
association was initiated at the Special Astrophysical Observatory
(SAO) of the Russian Academy of Sciences in 2013 (Romanyuk et al.
2013). In the survey, special attention was paid to the completeness
of the sample. Individual measurements of the longitudinal magnetic
field (B,), i.e. the magnetic field projected to the line of sight and
averaged over the visible stellar hemisphere, were obtained using
the Main Stellar Spectrograph (MSS) of the 6-m Big Telescope Alt-
azimuthal (BTA) installed in the North Caucasus mountains and
then published in a series of papers by Romanyuk et al. (2019,
2021a, b). In 2022, when the observational component of the survey
was completed, Semenko et al. (2022) summarized the results.
Altogether, 31 CP2 stars out of 56 were found or confirmed as
magnetic. For 14 stars, this status was established for the first time.
All programme stars were observed at least four times to avoid
potential non-detection due to the rotational variation of the field.

As a member of Orion OB1, HD 34736, was selected for spec-
tropolarimetric observation among the other CP2 stars of subgroup
1c (corresponding to an age log? = 6.66, Brown, de Geus & de
Zeeuw 1994) of the association. The signatures of a strong, variable
magnetic field were detected in the first spectra of HD 34736 from
2013. The star showed an extraordinarily strong magnetic field (B,)
exceeding 5 kG. Moreover, the star was recognized as an SB2 system
consisting of two early-type stars. The magnetic field was detected
only in the dominant spectrum of the narrow-lined component, which
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we refer to hereafter as the magnetic primary. A short period P =
093603 extracted from the HIPPARCOS photometry was tentatively
considered as the possible period of orbital motion in the system.
These results were published by Semenko et al. (2014), or Paper I
hereinafter. The true period of magnetic field variations, P = 1929,
identified with the rotational period of the primary component, was
announced later by Romanyuk et al. (2017).

A strong magnetic field and the suspected short orbital period
made HD 34736 a fascinating system for detailed study within
the framework of the Binarity and Magnetic Interactions in Stars
(BinaMIcS) project (Alecian et al. 2015). Compact binaries with
magnetic CP components are important laboratories to understanding
the origin and evolution of stellar magnetic fields in the upper main
sequence.

Here, we present the results of a comprehensive study of HD 34736
carried out within the BinaMIcS project. The rest of this paper is
organized as follows: in Section 2, we describe the observational
material obtained for this study and its processing. Data analysis and
results are presented in Section 3. Section 4 summarizes the findings
and presents the discussion.

2 OBSERVATIONS

For this study, we organized a multisite spectroscopic and spec-
tropolarimetric monitoring campaign with observational facilities
in Europe, Asia, and North America. The observation times are
summarized in Table 1. Photometric variability of the star was
studied using archival photometry from ground and space telescopes.
The subsequent sections explain the details of data acquisition and
processing.

2.1 Spectroscopy and spectropolarimetry

2.1.1 Medium-resolution spectropolarimetry at SAO and DAO

During the period 2013-2020, HD 34736 was observed 137 times
with the MSS (Panchuk, Chuntonov & Naidenov 2014) of the 6-
m telescope at the SAO in the North Caucasian region of Russia.
An individual observation consisted of two subexposures, normally
limited to 10 min. In this case, the mean signal-to-noise ratio (S/N)
of combined spectra measured at 455 nm varied between 200 and
300 depending on the observational conditions. The data handling
and techniques used for the longitudinal magnetic field measurement
are described in detail by Semenko et al. (2022).

Ten medium-resolution spectropolarimetric observations were
obtained with dimaPol (R =~ 10000) installed at the Dominion
Astrophysical Observatory (DAO) from 2014 November 10 to
2015 March 6. The Stokes V observations of the Hg line were
used to derive longitudinal field measurements (Monin et al. 2012);
the Heliocentric Julian Days and corresponding longitudinal field
measurements are listed in Table 1.

2.1.2 ESPaDOnS spectropolarimetry

An Echelle SpectroPolarimetric Device for the Observation of
Stars (ESPaDOnS, Donati 2003) is a fibre-fed high-resolution (R &~
65 000) échelle spectrograph, equipped with a polarimeter placed
at the Cassegrain focus of the Canada—France—Hawaii Telescope
(CFHT). ESPaDOnS observations were obtained in 2014-2016 over
two runs separated by one year within the context of the BinaMIcS
Large Program (Alecian et al. 2015). The 2014-2015 run was aimed
at detecting magnetic fields and following them over the rotational
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Table 1. A sample of the summary table with individual measurements with corresponding errors.

HID Instrument (By) Method V:(A)LsD Vr(B)MgII Vi(B)Lsp N %:) Porb
2450000 + (G) (kms™!)  (£20kms™!) (kms™!)

6589.4929 MSS  —3500 440 COG —30.39 0.95 — - 0.426 0.206 0.560
6639.4980 MSS —160 530 COG  40.14 0.50 —-30 - 0.496 0.867 0.161
6644.4389 MSS  —4580 560 COG  41.79 0.85 -5 - 0.356 0.320 0.220
6732.1696 MSS 3650 360 COG 46.35 0.65 - — 0.899 0.162 0.275
9564.1195 MRES - - 533 0.9 — —87 6.2 0375 0.146 0.305
9565.0816 MRES - - 58.5 0.5 - —17.7 3.0 0.126 0987 0316

Notes. Heliocentric Julian Date (HIJD) is given for the middle of exposures. The second column contains the name of
the used instrument. The longitudinal magnetic field (B,) of the primary component and the method of its evaluation
are in the third and fourth columns. The radial velocity of components A and B measured from the LSD profiles or from
the modelling of Mg 11 448.1 nm line are given as V; (A) and V; (B) with corresponding subscripts. By three asterisks
in the sixth column, we marked the spectra averaged within the nights grouped by blank lines. The last three columns
contain quadratic rotational phases ¥4 and ¥ g, and the orbital phase ¢or1,. The full table is available online as Supporting

Information.

and orbital periods of the system. The second run, scheduled in 2016
January, was aimed at dense observations around periastron, where
the radial velocity separation of the components is greatest, but also
where both components are physically the closest, hence, when max-
imum interactions (e.g. tidal or electromagnetic) may occur. In total,
22 circularly polarized (Stokes / and V') spectra have been obtained
over a little more than 1 yr. Individual observations are separated by
several hours to several days or weeks, depending on the run (see the
log of the observations in Table 1). Each polarimetric spectrum has
been obtained by combining four successive subexposures of 780s,
between which the Fresnel rhombs were rotated by 90°. The total
exposure time of each ESPaDOnS observation was 3120 s. The data
have been reduced at the CFHT using the UPENA pipeline feeding
the LIBRE-ESPRIT package (Donati et al. 1997). The peak S/N ratio
of the polarized spectra ranges from 420 to 600 depending on the
observing conditions.

2.1.3 Medium- and high-resolution spectroscopy

Four spectra of HD 34736 were collected with the Medium Reso-
lution Echelle Spectrograph (MRES) of the 2.4 m Thai National
Telescope at Doi Inthanon (Chiang Mai, Thailand) in 2016 and
2021. MRES is a fibre-fed échelle spectrograph designed to register
spectra from 420 to 900 nm with resolving power R = 16 000—
20000 depending on three available modes. This spectrograph is
installed in a room with thermal control and is well suited to accurate
measurement of radial velocities. One-dimensional spectra were
extracted from the CCD frames in a standard way using the Image
Reduction and Analysis Facility (IRAF). A Th—Ar lamp was used
to calibrate spectra in the wavelength domain. Resulting spectra
with S/N = 80-170 at 550 nm were cropped to 440-700 nm and
normalized to the continuum.

Sixteen high-resolution spectra were obtained with the High Ef-
ficiency and Resolution Mercator Echelle Spectrograph (HERMES)
between 2015 November 3 and 2016 January 28. The observations
were performed at the Roque de los Muchachos Observatory (La
Palma, Islas Canarias, Spain) using the 1.2 m Mercator Telescope.
HERMES is fed by optical fibres from the telescope. The instrument
has a spectral resolution of R = 85000, and covers a spectral
range from 377 to 900 nm (Raskin et al. 2011). It is isolated and
temperature-controlled, yielding excellent wavelength stability. For
these observations, the high-resolution mode of HERMES was used,
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and Th—Ar—Ne calibration exposures were made at the beginning,
middle, and end of the night. The exposure time was calculated to
reach an S/N ratio of 25 or higher in the V band. The reduction of
the spectra was performed using the fifth version of the HERMES
pipeline, which includes barycentric correction.

2.2 Photometry

The Kilodegree Extremely Little Telescope (KELT) survey provides
time-series photometric data for a large fraction of the sky via two
small-aperture (42 mm) wide-field (26°x 26°) telescopes, with a
northern location at Winer Observatory in Arizona in the United
States, and a southern location at the South African Astronomical
Observatory near Sutherland, South Africa (Pepperetal. 2007,2012).
The passband is roughly equivalent to a broad-band R filter, and the
typical cadence is approximately 30 min.

Non-astrophysical trends are corrected and outliers are removed
from KELT light curves with the Trend Filtering Algorithm (TFA;
Kovics, Bakos & Noyes 2005) as implemented in the VARTOOLS
package (Hartman 2012). The TFA-processed version of the KELT
light curve for HD 34736 used here contains 2808 observations over
a time baseline of ~5 yr (from 2010 to 2015).

The field containing HD 34736 was observed by the Transiting
Exoplanet Survey Satellite (TESS, Ricker et al. 2014) in Sectors
05 and 32, correspondingly, in 2018 and 2020. The light curves
obtained using the Science Processing Operations Center pipeline
(SPOC, only for Sector 05) and the MIT Quick-Look Pipeline (QLP,
for both sectors) are available for downloading through the interface
of The Mikulski Archive for Space Telescopes.'

Follow-up observations aimed at the identification of the quasi-
periodic signal in the TESS data (Appendix C) were taken in two
standard filters R¢ and I¢ with the DK154 telescope at the La Silla
Observatory over 14 nights from 2022 December to 2023 January.

3 DATA ANALYSIS AND RESULTS

3.1 Photometric variability

Frequency analysis of high-quality photometric data collected by
TESS Sector 05 (from 2018) confirmed not only the presence of the

Uhttps://dx.doi.org/10.17909/T9RP4V
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Figure 1. Complex amplitude periodogram of the HD 34736TESS variability, in which a total of three sources participate: both components of the SB2 binary
HD 34736 and a highly variable young star located close to the studied system. The light of the primary component of the binary shows a rotational modulation
with a period of 19280, and the light of the secondary changes with a rotational period of 09523. The third component, identified with nearby variable UCAC4
414—008437, shows semiregular changes on a scale of several days (details are in Appendix C).
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Figure 2. The amplitude periodogram of KELT data displays a dense forest
of peaks; nevertheless, the positions of all of them can be explained by two
basic frequencies fa, fB, and a lot of harmonics and aliases of the two-
component model function (equation 3). The model predictions based on the
analysis of TESS data are systematically higher.

192799 period, compatible with the 1929 period of magnetic field
variability (Romanyuk et al. 2017), but also another independent
photometric variation with the much shorter period of 0952 (Semenko
2020). The following TESS Sector 32 observations from 2020 fully
supported this revelation.

The TESS frequency spectrum (Fig. 1, black curve) is dominated
by two systems of frequencies. The primary set (red line) corre-
sponds to a rotationally modulated signal with eleven harmonics.
The secondary set (green line) also carries the signal of rotational
modulation with more than seven harmonics.

Both periodic signals were found in the five-year KELT photom-
etry. The corresponding frequency spectrum is shown in Fig. 2. We
use these data to disentangle photometric variability and determine
the ephemeris of both components. It is known that phase light
curves of mCP stars obtained in filters with different effective
wavelengths generally differ (e.g. Krticka et al. 2019). However, we
do not consider this because the KELT and TESS passbands nearly
coincide. The following semiphenomenological analysis aims to
model as accurately as possible the observed photometric variations
of HD 34736 in the KELT and TESS filters and to isolate the
rotational variabilities of both components of the binary star.

Table 2. The light-curve ephemeris of A and B components. The meaning
of parameters of the quadratic orthogonal fit are specified in Appendix A3.

Mia = 2458732.9070(5)
Pia = 19279988 5(1 1)
P =3.98(17) x 1078
na = —1191.2

na = 169.2

AetfA = 14.1 mmag

Mg = 2458775.3000(5)
Pip = 09522693 8(5)
Pg = —4.4(9) x 107°

B = —2172.7
e = 388.6
Aesrp = 13.0 mmag

3.1.1 Phenomenological model of light curves of the HD 34736
binary

The observed, chaotic-looking light curves of HD 34736 can be
satisfactorily interpreted as the sum of two strictly periodic light
curves with the instantaneous periods Pa(fa, ) and Pg(ts, ¥3),
and corresponding phase functions (4, ¥ 4) and 9 (tg, y), where
t5 and 1 are times of observation corrected for light traveltime delay
(LTTD) of individual binary components A and B, as defined in
Appendices A and B.

The thorough analysis of TESS and KELT data shows that the
periods of both components undergo secular, more or less linear
changes in time, so we have to use a more complex period model also
containing non-zero time derivatives of their periods. The orthogonal
ephemeris parameters for individual binary components then have
three vector components, especially y , = [Mia; Pia; Pa]and Y=
[Mig; Pig; Pg] (see Appendix A3). Then

IA—Mia Py
ta=———: Ua=tha——O1a—1ma)(P1a—1n3a); (D
tg—M P
Op =22y, = 013—l(§1B—U23)(ﬂ13—ﬂ33)7 ()
Pip 2

where 17, and 73 are orthogonalization coefficients expressing data
time distributions (Appendix A3 and Table 2).

The underlying light curves of both components are complex. They
can be described by a harmonic polynomial of ms = 11 and mg =7
orders, typical of mCP stars with complex surface photometric spot
geometries and the presence of semitransparent structures trapped
in corotating stellar magnetospheres (MikulaSek et al. 2020; Krticka
et al. 2022). The light curve of an individual binary component
of such type can be explicitly evaluated using special harmonic
polynomials (SHP) E(?%, b) (see Appendix A4).

MNRAS 535, 2812-2836 (2024)
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Figure 3. The first part of the TESS light curve of HD 34736 taken in Sector
32 modelled as the sum of two strictly periodic variations and their residual
shifted by 25 mmag.

KELT and TESS photometry differ in how data are obtained
and in the following basic reductions. However, as their effective
wavelengths are nearly the same, we can assume the resulting light
curve F(t, o) of HD 34736 in the simple form:

F(t, o) =m + E(Ja, ba) + E(Ds, bp). 3

The vector of free parameters e with 44 elements of the model of
the observed light curve F(t, o) including their uncertainties, can be
determined using standard x> minimization:

“ — F(t;, o 2 ox?
2 _ Z [y ( )] . X -0 (4)

X
o2 © de

i=1
where 7 is the total number of the photometric observation used, #;
is the HJD time of the ith individual observation, y; is its magnitude
corrected for instrumental trends, and o; is the estimate of its internal
uncertainty. The vector constraint that the quantity x? is minimal
gives 44 non-linear equations of 44 unknowns, which can be solved
using standard iterative methods.

The analysis of residuals of the fit of the observed TESS light
curve by the two-component model function F(f,«) shows an
unexpectedly high scatter of 2.7 mmag, while the true TESS pho-
tometry accuracy should be at least eight times better. We propose
that the cause of this discrepancy is that the light of HD 34736
is contaminated by a nearby fainter, strongly variable star. The
contribution to the variability of HD 34736 is considerable, and it
causes additional semiregular variations on the time-scale of several
days, sometimes reaching more than 6 mmag as shown in Fig. 3.
The frequencies and amplitudes of the parasitic light variations can
also be seen in the amplitude periodogram in Fig. 1 as a purple line.
We have identified the source of invading variability as a young red
pre-main-sequence star UCAC4 414—008437 (Appendix C).

3.1.2 Final light-curve model solution. Disentangling of the light
curve. Dips

We solve the set of equations given by equation (4) using TESS
magnitudes corrected for the aperiodic variation of the third com-
ponent to compute a final set of the model parameters. The result
is shown in Fig. 4. Table2 gives the final orthogonal ephemeris
for both components. Using them, we can, for example, predict the
moments of maximum brightness of individual components ®(E )
and ®p(Ep) in the epochs E and Ey from the point of view of an
observer as follows:

PiaPa )
> (Ea— ma)Ea—1m3a) — Ata; (5)

Op = Mia+ Pia Ea+

MNRAS 535, 2812-2836 (2024)

PisPp
2 (Eg—mp)NEp—n35) — Atg, (6)
where At4 and Aty are corrections for LTTD for individual compo-
nents orbiting in a binary (Appendix B).

Using the final model of the light curve, we can disentangle the
light curves of individual components and plot the phased light
curves for both components (Fig. 5). The A phased light curves
defined by the observation or bins of neighbouring observations
in TESS and KELT colours are similar; only the amplitude of
the latter is a bit smaller. The light curves are double-wave and
rather complex, with at least five dips (Mikuldsek et al. 2020) with
amplitudes up to 1.5 mmag (Fig. 6). These details are probably caused
by the presence of absorbing semitransparent structures confined
in the corotating magnetosphere of the star (Krticka et al. 2022).
To empirically differentiate between surface inhomogeneities and
circumstellar environment as two main drivers of the variability of
CP stars with magnetospheres, we represent the observed light curves
as the sum of fourth-degree harmonic polynomials emulating the
contribution from spots and a finite number of relatively symmetrical
dips appearing as Gaussian-like profiles and described by the phase
of the centre, half-width, and depth. Standard regression analysis
techniques can then be used to determine the light-curve parameters.
The dips depicted in Fig. 6 are obtained in this manner from the TESS
photometry. The fourth-order polynomial fits are shown as the thin
black lines in Fig. 5 for both components of HD 34736.

The effective amplitudes of the A and B components’ contribu-
tions to the TESS light curve are A¢ra = 14.1 mmag and Aegp = 13.0
mmag (Table 2). It is appropriate to remind at this point that for
all phase light curves, especially in Figs 5 and 6, we show only
contributions to the total brightness of the system. The amplitude of
the intrinsic variation of the sources is naturally different and depends
on the luminosity.

Op = Mg+ Pip Ep +

3.1.3 Virtual O—C diagrams. Period changes

By finding non-zero time derivatives of the period of light changes
for both system components, it is obvious that their rotation changes
with time. To test the adequacy of the linear period change model used
above, itis appropriate to visualize the observed period changes using
the so-called virtual O—C diagrams, introduced and developed by
Mikulasek et al. (2006, 2011a) and Mikuldsek, Zejda & Janik (2012).
In the mentioned method, it is assumed that the shape of the light
curve is nearly constant, so changes in the instantaneous period will
be manifested by a variable phase shift A¢(#) of the observed light
curve relative to the light curve that the star would have if its period
remained constant. The instantaneous phase shift is then connected
with the instantaneous O — C(¢), as follows: O — C(t) = —P A¢(t),
where P is a mean period.

To calculate the coordinates of the points plotted in the virtual
O — Ciipa and O — Cyyp diagrams in Fig. 7 we divided the KELT
and TESS data, sorted by observation time, into n; = 8 consecutive
groups, characterized by the middle epoch E 4; and E g (see Table 3).
We also introduced a new model of phase functions ¥4 and ¥;p
with fixed values of parameters M4, M5, P14, and P, g, valid for
aparticular k and 2 n;, = 16 free parameters: O — Cys and O — Cyp:

fka — Mg — O — Cya txg — Mip — O — Cip
Vka = ;0 Uk = ;
Pia Pip
k=1,2,...,n. @)

Parameters O — Cy4 and O — Cyp, including their uncertainties,
were calculated using a standard minimalization of the x? (see
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Figure 4. TESS light curves (Sector 05 — upper part and Sector 32 — bottom part) corrected for aperiodic variation of the parasitic light of the third component.
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Bins of about a hundred neighbourhood observations (dark dots) represent both components’ mean light curves. The quadratic ephemerides of both components

are given in Table 2. Black thin lines shifted by 3 mmag from corresponding TESS curves show the variants of fit made as the sum of a harmonic polynomial of

the fourth degree, which was used for deriving dips.
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Figure 6. Dips in TESS light curves of A (left) and B (right) components in mmags. Darker points are bins of reduced photometric observations.

equation 4). They are given in Table 3, together with virtual times
of zeroth phase/light-curve maximum moments O4; and Ogp for
epochs E 4 and Epy, respectively, where:

Ouk = O — Cra + Mg+ PiaEy;

Opk = O — Cip + Mg + PigEpy. (8)

The virtual O—C diagrams show beyond any doubt that the angular
velocities of both components of HD 34736 are changing, with the
A component currently having the highest rate of change among all
known mCP stars with variable rotation (Mikulasek et al. 2021). A
linear increase in the rotation period derived here is highly credible.
In the case of the B component, a monotonous acceleration of
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Table 3. Data from KELT and TESS 05, 32 photometries, for A and B components, corrected for the variability of
the other components, were divided into eight consequent groups of N observations with the averages in ‘Years’ end
mean epochs E4 and Ep according to the ephemeris of the relevant components. (O—Ciin)4 and (O—Ciip) p are mean
differences between the observed moment of the particular component light maximum/instantaneous zeroth phase and
its prediction according to the linear ephemeris models (see Fig. 7). O4 and Op are the times of the light maxima A and

B components for the epoch E4 and Ep.

Year Source N Ex  (0—Cin)a 04—2450000 Ep  (O—Cin)g  Op—2450000
2011 KELT 1 457 —2499  0.098(9) 5534314  —6201 —0.011(6) 5534.065
2013 KELT 2 857 —1910  0.038(6)  6288.166  —4758  —0.022(4) 6288.301
2014 KELT 3 955 —1631  0.016(5) 6645262  —4076 —0.013(3) 6644.788
2015 KELT 4 539 —1358  0.002(7)  6994.685  —3406 —0.005(5) 6995.000
2019 TESS05,1 582  —226 —0.0095(12) 8443.6200 —634  0.0019(5) 8443.9141
2019 TESS 05,11 595  —215 —0.0092(12) 8457.7002 —608  0.0019(5) 8457.5042
2021 TESS32,1 1685 349 0.0076(12) 9179.6306 774  —0.0010(5)  9179.8640
2021 TESS32,11 1912 360 0.0067(12) 91937095 800  —0.0019(5)  9193.4532

the rotation is noticeable, while a linear decrease in the rotation
period appears to be a good initial hypothesis. The fact that the
changes in periods are opposite essentially excludes any explanation
involving the gravitational action of an invisible, distant third
component.

3.2 Spectroscopic and spectropolarimetric analysis

As the échelle spectra of HD 34736 constitute a significant element
of the available spectroscopic material, exploiting their wide spectral
coverage using a multiline technique to increase the S/N ratio was
natural. Before proceeding to the results, we describe the technique
employed in the current study.

3.2.1 LSD profile analysis of échelle spectra

We have calculated the least-squares deconvolved (LSD) profiles
for the échelle spectra of HD 34736 using the code described
by Kochukhov, Makaganiuk & Piskunov (2010). The line mask
employed for these calculations was extracted from the Vienna
Atomic Line Database (VALD, Piskunov et al. 1995; Kupka et al.
1999; Ryabchikova et al. 2015; Pakhomov, Ryabchikova & Piskunov
2019) for the parameters and composition of the magnetic primary
presented by Paper I. The final mask includes 338 metal lines
with a central depth exceeding 10percent of the continuum in
the 400-700 nm wavelength range. The mask is characterized by a
mean wavelength of 516.5nm and a mean effective Landé factor
of 1.16. In Fig. 8, we show the resulting Stokes / and V (for
ESPaDOnS data) and Stokes / (for HERMES observations) LSD

MNRAS 535, 2812-2836 (2024)

profiles deconvolved from high-resolution spectra. These profiles are
arranged according to the rotational phase of the primary calculated
following prescriptions given in Section 3.1. The spectra are shifted
in velocity to the reference frame of the primary star using the orbital
solution discussed in Section 3.2.4.

The narrow component of the Stokes / LSD profiles, which cor-
responds to the contribution of the primary star, shows a moderately
coherent variation with rotational phase, compatible with signatures
expected for an inhomogeneous surface distribution of chemical
elements. The incoherent variation, also evident in the Stokes 7
panel of Fig. 8, is due to the orbital radial velocity shifts and intrinsic
variability of the broad-lined secondary.

The circular polarization signatures of the primary are detected for
all ESPaDOnS observations. These Stokes V LSD profiles exhibit
a smooth rotational phase variation, indicating a globally organized
magnetic field topology on the primary star. At the same time, no
conclusive evidence of polarization signatures of the secondary is
seen in the Stokes V LSD profile data. Magnetic properties of the
components are examined in Section 3.2.2.

3.2.2 Magnetic field of HD 34736

The longitudinal field (B,) of the narrow-lined component was
measured from the first moment of the Stokes V LSD profiles
deconvolved from ESPaDOnS spectra according to Wade et al.
(2000) and Kochukhov et al. (2010), or using the techniques
described by Semenko et al. (2022) and Monin et al. (2012) in
the case of low-resolution spectropolarimetry from SAO and DAO,
respectively. The three distinct methods yield typical uncertainties
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Figure8. The composite LSD Stokes I (left panel) and Stokes V (right panel)
profiles of HD 34736 derived from high-resolution spectra. The smooth solid
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the LSD profiles derived from the HERMES data show higher scattering.
The spectra are shifted in velocity to the reference frame of the primary and
are offset vertically according to its rotational phase (indicated between the
panels).

ranging from 100 to 800 G. Table 1 contains the full collection of
measurements.

The observed longitudinal field varies with a period that is
compatible with the photometrically derived period P (Table 2).
Therefore, we interpret this variation as a consequence of the solid-
body rotation of a star (CP component A) with a magnetic field frozen
in its outer atmospheric layers. Individual values of (B,) against the
quadratic rotational phase are plotted in Fig. 9.

The phase curve of magnetic field variations is somewhat atypical,
indicating a complex configuration of the global magnetic field with
non-negligible high-order components and the effect of chemical
abundance spots. The effective amplitude of changes in the (B,)
component of the magnetic field is also unusually high: 9.3 kG.

Assuming a simple oblique dipolar field geometry (Stibbs 1950;
Preston 1967), and by interpolating the isochrones for [Fe/H] = 0
produced by the project MESA Isochrones & Stellar Tracks? (MIST,
Choi et al. 2016; Dotter 2016), we have assessed the strength
and obliquity of the magnetic field in the primary component of
HD 34736. For this, we use R = 2.05 = 0.06 R, as the appropriate

Zhttps://waps.cfa.harvard.edu/MIST/
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Figure 9. The observed (B,) variation versus quadratic rotational phase of
the primary component. The areas of the symbols are proportional to the
weight of (B,) measurements. The second-order harmonic polynomial fit is
shown with the solid line.

theoretical value for a young star of the age of 4.6 Myr (average
age of the subgroup Ori OBlc, Brown et al. 1994; Semenko
et al. 2022) with an effective temperature of the magnetic primary
(Teer = 13000 £ 500K, Section 3.2.3). Substituting this value for
R and P, = Pj4 = 192799885 into the equation for equatorial
rotational velocity

_50.6 R[Ro]

YT T Padd] ©

we find v, = 81 &3 kms~!, which together with the spectroscop-
ically measured v, sini = 75 £3kms™' (Section 3.2.3) gives us
the inclination angle i = 68 & 7°. Then, considering the extrema of
the longitudinal magnetic field (= —6/ 4+ 5 kG), one can evaluate
the polar strength By of the field as 18.9 & 0.8 kG and the angle §
between the magnetic and rotational axes as 83 = 2°. The approach
applied here is not ideal, but it allows us to derive approximate
parameters of the stellar magnetic field in the simplest and fastest
way.

A more accurate picture of the surface magnetic structure of
the primary component of HD 34736 has been obtained using the
Zeeman Doppler imaging (ZDI) magnetic tomography technique
(Kochukhov 2016). This modelling is based on the mean metal line
LSD profiles, illustrated in Fig. 8, derived from the 22 ESPaDOnS
circular polarization observations. Considering the complex compos-
ite nature of the spectral variability of HD 34736, with contributions
from the variability due to spots on the primary, secondary, and the
orbital motion of the two stars in an eccentric orbit, we chose not
to pursue a detailed, simultaneous mapping of individual chemical
elements and magnetic field (e.g. Kochukhov et al. 2014; Oksala et al.
2018). Instead, we model the mean Stokes V profiles of the narrow-
lined primary, ignoring its surface spots and neglecting blending
by the broad-lined secondary but correcting for the orbital radial
velocity shifts. This approach is justified considering that variability
of the majority of lines in the spectrum of the primary is relatively
weak compared to high-amplitude changes seen in well-studied Ap
stars with high-contrast chemical spots (e.g. Kochukhov et al. 2004;
Silvester et al. 2012; Rusomarov et al. 2016). Furthermore, its mean
Stokes V LSD profiles are smooth. They are characterized by a simple
shape, lacking any small-scale features that are typical of polarization
spectra of fast-rotating magnetic stars with highly non-uniform
surfaces (Kochukhov et al. 2017; Kochukhov, Shultz & Neiner
2019). All these factors indicate that chemical inhomogeneities do
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Figure 10. Magnetic field topology of the primary component of HD 34736 derived using with ZDI. The star is shown at five rotation phases, indicated above
each spherical plot column. The spherical plot rows present the maps of (a) field modulus, (b) radial field, and (c) field orientation. The contours over these maps
are plotted with a 2 kG step. The vertical bar and thick line indicate the positions of the visible pole and rotational equator, respectively. The colour bars give
the field strength in kG. The two colours in the field orientation map correspond to the field vectors directed outwards (red) and inwards (blue).

not significantly affect the shape and variability of the mean metal
line Stokes V LSD profile of the primary.

Similar to ZDI studies of cool stars (Hackman et al. 2016; Rosén
et al. 2016; Kochukhov & Shulyak 2019), we adopt the Unno-
Rachkovsky solution of the polarized radiative transfer equation in
the Milne-Eddington approximation to describe the local Stokes
profiles. The line parameters required by this local line profile
model were chosen to match the mean wavelength and Landé factor
of the LSD line mask, whereas the local equivalent width was
adjusted to fit the mean Stokes / spectrum. An inclination angle
i = 60° and projected rotational velocity v, sini = 75 kms~! were
adopted for the magnetic mapping of the primary. No correction
for continuum dilution is required since the decrease of the Stokes
V amplitude is compensated by the decrease of the Stokes [ line
depth.

The magnetic field distribution obtained for HD 34736 with the
ZDI code INVERSLSD (Kochukhov et al. 2014) is presented in
Fig. 10. The primary possesses a strong, distorted dipolar global
field geometry, characterized by a large asymmetry between the neg-
ative and positive magnetic hemispheres. The strong-field negative
magnetic region exhibits a pair of magnetic spots with a local field
strength reaching 19.6 kG. The overall mean field strength (averaged
over the entire stellar surface) is 7.6 kG. The mean field modulus
varies between 6.3 and 11.5 kG, depending on the rotational phase.
The phase-averaged value of (B) is 8.9 kG.

The ZDI code employed here uses a generalized spherical har-
monic expansion to parametrize stellar surface field vector maps
(see Kochukhov et al. 2014). This allows us to readily characterize
contributions of different spherical harmonic modes to the global
field topology of the primary. Regarding the magnetic field energy,
the largest contribution comes from the £ = 1 (dipole) component,
which contributes 63 per cent of the magnetic energy. All quadrupole
(¢ = 2) and octupole (£ = 3) modes are responsible for 22 per cent
and 7 percent of the energy, respectively. The field of HD 34736
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Figure 11. Comparison between the observed Stokes V' LSD profiles (open
symbols) and the ZDI fit (solid lines). The spectra are offset vertically and
arranged according to the primary’s rotational phase, which is indicated to
the right of each profile.

is predominantly poloidal, with 88percent of the field energy
concentrated in the poloidal harmonic modes.

The final fit achieved by the ZDI code to the observed Stokes
V LSD profiles is illustrated in the upper panels of Fig. 11. The
model reproduces the morphology of the observed polarization
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profiles well. We also compared the mean longitudinal magnetic
field predicted by the ZDI model geometry with (B,) measurements
(Fig. 12). As expected, the ESPaDOnS (B,) are very well reproduced.
The agreement with other longitudinal field determinations is also
reasonably good, considering their scatter. Fig. 12 also shows the
predicted (B) phase curve.

No conclusive evidence of a magnetic field has been found in
the secondary from available spectropolarimetric data. However, we
have collected a handful of facts indirectly indicating with a very high
probability that the cooler companion star is potentially magnetic.

At first, the individual light curves extracted from TESS photom-
etry show clear periodicities with dips, which are common for CP
stars harbouring magnetic fields of complex structure. The nature
of the dips remains unclear, but as the most plausible explanation,
the presence of semitransparent structures confined in the corotating
magnetosphere of the stars was proposed by Mikulasek et al. (2020)
and developed by Krticka et al. (2022). In Fig. 13, we combined the
TESS light curves of both components and the dips extracted from
them using the techniques described in Section 3.1.2. To emphasize
the location of the dips in the original light curves, we marked
them with shaded bands. The fact that the amplitude and, especially,
stability of dips in the light curve of the secondary star (left panels of
Fig. 13) are comparable to those observed in the hotter component
(right panels) with a very strong field supports the hypothesis that a
magnetosphere also exists around the cooler component.

The second argument in favour of the magnetic nature of the
secondary star is its accelerating rotation. Theoretical modelling
of evolution in massive stars predicts a significant impact of the
magnetic field, even of the order of a few hundred gauss, on the rota-
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tional properties of stars during their evolution on the main sequence
(e.g. Meynet, Eggenberger & Maeder 2011; Keszthelyi et al. 2019),
whereas for the intermediate-mass stars, such calculations have yet
to be performed. Additionally, we cannot ignore evolutionary effects
on the rotational rate as a 2.7 Mg star of the age of HD 34736 still
evolves towards the ZAMS in the MIST models.

Eventually, we can examine the residuals of the primary magnetic
curve for a possible correlation with the light curve of the secondary
star. For this purpose, we have subtracted the smooth fit shown in
Fig. 9 from the measured magnetic field. The residuals have been
folded with the rotational period P;p (Table 2) and smoothed using
the running average. The result of this procedure is shown in the
left bottom panel of Fig. 13. The position of two peaks, in this case,
coincides well with the beginning and end of the flat section of
the photometric curve. Although such coincidence cannot serve as
a firm detection of the secondary’s magnetic field, we consider it
an indirect indicator that the fast-rotating component of HD 34736
may potentially have a longitudinal field (B,) order of 500 G. For
comparison, the right bottom panel maps the dips’ position on the
magnetic curve of the primary. Notably, for this component, the two
most intense dips occur close to the extrema of the longitudinal field
(B,), while the phases of the remaining two dips cover the moments
when the (B,) curve reverses sign.

In light of these results, we tentatively suggest that the secondary
component of HD 34736 may be a rapidly rotating, weakly magnetic
star similar to CU Vir (Mikulasek et al. 2011b; Kochukhov et al.
2014).

3.2.3 Physical parameters of the components

The atmospheric parameters of HD 34736 were first evaluated
spectroscopically in Paper I. That research led to a two-star so-
Iution with the following parameters: T.a = 13700K, Togp =
11500K, loggs = log g = 4.0, v, sini (A) =73 =7 kms~!, and
Ue sini (B) > 90 kms~!. With the new observational material cover-
ing a broader range of wavelengths and rotational and orbital phases,
we decided to revise our previous findings.

First, the projected rotational velocity v.sini has been re-
evaluated using two different techniques. The spectrum synthesis
of two Fe 11 lines at 450.8 and 452.2 nm with low Landé factors made
using the SYNTHMAG code (Kochukhov 2007) with the atmospheric
parameters adopted from Paper I yields v, sini = 75 &3 kms™', in
agreement with the previous estimate. Alternatively, fitting the mean
Stokes I LSD profiles with the broadening function (Gray 2008), we
obtain v, sini larger by 2-3 kms~!. Neither of the two approaches
can provide an unambiguous estimate for the secondary star. The
resulting v, sini of the broader-line component ranges from 110 to
180 kms~!. The wings of the Mg 11 448.1 nm line in the composite
spectrum at the orbital phase @o, = 0.1 (Section 3.2.4) argue for the
upper limit of the rotational velocity v, sini ~ 180 kms~' of the
secondary star.

Next, we searched for a combination of Tyga, Terp, and Ra/Rp
which would best fit the observed spectra in three regions con-
taining hydrogen lines H,, Hg, and H,, at different orbital phases.
The analysis was performed on the two ESPaDOnS spectra taken
close to the moment of maximum amplitude of the radial veloc-
ity V;. The optimal fit was achieved for T4 = 13000 &+ 500K,
Teep = 11500 £ 1000K, and R4/Rp = 1.30 = 0.05 (Fig. 14). As
the hydrogen lines in the spectra of the early-type stars are equally
sensitive to both 7. and log g and there are no reliable methods of
independently constraining both parameters, we adopted log g = 4.0
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Figure 13. Top panels: TESS light curves of the components B (on the left) and A (on the right) obtained in this study. Middle panels: dips in the light curves of
corresponding components. Bottom left panel: the raw (dots) and smoothed using the running average (circles) residual longitudinal magnetic field of HD 34736
as a phase of the rotational period Pp = 0.5226938 d. Bottom right panel: the magnetic curve of the primary component. Thin solid lines show the fits made
using the low-order harmonic polynomials. Vertical shaded bands indicate the position of dips in the shown light and magnetic curves. More intensive dips are

shown in darker colours.

as the lower limit at this stage of analysis. Considering the young
age of HD 34736, the log g value corresponding to the stellar mass
and radius is very likely higher.

The spectroscopic parameters derived from hydrogen lines can be
compared with the absolute magnitude computed from the Gaia
Data Release 3 (DR3) parallax, = = 2.685 4+ 0.054 mas (Gaia
Collaboration 2023). Assuming no interstellar extinction, the sys-
tem’s total magnitude is My = —0.02 £ 0.05. This value can be
reproduced with R4 = 2.17 £ 0.08 R, for the effective temperatures
and the radii ratio inferred above. Adopting a moderate reddening
of E(B — V) =0.0248 based on the Galactic model by Amores &
Lépine (2005) increases R4 by less than 0.10Rg. The resulting
radius for the primary is reasonably consistent with evolutionary
model predictions for young dwarfs with a T.¢ of 13000 as
explained in Section 3.2.2. On the other hand, the surface gravity
log g = 4.0 adopted for the hydrogen line fitting is too low for
stars at this evolutionary stage. This discrepancy may be explained
by the impact of an enhanced metallicity and deficient helium on
the hydrogen line profiles, which leads to an underestimation of
log g by up to 0.25 dex when not accounted for (Leone & Manfre
1997).

We additionally attempted to cross-check the stellar parameters
of the system by fitting theoretical models to the observed spectral
energy distribution (SED). To do this, we calculated a grid of model
atmospheres using the LLMODELS stellar model atmosphere code
(Shulyak et al. 2004) with average abundances given in Table 4. We
then optimized model parameters, such as the effective temperatures
and stellar radii, to find a model that best fits the observed flux.
Observations were taken from the Gaia DR3 (Gaia Collaboration
2023) where, for fitting purposes, we ignored fluxes below the Balmer
jump due to calibration inaccuracies. Instead, we used observed
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broad-band UV fluxes obtained with the S2/68 telescope of the TD1
mission [European Space Research Organization (ESRO) satellite;
Morgan, Nandy & Thompson 1978], complemented by data from
the Two Micron All-Sky Survey (2MASS, Cutri et al. 2003) for the
infrared. Observations were transformed into absolute fluxes using
the calibrations given by Cohen, Wheaton & Megeath (2003).

The predicted and observed energy distributions are com-
pared in Fig. 15. In our SED fitting, we applied an interstel-
lar extinction correction to E(B — V) = 0.0248 and A, = 0.0755,
respectively.

First, assuming fixed parameters for the secondary, Tep =
11500K and R = 1.9 Ry (close to the value predicted by the
ratio of spectroscopically derived radii) and ignoring the magnetic
field, we find the best-fitting model for the primary to have T.s =
12098 + 100K> and R, = 2.23%0:3 R, which includes parallax
uncertainty (solid line in Fig. 15). We could not derive log g from the
available observations and thus kept it similar and fixed tolog g = 4.0
for both components. While the derived radius of the primary agrees
well with a previous spectroscopic estimate, the effective temperature
that we derive from fitting the SED is significantly lower (by about
900 K) than the spectroscopically derived value.

Including the magnetic field in the opacity and emerging flux
calculation in our model atmospheres results only in a marginal
increase of the effective temperature of the primary to Typs =
12152 £ 100K (assuming surface average magnetic flux density

3This uncertainty is based solely on the errors of the Gaia spectrophotometry
and does not include the errors for E(B — V). After including the extinction
model published by Amores & Lépine (2005), the combined error of
Tetraincreases to 365 K.
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Figure 14. Observed hydrogen Balmer lines (thin lines) compared with
theoretical fit (thick lines). The observed and model spectra are illustrated for
two orbital phases close to periastron, with the second set offset vertically for
display purpose.

(B) = 7.6kG, Section 3.2.2), which is still too low compared to the
spectroscopic estimate (see, for the details and implementation of
the magnetic field in our stellar model atmospheres Khan & Shulyak
2006; Shulyak, Kochukhov & Khan 2008).

We could achieve a better match between spectroscopy and SED
for the primary but only assuming the secondary is cooler than
11500 K. For instance, assuming T = 11 000K, R = 1.9R,,
and calculating magnetic model atmospheres for the primary, we
obtain Ts = 12400 £ 100K and Ry =2.24 £ 0.02R, with a
very similar fit quality as in the previous case of T = 11 500K
(long-dashed line in Fig. 15).
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Table 4. Chemical composition of the primary component of HD 34736
evaluated with respect to the Sun (Asplund, Amarsi & Grevesse 2021) at
the rotational phases 0.773 and 0.272. Only one value is given when the
corresponding abundance remains constant. The em-dashes indicate absent
data.

Element Aeg, dex

ProtA = 0.272 ProtA = 0.773
He —-1.7
Mg +0.2 —1.1
Al 0 —
Si +0.9
Ti + 0.66
Cr + 14 + 1.3
Fe + 0.7 + 0.1
Pr + 39 —
Nd +2.8
Dy — +3

Finally, assuming a single star model results in a good fit to the
observed SED with stellar parameters T = 11852 £ 100K and
R =2.94+ 0.01 Ry, (dashed line in Fig. 15).

The predicted flux calculated assuming spectroscopically de-
rived parameters for the primary (T4 = 13000 K) and secondary
(Tetrp = 11500K) could not simultaneously match observations
in all wavelength ranges (dash—dotted line in Fig. 15), where we
again fixed the radius of the secondary to be R(B) = 1.9R, while
optimizing for the radius of the primary to match the observed points
as closely as possible, which resulted in R4 = 1.93Ry. We thus
conclude that it is impossible to constrain robustly the parameters of
both components solely from fitting the SED and a self-consistent
approach similar to that used by, e.g. Romanovskaya et al. (2019,
2021) and Shulyak, Ryabchikova & Kochukhov (2013) would be
needed, which, however, is out of the scope of this paper.

Roman (1978) and Renson & Manfroid (2009) classified
HD 34736 as a Si-type CP star. The presence of intense lines of
singly ionized silicon (e.g. 412.9-413.0, 504.1, and 634.7-7.1 nm)
in the spectrum of the magnetic component ostensibly supports this
classification. However, careful inspection of stellar spectra also
reveals variable and strengthened lines of chromium, titanium, and
some rare-earth elements, which, together with weak helium lines,
implies that the spectrum is more accurately classified as He-wk.

To quantify the peculiarities of the magnetic primary, we analysed
its chemical composition at two rotational phases when the magnetic
field (Section 3.2.2, Fig. 9) was close to the minimum (HJD
2457331.665 and ¢4 = 0.272, HERMES) and maximum (HJD
2456967.515 and groa = 0.773, MSS).

Spectra of both components were modelled with the SYNTHMAG
code (Kochukhov 2007) in the local thermodynamic equilibrium
approximation and using up-to-date atomic data from the VALD
database. A homogeneous magnetic field with a radial component
B, = 17kG was accounted for only in the main component. The
microturbulent velocity was set to zero. ATLASY atmospheric models
for both components were taken from the NEMO database (Heiter
et al. 2002).

The spectrum of the magnetic component evolves with rota-
tion. The largest variations are found for magnesium, chromium,
and silicon. For example, between rotational phases @4 ~ 0.272
(corresponding approximately (B,) minimum) and & 0.773 (corre-
sponding to the plateau in the (B,) curve, Fig. 9), the abundance of
magnesium varies by 1.1 dex. Iron demonstrates the opposite trend:
at grota = 0.773 its concentration is nearly solar (Asplund et al. 2021)
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and increases by 0.5 dex at ¢;oia = 0.272. The chromium abundance
at both phases is approximately the same, but the profiles of the
individual Cr lines are variable. We find silicon overabundant by
0.9 dex. Intensity of Si II lines at 623.2, 634.7, and 637.1 nm can
be described assuming By &~ 24 kG when (B,) is near minimum.
The abundances derived from Si 1I lines differ from those from Si
1I lines in a way that is common for magnetic CP stars (Bailey &
Landstreet 2013). The chemical composition of the narrow-lined
magnetic component is summarized in Table 4. We estimate a typical
error of about 0.1 dex for the abundances of most elements except
praseodymium, which is as high as 0.5 dex. The main sources
of error are the spectroscopic variability of both components and
uncertainties in atmospheric parameters.

The broad-lined star is poorly represented in the composite
spectra due to its fast rotation, making it impossible to assess its
chemical peculiarities. We can only say that with v sini = 180
kms~! adopted for the broad-lined component, this star should
have magnesium overabundant by at least 0.5 dex relative to the
solar value. The signatures of the intrinsic spectral variability of the
companion star are visible only in the Mg I 448.1 nm and selected
Si 11 lines at the orbital phases of the maximum Doppler separation.

3.2.4 Stellar multiplicity

Paper I depicted HD 34736 as a double-lined spectroscopic binary
(SB2) with an orbital period shorter than one day, which was
tentatively proposed for the system based on the limited observations.
In the current study, we comprehensively describe this SB2 system,
including its orbital solution and possible multiplicity of higher order.

To measure the radial velocity V; of the individual components,
we primarily fit the mean LSD Stokes I profiles with a function
defining the rotationally broadened profile (Gray 2008). For the few
instances where two sets of lines were visible, the fitting function
was a sum of two profiles. We preferred using a broadening function,
as rotation dominates over the other line broadening mechanisms in
the spectra of HD 34736. By averaging many lines from different
elements, LSD, to some extent, alleviates the impact of a spotted
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surface on the derived V;. Also, by using the broadening function
for fitting, we give additional weight to the outer parts of the line to
minimize the effects of spots, which mostly affect line cores.

At the same time, we approximate the MgIl 448.1 nm lines of
both components with model spectra synthesized for the compo-
nents’ stellar parameters. Despite the inhomogeneous distribution
of magnesium in HD 34736, V; measured from this element shows
better accuracy than hydrogen due to the profound blending of the
components’ hydrogen lines.

Individually measured radial velocities are listed in Table 1. For
the primary component, we give only V; measured from the LSD
profiles V.(A)Lsp. For the secondary star, where the magnesium line
modelling works better in a broader range of orbital phases, we
show both types of velocities denoted as V.(B)Lsp and Vi (B)mgn-
As a conservative upper limit of error, in the case of Vi(B)mgn, we
adopted 20 kms~!. This value includes uncertainties defined by the
quality of input data (e.g. a S/N ratio and continuum normalization)
and accuracy of the atmospheric parameters. The radial velocities
measured on the same night were averaged.

The final fit of velocities shown in Fig. 16 has been made using the
programme RVFIT (Iglesias-Marzoa, Lépez-Morales & Jests Arévalo
Morales 2015). In Table 5, we provide two orbital solutions based
on the radial velocities from Table 1 with each solution based on the
different sources of radial velocities of the secondary component.

According to the best-fitting solution, HD 34736 consists of two
hot stars orbiting each other on highly eccentric orbits (¢ > 0.8)
with a period of 83 d. Interestingly, the rotation of the narrow-lined
magnetic primary component is quasi-synchronized with its orbital
motion; the ratio P/ Py 4 is almost equal to 65. The primary has the
projected mass M sin®i = 4.9-6.4 M, where i is the inclination
angle of the orbit. The mass My sin’i of the companion is 3.5—
4.0Mg. Such values typically characterize early and mid-B main-
sequence stars and appear systematically larger than those implied by
the components’ effective temperatures determined in Section 3.2.3.
We address this problem in Section 4.

Is HD 34736 an eclipsing binary? If the angle i were close
to 90°, the binary could undergo eclipses. Here, we will try to
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Figure 16. Measured radial velocities of the HD 34736 components plotted
against the orbital phase computed for parameters from Table 5. Filled
symbols correspond to the magnetic primary, and open symbols mark V;
of the secondary.

predict when these eclipses might occur during the orbit and estimate
their parameters. To avoid misunderstandings, we will consistently
distinguish between so-called transits when a smaller component
B passes over the disc of component A, and occultations when a
more prominent component A covers component B and can cover it
entirely.

For the description of the motion of stars in a binary with
parameters of orbital period Py, = 839219(3), argument of perias-
tron w = 1.4696(18) rad, eccentricity e = 0.8103(3), and the basic
moment of the periastron passage T}, from the viewpoint of a distant
observer, it is useful to introduce the orbital phase function ¥, the
rectified phase function ¥, and their corresponding phases: ¢, and
¢, as follows:

t—T

M@t)=2n £ (10
orb
o) = - (M) to+ 7] = LM (1)
= — w —_ = -
2w 2 Porb ’
1
Moy = Tp — Porp (i + *) = 2457 375.077(23);
2n 4
za\(r)—i[e(t)jL +ﬁ]- 6 =270 T (12)
= o @To PEEThmeT G
¢ =0 — floor(?); ¢ = v, — floor(Yy); (13)
1—¢? 1—¢?
,_all=¢) _ a(-e) "
1+ ecosf 1 + esinrd, — w)
Viap(t) = ¥ £ Kaslcos(d + w) + e cosw]
=y + Kaglsin(2w ;) + ecosw], (15)
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M(t) is the mean anomaly in radians, 6 is the true anomaly, as
defined by equation (B2), r is the instantaneous separation of
the components, and a is the length of the semimajor axis, a =
(Aa + Ap)/sini = 163(3)/ sini Rg. The ratio between maximum
and minimum separation of components is substantial — 71yax /7min =
(1+e)/(1 —e)=9.543(17). The distance of components is minimal
when the stars pass periastron; this occurs if the both orbital
and rectified phases equal Qper = @rper = éw + % = 0.4840(3) [see
equations (11)—(13)]. The orbital and rectified phases of the apastron
passage are @, = @y = ﬁw + % = 0.9840(3).

The moment of minimum brightness during the occultation cor-
responds to the moment of the superior conjunction of the binary
star components, i.e. if the rectified phase ¥, = 0. In contrast, the
minimum brightness during the transit occurs when the binary
components are in the inferior conjunction, and the rectified phase
¥, equals 0.5. Hence, the conditions for true anomalies 6;; for
superior/inferior conjunctions are:

0&;=27rk—a):f:%, (16)

where k is an integer. In the case of k = 0, 6, = —3.0404(18) rad,
and 6; = 0.1012(18)rad. Combining equation (B3) and equation
(16), we obtain the corresponding values of eccentric anomalies
of superior/inferior conjunctions Ej;(f,;) consecutively preced-
ing/following the basic passage through periastron

1-— 0.
etan< )], 17)
1+e 2

E,; = 2arctan

Porp .
Ts,i = Tp + 2(:[ (Es,i —esm Es,i) 5 (18)
T,i—M T, —M a(1—é?
poi= T foor [ T ) = all=¢) : ) 3 (19)
' Pory orb " 1Fesinw

eccentric anomalies in superior/inferior conjunctions are Es =
—2.831(6)rad, E; = 0.0328(6)rad, times of conjunction close to
the basic periastron passage in BJD: T, =2457381.13(13), T, =
2457415.428(3), and corresponding phases ¢ according to equa-
tions (11) and (13) for centre of occultations and transits are
@s = 0.0727(16) and ¢; = 0.4849.

In the case i =m/2, a = Axsin’i + Agsin®i = 67.2(0.1) +
96(3) = 163(3) Ry and according to equation (19), the distance of
components in occultation is ry = 289 Ry, while during the transit
itis only r; = 31.0 Rg. To predict the eclipse widths and depths, we
used the estimates of stellar parameters: Ry = 2.1Rq, Rg = 1.9R,
Teir(A) = 13000 K, and T.(B) = 11 500 K, from Section 3.2.3. The
half-width of the occultation is 1.0 d (!), and its bolometric magnitude
depth is 0.44 mag. This part of the light curve was well monitored by
TESS observations in Sector 05; indeed, this occultation would not
escape our notice. The transit minimum is even deeper — 0.86 mag,
but it would happen literally in a flash — its half-width would be only
2.7h. Our observations do not sufficiently cover this region of the
light curve (Fig. 17).

However, we emphasize that the visibility of occultations depends
very dramatically on the actual inclination of the orbital plane. An
occultation will only occur when i > 88.4°. In the case of a transit,
the situation is more favourable; to observe it, the inclination angle
must be greater than 76.5°. However, there is a high probability that
we will miss the transit given its brevity.
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Figure 17. The distribution of moments of photometric observations with respect to the orbital motion of the components of the spectroscopic binary star
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well covers the occultation.

Table 5. Orbital parameters HD 34736 derived from the observed radial
velocity variation.

Parameter Value (Mg 11) Value (LSD)
T, 2457415.3460 (0.003) 2457415.3481 (0.003)
Ka (kms™") 69.74 (0.07) 69.74 (0.07)
Kg (kms™!) 99.57 (3.15) 111.63 (1.12)
y (kms~1) 23.28 (0.05) 23.32 (0.05)

P (d) 83.2193 (0.0030) 83.2183 (0.0035)
e 0.8103 (0.0003) 0.8104 (0.0003)
o (°) 84.2 (0.1) 84.3 (0.1)
RMS, (kms™!) 4.86 4.87
RMSg (kms~!) 17.92 19.76

Mg /M 0.70 (0.02) 0.62 (0.01)
My sin® i (Mg) 4.9 (0.3) 6.4 (0.1)

Mg sin® i (Mg) 3.5(0.1) 4.0 (0.1)

ap sini (Rg) 67.2(0.1) 67.2 (0.1)
agsini (Rg) 95.9 (3.0) 107.5 (1.0)

Notes. The second and third columns show the results of fitting based on
velocities measured using the Mg 11 448.1 nm line and the LSD profiles,
respectively. T}, is the moment of periastron.

3.3 Radio and X-ray emission of HD 34736
3.3.1 Radio observations

A radio source in the vicinity of HD 34736 was detected for the
first time in the NRAO VLA Sky Survey (NVSS) and reported
by Condon et al. (1998). An integrated flux density of the ob-
ject NVSS J051920—072048 (field C0520M08) with coordinates
2000 = 05719720.98°, 89000 = —07°20'48.9” was measured as
2.3 +£0.4mly at 1.4 GHz.

In the Very Large Array Sky Survey (VLASS, Lacy et al. 2020)
archive, we found three observations (epochs 1.1, 2.1, and 3.1) of the
sky area encompassing HD 34736 obtained at v ~ 3 GHz between
2017 and 2023. Appropriate quick-look images were downloaded
from the archive of The Canadian Initiative for Radio Astronomy
Data Analysis (CIRADA*) for measurement. The flux densities

4CIRADA Image Cutout Web Service. http:/cutouts.cirada.ca/
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shown in Table 6 were obtained by fitting a two-dimensional
Gaussian to the point source using the Common Astronomy Software
Applications (CASA, McMullin et al. 2007). The error bars include
the fitting error, the map rms and 10 percent of the flux density
(attributed to uncertainty in the absolute flux density scale) added in
quadrature. In the table, we included one earlier measurement of the
radio flux of HD 34736 published by Condon et al. (1998).

The integrated flux of the radio source VLA
J051921.23—072049.6 found at the position of the studied
star in the VLASS data varies between different observations but
remains significant at least within 40 (Fig. 18). The unprecedented
pointing accuracy of the VLA leaves no doubt that the detected
source is associated with HD 34736. After scaling to the distance to
the star, the maximum radio luminosity Lg of the source is equal to
4.3 x 107 ergs~' Hz .

3.3.2 X-ray emission

It was Grillo et al. (1992) who first reported the detection of
HD 34736 in X-rays. The authors observed B-type stars with the
Imaging Proportional Counter of the Einstein Observatory in the
range of energies 0.16—4keV, and concluded that X-ray emission
with a luminosity Lx > 1030 erg s~! was common for BO-B3 stars,
and became rare or non-existent towards B8§—B9. For the studied star,
alog Lx expressed in erg s~! was estimated as 30.59.

In 1990 August, the region of the sky with HD 34736 was observed
with the Position Sensitive Proportional Counters of the ROSAT
spacecraft in the 0.1-2.4 keV range, seemingly with zero detection.
However, an X-ray source 2SXPS J051921.1-072047 in the area
of HD 34736 was detected by the X-ray Telescope onboard the
Neil Gehrels Swift Observatory in 2014. During 2.8 ks of exposure,
in the range of 0.3-10keV, the mean registered count rate was
0.121 cts s~! (Evans et al. 2020) corresponding to a mean luminosity
log Lx = 29.6[ergs™!].

Recently, Merloni et al. (2024) released the first version of the all-
sky X-ray survey eRASS in the western Galactic hemisphere, made
with the extended ROentgen Survey with an Imaging Telescope
Array (eROSITA, Predehl et al. 2021) onboard the ‘Spectrum-
Rontgen-Gamma’ (SRG) space observatory in the energy range 0.2—
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Table 6. The flux densities S, of the radio sources associated with HD 34736
in NVSS and VLASS observational data.

Survey HID DA ) Porb Sy (mly)
NVSS 2449304.9288 0.403  0.247 0.542 23+04
VLASS1.1  2458085.8949 0.527 0.049  0.058 2.2+0.3
VLASS2.1  2459106.1033 0.561 0.876  0.317 09+0.2
VLASS3.1 2459974.7217 0.144  0.705 0.755 1.0£0.2

Notes. The heliocentric Julian dates are calculated as an average of the first
and the last scans’ times, as specified in the corresponding archives. 4 and ¥p
are quadratic rotational phases for components A and B, respectively. @orb 18
the orbital phase of the spectroscopic binary system.

8 keV. According to the data from eROSITA, an X-ray source 1eRASS
J051921.0—072049 with coordinates coinciding with the position
of HD 34736 produced 0.268 counts per second in the range 0.2—
2.3keV (soft X-ray) and was practically inactive beyond 2.3 keV. The
X-ray flux density of 1eRASS J051921.0—072049 was estimated as
2.495 x 10~ ergs~! cm™2. Therefore, the logarithm of the X-ray
luminosity (log Lx) measured in ergs~! equals 30.62, consistent
with that published by Grillo et al. (1992). Such values imply that
HD 34736 is one of the strongest X-ray emitters among CP stars.
To study the stability of the X-ray emission of HD 34736,
we have performed a custom analysis of data from the eROSITA
archive with the use of the task srctool of the eROSITA Science
Analysis Software System (eSASS, Brunner et al. 2022). For X-ray

photometry, we set the radius of the object aperture to 30 arcsec; the
background is evaluated within the annulus with radii 90 and 150
arcsec. The X-ray light curve in the range of energies ~ 0.2-10 keV
is shown in Fig. 19. The error bars are evaluated using the Bayesian
excess variances implemented in bexvar (Buchner et al. 2022).

The length of continuous observations of HD 34736 with
eROSITA is shorter than the period Pj4 = 192799885 of the hotter
magnetic component but is still sufficient to search for variation of
the X-ray emission on time-scales comparable to the period Pz =
095226938 of the cooler secondary component. To our surprise, the
best fit of the X-ray data suggests a period Px =~ 0.48 d, which is even
shorter than P, g, but the amplitude of this variation is inconclusively
small.

4 DISCUSSION AND CONCLUSIONS

Based on the results presented above, one can draw a rather
comprehensive picture of the stellar system HD 34736. In some
elements such as the physical parameters of the magnetic component,
this picture inherits the conclusions of Paper I. But it is only with
new dedicated spectroscopic and photometric observations that it
becomes possible to uncover the intricate nature of HD 34736. In
this section, we summarize the main outcomes of our research and
attempt to place them in the context of modern knowledge about
magnetic CP stars.

4.1 The double-lined binary system of HD 34736

From the variable radial velocities of lines belonging to two stars
observed in its spectrum, HD 34736 can be described as a stellar
system comprising two early-type components. Given the effective
temperature and the observed pattern of chemical anomalies, the
more massive component can be classified as a CP star of the He-wk
type. Notably, subtle spectral variability has probably been detected
in Mg and Si lines of the cooler component.

In Section 3.1, we have convincingly shown that the complex light
curve of HD 34736 obtained by TESS includes signals from three
major contributors. Two of them are the hot visible components with
individual light curves typical for CP stars. The rotational period
of the hotter primary star P;4 is 1.2799885 d, while the secondary
component rotates much faster with Pz = 0.5226938 d. We have
found that these values vary on the time-scale of observations. Such
a phenomenon is not rare in the world of magnetic CP stars (e.g.
Mikulasek et al. 2011b, 2022; Mikulasek 2016; Shultz et al. 2019a),
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but HD 34736 is to the best of our knowledge the only binary system
with both components showing such behaviour. Even more intriguing
is that while the main component is slowing down with the largest
rate of change observed to date, the secondary star appears to be
spinning up.

Magnetic fields are a remarkable feature of CP stars. Spectropo-
larimetry of HD 34736 shows that the directly observable magnetic
field of this star varies with a rotational period P;4 (Table 2) and thus
is attributable to the primary component. Even though the magnetic
field of the secondary cannot be observed directly, in Section 3.2.2,
we have collected a number of facts indicating the possible presence
of a field in this star. With the longitudinal field (B,) estimated as
500 G, in the case of simple dipolar configuration, the mean surface
magnetic field can reach ~ 1.5kG. Similar magnetic characteristics
are demonstrated by CU Vir (Kochukhov et al. 2014), a CP star that
is also known for its fast and variable rotation. Much alike to CU Vir,
HD 34736 also attracts attention due to its X-ray and radio emission
(Trigilio et al. 2000; Robrade et al. 2018; Das & Chandra 2021). A
significant level of emission in the X-ray and radio domains found
for the object of our study continues a series of similarities between
these two stars. However, this phenomenon may be unrelated to these
two stars.

To this moment, we have considered HD 34736 to be a double-
lined binary system. Two variants of the orbital solution presented
in Table 5 give projected masses M sin®i that appear to be much
larger than those expected given the T.; of the components. In
the solution based on the radial velocities derived through the
modelling of Mg1I line 448.1 nm, we have M sin®i = 4.9 My, for
component A, and 3.5 Mg for component B. However, given the
average age of 4.6 Myr of Orion OB 1c hosting HD 34736 (Semenko
et al. 2022), from interpolating the MIST isochrones, one expects
masses M4 ~ 3.2 Mg and Mg =~ 2.7 Mg if we use Tesr4 and Tegrp as a
reference. These temperatures correspond approximately to spectral
types of B7V and B8V.> In contrast, even the lowest admissible
masses from the orbital fit turn the primary into a B4V star and
the secondary into a B7V star, respectively. On the assumption that
the rotational axes of the components are orthogonal to the orbital
plane and inclined by approximately 70° to the line of sight (Section
3.2.2), both components must be even more massive, implying
spectral features of very hot stars which we undoubtedly would have
recognized in our data. However, even a quick look at the recorded
spectra reveals the features of the late B-type Si and He-wk peculiar
stars, e.g. intense hydrogen Balmer and singly ionized silicon lines
together with very weak to extinct lines of He1 and SiTI.

Apart from the SED fitting (Section 3.2.3), which also implies that
the effective temperatures of the components are close to the spectro-
scopically derived values of 13 000 and 11 500 K, an independent test
of the fidelity of our results can be achieved using a simple calculation
of the apparent brightness of the binary given its distance d ~ 372 pc
found from the Gaia parallax and the adopted interstellar extinction
E(B — V) = 0.0248 mag. The MIST evolutionary models calculated
for the age of 4.6 Myr predict luminosity log L4/Lg =~ 2.3 and
absolute magnitude My, &~ —0.17 for the primary component with
T.ra = 13000 K. After simple calculations, this gives an expected
apparent magnitude V, ~ 7.8". Similarly, for the secondary star
with Tp = 11500K we get log Lg/Lg =~ 2.0, My ~ 0.24, and

5In the following classification, we use Eric Mamajek’s table ‘A Modern
Mean Dwarf Stellar Color and Effective Temperature Sequence’ for spectro-
scopic classification. http://www.pas.rochester.edu/~emamajek/EEM_dwarf _
UBVIJHK _colors_Teff.txt
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Vg ~ 8.2". Thus, the apparent magnitude V4 g of such an unresolved
system is 7.4™, which is about 0.4 brighter than reported, e.g. by
Kervella, Arenou & Thévenin (2022). Similar calculations allow
us to rule out a potential scenario in which the two stars do have
larger masses but in which have already evolved to the end of their
main-sequence stage so that their effective temperatures are close
to 13000 and 11500K. Ignoring the inherent problems with an
explanation of how such an old (¢ 2 100 Myr) system can appear in
the centre of a young association and show kinematic properties
indistinguishable from the rest of the association members, this
hypothesis about an advanced evolutionary status of HD 34736
would require higher luminosities. However, any attempt to increase
the effective temperature or luminosity of the components will result
in even brighter predicted apparent magnitudes.

At this point, we can conclude that the discrepancy between
the stellar dynamical masses and spectral classification is real and
can reasonably be explained in terms of higher order multiplicity.
The presence of a third, optically invisible component may also be
necessary to explain the activity of HD 34736 observed in radio and
X-ray domains. The levels measured for our target are commonly
found in (1) cool active stars and (2) some, but not numerous, hot
magnetic CP stars. A strong magnetic field is necessary to explain
this phenomenon in both cases. We consider both scenarios to be
feasible for HD 34736.

4.1.1 Invisible cool active component?

The contradiction between the dynamical masses of the components
and their spectral appearance found in Section 3.2.4 could be
explained by the presence of a third body in the system. Several
scenarios for the architecture of such a hierarchal triple system can
be considered. If the two optically visible components form an SB2
binary with P, = 83.2 d and the third star orbits it on a wide orbit
with a much longer period, we should observe a long-term trend in
the systemic velocity y, which is not evident in the V; data. Moreover,
in this case, the motion of the SB2 components on the inner orbit is
not modified, leaving the dynamical mass problem unsolved. On the
other hand, one of the two visible components can itself be a close
binary, leading to a total mass exceeding that expected for its spectral
type. In this case, we should observe additional modulation of V; on
a time-scale shorter than P,4. This is excluded for the narrow-line
primary star but is not out of the question for the secondary given
its broad lines and apparent spectral variability, leading to a large
scatter of V; measurements and systematic difference between Mg 1l
and LSD V; results. We explored the scenario where component B
consists of two stars, Ba corresponding to the hot component visible
in the spectrum and a lower mass component Bb (which we will call
component C), producing no detectable optical spectral contribution.
Assuming the orbital inclination is equal to the rotational inclination
of the primary determined in Section 3.2.2, iy, =1 = 68° and
keeping all orbital parameters except K fixed to the values in
Table 5, we found that the V; semi-amplitude of the secondary must
be reduced to &~ 73 kms~! to yield a dynamical mass of the primary
equal to 3.2 Mg as estimated from MIST isochrones. The same
estimate suggests 2.7 Mg for the secondary, while its dynamical
mass with the modified K is 3.07 Mg. The difference is attributed
to an invisible 0.37 Mg component C orbiting component B. The
V; variation associated with this orbital motion ranges from a few
kms~! to a few tens of kms™!, depending on the assumed orbital
period. This amplitude is substantially below the width of spectral
lines of component B, essentially leading to additional scatter in the
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V; measurements of the broad-line component. This scenario leaves
the question of why this scatter leads to an apparent overestimation of
the V; amplitude of component B unanswered. It is possible that our
measurement procedure is biased to phases with the largest velocity
separation of the components A and B.

Given the young age of the system and given the detected radio
and X-ray emission, we believe that the most probable candidate for
the third component is a magnetically active and fast-rotating young
stellar object (YSO) like a T Tau star.

Combined radio and X-ray emission is a common tracer of activity
in a wide variety of objects. Guedel & Benz (1993) and Benz &
Guedel (1994) find a universal relation, linking luminosity in two
mentioned spectral domains:
£5=lewﬁﬂuhL (20)
Ly
where « = 1 for late-type active stars and various types of binaries
with (sub)giants. For classical Algols, RS CVn and FK Com stars,
the authors give ¥ &~ 0.17. T Tau stars and YSOs are significantly
overluminous in the radio, and a constant « for them is normally
even smaller. For example, in a large-scale radio survey of the star-
forming complexes in Ophiuchus, Dzib et al. (2013) find that ¥ =
0.03. Virtually the same value of « has been derived for complexes
in Serpens (Ortiz-Leon et al. 2015) and Taurus—Auriga (Dzib et al.
2015). Young objects in Orion appear overluminous in radio by up to
two orders of magnitude and even more according to Kounkel et al.
(2014).

Stuart & Gregory (2023) show that in YSOs of about one solar
mass approaching the ZAMS, intense X-ray emission must be the
sign of a strong magnetic field of very simple dipolar configuration.
Through the modelling of the X-ray and radio emission in flaring
T Tau stars, Waterfall et al. (2019) link the departure from the Giidel—
Benz relation to the strength of the surface magnetic field B, which
causes dramatic increase of the radio luminosity when B > 3kG.
For HD 34736, we have log Lx = 30.17, log Lg = 17.63 and, con-
sequently, k = 0.001. In models by Waterfall et al. (2019), this
level corresponds to the activity of a star with B ~ 5kG. Thus,
we conclude that the radio and X-ray emission from HD 34736 can
presumably be linked to a single source showing characteristics of
young pre-MS objects with a rather strong surface magnetic field.

The X-ray luminosity of T Tau stars also depends on their mass. For
the objects in the Orion Nebula Cluster, Preibisch et al. (2005) give
a linear dependence between log Lx and log M expressed in solar
units as log Lx = 30.37(%0.06) + 1.44(£0.10) log M. We have used
this relation to estimate the mass of the unknown source of X-ray
emission and have eventually come to an inconclusive result. The
variable X-ray luminosity of HD 34736 (Section 3.3) brings us to
a broad range of masses from about 0.3 My when log Lx = 29.6
to almost 1.6 My when log Lx = 30.62. Fast rotation, common
for YSOs, can also not be neglected since we have a signature
of variability in the X-ray data. Different aspects of the rotation
problem and its relationship to activity are discussed for the X-ray-
active YSOs in several open clusters by Argiroffi et al. (2016) and
Getman, Feigelson & Garmire (2023).

Additional observations may help to clarify the invisible body’s
evolutionary status and infer its real physical parameters.

4.1.2 Or magnetospheres?

At the same time, one cannot completely rule out the possibility of
magnetospheric activity in B-type components.

The magnetic double-lined binary HD 34736
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Magnetic early-type stars with strong surface magnetic field and
rapid rotation are extremely likely to produce non-thermal radio
emission (Leto et al. 2021; Shultz et al. 2022). It has been recently
shown that such emission is driven by magnetic reconnections
triggered by centrifugal breakout (CBO) events (Owocki et al. 2022).
CBOs are small-scale explosions in the magnetosphere during which
magnetically confined stellar wind plasma breaks open the field lines
temporarily and escapes the star. A necessary condition for CBOs
to take place is that the Alfvén radius R should be larger than the
Kepler radius Rk (see Ud-Doula, Owocki & Townsend 2008, for
definitions of Rs and Rg). The region between the Kepler radius
and the Alfvén radius is named the centrifugal magnetosphere (CM,
Petit et al. 2013). For the stellar parameters of the magnetic primary
(magnetic field strength is taken as 8.9 kG, Section 3.2.2), we estimate
the two parameters as R = 3.6 R, and Ry = 79 R,, establishing that
the star’s magnetosphere should experience CBOs and can drive non-
thermal radio emission. In case of the secondary star, if we assume
it to have a surface magnetic field strength of =~ 1.5 kG (Section
3.2.2), we find Rx = 1.8 R,, and Rp = 37 R,, suggesting that the
secondary is also capable of producing radio emission if it is indeed
magnetic.

The observed violation of the Giidel-Benz relation is actually
consistent with the known properties of magnetic hot stars, where
the radio and X-ray emission are primarily produced by two distinct
channels. The X-ray emission is produced due to the shock resulting
from the collision between magnetically channelled stellar winds
from the two magnetic hemispheres (e.g. ud-Doula & Nazé 2016),
whereas the radio is driven by the CBOs. In addition, hot magnetic
stars have been found to be overluminous in radio with respect to the
Giidel-Benz relation (Leto et al. 2017, 2018; Robrade et al. 2018).
For CU Vir, the ratio between X-ray and spectral radio luminosity was
found to be 10'> Hz (Robrade et al. 2018), similar to that observed
for the case of HD 34736.

Finally, the variable radio emission observed between different
epochs of observation is also one of the characteristics of non-
thermal radio emission observed from magnetic early-type stars.
The incoherent radio emission exhibits a rotational modulation that
correlates with that observed for the longitudinal magnetic field.
In addition to the incoherent emission, some magnetic hot stars
also produce coherent radio emission observed as periodic radio
pulses (e.g. Trigilio et al. 2000; Das et al. 2022), adding further
variability to the light curve. Due to the sparse rotational phase
coverage, it is unclear whether or not HD 34736 also produces
coherent radio emission. Future observations around the rotational
phases of enhanced flux density will be able to provide conclusive
evidence in this direction.

If the secondary star is confirmed to be magnetic, there could
be another source of variability, both in radio and X-ray, related
to binary magnetospheric interaction. So far, ¢ Lupi is the only
magnetic hot star binary system that has been investigated for such
variability, and it was found to produce enhanced X-ray and radio
emission at the periastron phase (Biswas et al. 2023; Das et al.
2023). In particular, the radio light curve, which has a better orbital
phase coverage, revealed secondary enhancements at orbital phases
away from the periastron that turned out to be persistent (Biswas
et al. 2023). The reason behind those enhancements is not well
understood.

Thus, the combination of binarity, magnetism, variable X-ray, and
radio emission make HD 34736 an important system for follow-up
observation in both radio and X-ray wavebands in order to pinpoint
the true origin of the emission and their significance for the stellar
system itself.
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4.2 Concluding remarks

The results obtained in our 10-yr-long study of HD 34736 and
presented in this paper potentially put this star in a special place
among known binary and multiple systems with magnetic compo-
nents. Not only does the young age and strong magnetic field of
the primary make HD 34736 unique, but it is its unprecedented
combination of components on different stages of stellar evolution.
Here, we have two MS stars, which just entered the ZAMS or are
approaching it, and a potential T Tau-like object. Apart from the
main component, where the magnetic field is firmly detected using
spectropolarimetry, we have indirect evidence of magnetic fields
in two other companions. Only three binary systems comprising
two components with firmly detected magnetic fields are known
to date. Two pairs, namely HD 156424 (Shultz et al. 2021) and
BD + 40° 175 (El’kin 1999; Semenko, Kichigina & Kuchaeva
2011), belong to wide systems with orbital periods order of years
and decades. In this list, the doubly magnetic ¢ Lup (Shultz et al.
2015) is the only system with an orbital period shorter than a
year. The formation and evolution of compact magnetic binaries
can be used to validate hypotheses explaining the origin of stellar
magnetism in the upper main sequence of the Hertzsprung—Russell
diagram. Explaining the case of HD 34736 with more than two
magnetic components, it is reasonable to conclude that the magnetic
properties of the protostellar environment and the mechanisms of
evolution other than stellar mergers (as in the case of some known
magnetic hot stars, e.g. the case of HD 148937, Frost et al. 2024) are
responsible for the appearance of at least some multiple magnetic
systems.
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APPENDIX A: PHENOMENOLOGICAL MODEL
OF A ROTATIONALLY MODULATED VARIABLE

A1 Models of phase function

The following semi-phenomenological analysis aims to model as
accurately as possible the observed photometric variations of the
HD 34736 object in the KELT and TESS filters and to derive the
rotation periods of the outer corotating layers of both components
of the binary star so that it is possible to describe and discuss both
the distribution and parameters of the photometric and spectroscopic
spots, as well as the geometry of magnetic fields (if any). From
long-term observations of well-monitored mCP stars, it follows that
the phase curves of photometric, spectroscopic, and spectropolari-
metric measurements are unchanged in the time-scale of decades or
centuries; it is advantageous to introduce and use the concept of a
monotonically raising phase function ¥(¢), which is the sum of an
epoch E(¢) and a common phase ¢(t), 9(¢) = E(t) + ¢(t) in further
studies. The phase function ¥ (¢) and its inversion time-like function
®(¥) are related to an instantaneous period P(t) (or P(¥)) through
simple differential equations with a boundary condition (for details,
see in Mikulasek et al. 2008; Mikulasek 2016):

Y va=my =0 M—/' & an

a ~ P@)’ =M)=0 = = m P(0)’

de) v

S = POy 60 =My o) =M+ [ PoL,
(A2)

where 7 and ¢ are auxiliary variables. Using ©(¢), we can predict
the moment of the zeroth phases (¢ = 0, E) = ®(E) for an chosen
epoch E. The common phase ¢(¢}) and the epoch E(¢) for a chosen
phase function 9 (¢) are given by the relations: ¢(¢) = FP((¢)) and
E = IP(¥9), where FP and IP are the operators for the fractional part
and the integer part of a number.

It is useful to introduce an auxiliary variable ¥((¢) instead of time

t— M,
Py
where P, is the instantaneous period at the properly chosen origin of
epoch counting at the r = M,. Then
W@y Py d%®)  PW)

Po(r) =

; (A3)

= ; ) (A4)
ddy P(y) dy Py
_ Jo PO . _ b P(‘LV) ,
Do) = /0 P 0 o) = /0 4y (AS)

A2 Linear Maclaurin and orthogonal phase function model

Period analysis of mCP stars show that the rotational periods of the
majority of them are constant (Mikuldsek 2016) which means that
the solutions of the equations (A1) and (A2) for the phase function
¥ (t) and its inversion ®(?}) are linear and the same as the auxiliary
variable ¥ introduced above equation (A3)

t — M,

P@)=Pi; (1) =Do(t) = P

() =My + P9, (A6)
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with only two parameters of the linear ephemeris: the mean period P;
is the BJD time of one, selected primary maximum of the observed
light curve. We can this form of the ephemeris transform into the
orthogonal form as:

OW) = (Mo +n P)+ Pi(@ —m) =M + P (% —n);

Yiw;
n; = round <Z w
w;

t— M,
Py
(A7)

); My =My+mP, @)=

where w; are weights of individual measurements, and 6;(¢) is an
orthogonal form of linear phase function. Knowing the uncertainties
of orthogonal parameters of linear approximation 6 M;, § P1, we can
easily estimate uncertainties of quantities §©(¢) and , §v (¢).

80(9) = \/(5M1)2 +[8PL (@ — )P, () =80(D)/Pi. (A8)

A3 Quadratic Maclaurin and orthogonal phase function model

Let us now assume that the instantaneous period P () at a moment ¢
varies in a linear way such that
R . t— Mo
P(t)=Py+ P (t — My) = Py (1 + P9); where 9 = T
0
(A9)

Then using equations in equation (AS5), we obtain the phase function:

Y dy) In(1 + Pvy)
19(190)=/ 0_ — -0
o 14 Pv P

~9— 1PV, (AlD)
which we truncate to the two first term as P is generally very small
in our context. Now we can isolate the time phase function ¥ by
the equation (A10) and expending the exponential in a series. Using
equation (A4), we can calculate the instant period P(¢) as a function
of the phase function ¥:

ﬁ(ﬁ)—ew_1~f}+P02 (A11)
0 = P = S U
dv, b .
P@) =P == Pe ~Py(1+P9), (A12)
PP 92
OW) = My+ Pydyg >~ My+ Pyv + . (A13)

A disadvantage of the Maclaurin ephemeris model described by
relation is the correlation between ephemeris parameters that hinders
the error analysis. Mathematically, the model represented by the
simplified equation (A13) is a simple quadratic polynomial with
respect ¥. This allows us to construct an orthogonal version of the
phase function model (for details, see in Mikuldsek et al. 2008;
Mikulasek 2016), allowing for a more robust error estimation, using
the standard Gram—Schmidt procedure, as follow:s

P'P, 2
OW) ~ M+ Pi(¥ —n) + 2 (O —=nu ¥ —mp) =
PP,
=M+ Pi(® —n) + > @ — m)(@ — n3), (Al4)

where M, Py, and P’ are parameters of the orthogonal square
ephemeris. The orthogonalization coefficients 1, 12, 13, 1720, and 1;
were opted so they fulfill the following orthogonalization constraints:

@ —n) =092 =000 — 00 =09 @ — )@ — m3)® — 1) =0;
(92 — 0 — ) =0 (F — )& — n3) = 0; (A15)
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2w 92— 92—
. n n 2
m = round@): o =St/ (5H) 4.
Mo = —Mmn3; N = N2+ ns. (A16)

Using this ephemeris form (A 14) in our model fitting, we obtain the
values of the parameters M, P;, and P’, including their uncorrelated
uncertainties.

If we set & = E, where E is an integer epoch, in equation (A14),
we obtain the moment of the zero phase ¢ for this epoch.

PP,
O(E) ~ M, + Pi(E — )+ T(E — 1M1 E — 1) =
P'P,
2

The instantaneous periods for the phase function ¢, or the epoch E,
P(¥), P(E), equal to:

=M+ P(E—-n)+ (E — m)(E — n3). (ALT)

dt
P@) =35 = P+ PP (0= L1 P(E)= P = EXAIS)
Introducing time-like quantity (¢), we can compute the phase
function ¥(¢) and the instantaneous period P(¢) for any moment
t

!

t— M, P,
?() = — — (@] — na 1 — n),

% = ;
1 P, +m >
(A19)
di P, , 21
PH)=P—=————~P |1+ P (0,—2=)];
0=Pgy 1—P/(9,— ) 1[+ (1 2)}
(A20)
P(t) = I dp =P =P (A21)
Topdy,

If we know uncertainties of parameters M, P, and P’ (§M,, 8 Py,
and § P’), we can simply compute the uncertainty of prediction of the
time of the phase function ¢, #(¢) (equation A14), the predicted
phase function 69(¢) (equation A19) and the uncertainty of the
instantaneous period estimate § P(¢) (equation A20)

PSP (9 —m)(@ —m3)]?
5 ,
s§0(9)

1
(A22)

3O(F) = \/(5M1)2 + [P (@ —n)]* + {

SP(1) = \/(6P1)2 + [PISP’ (7} - %)r; 59(1) ~

Using the following relations we can easily return to Maclaurin

ephemeris:

P’ P12
>
If we put the origin of epochs near to M, so that n; = 0, a lot of

relations become simpler:

PP,
2 @ —m1? —nw) =

My = M,—n P, — , P =P .(A23)

PP’y
Py= P

OW) ~ M, + Pi(¥) +

’

PP,
(@ —n)(@ —n3), where

=M, + P+ 5 (A24)
— — —2 3
PE _ 94\ 95 +492
_v. _ 92. _
N1 = 53 Mo =104 mp= 557 , (A25)
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Table Al. Coefficients B;; of the asymmetrical part of the light-curve model
harmonic polynomial till m = 11th order.

i Bi1 Biz Bi3 Bia Bis Bis Bi
2 0.8944 —0.4472 0 0 0 0 0
3 0.3586 0.7171 —0.5976 0 0 0 0
4 0.1952  0.3904 0.5855 —0.6831 0 0 0
5 0.1231 0.2462 03693 0.4924 —0.7385 0 0
6 0.0848 0.1696 0.2544 0.3392 04241 -0.7774 0
7 0.0620 0.1240 0.1861 0.2481 0.3101 0.3721 —0.8062
8 0.0473  0.0947 0.1420 0.1894 0.2367 0.2840 0.3314
9 0.0373 0.0747 0.1120 0.1493 0.1866 0.2240 0.2613
10 0.0302 0.0604 0.0906 0.1208 0.1509 0.1811 0.2113
11 0.0249 0.0498 0.0748 0.0997 0.1246 0.1495 0.1745
i Bis Bio Bito Bi1

0 0 0 0
2+
7
8 —0.8284 0 0 0
9 0.2986 —0.8460 0 0

10 0.2415 0.2717 —-0.8604 0
11 0.1994 0.2243 0.2492 —0.8723

dr / N1\ .
PW)= 15 =P [1 +p (19 - 7)} : (A26)
P'P PP
My=M, — =210 p o p 121 (A27)
2 2
r— M, P
U = i () =0 — = (% — 21 %1 —no), (A28)
P 2
Py =P < p [P (0= 2] Po=P. (29
a 2

A4 Modelling light curves of chemically peculiar stars

The observed light curves of CP stars can be easily described as
strictly periodic harmonic polynomials of the order m = 2 = 18 with
a period of 095 to several hundred days, corresponding to the rotation
periods of studied CP stars. The underlying light curves sometimes
needed to be expressed by a harmonic polynomial of about 10th
order, typical of mCP stars with the complicated appearance of
surface photometric spots and semitransparent structures trapped in
corotating stellar magnetospheres.

A4.1 Monochromatic light curves

For an explicit description of a monochromatic light curve with the
effective wavelength A, it is advantageous to use SHP. SHP of the
mth order, E(J, m) =[E;, Ep, ..., Exyn_1], 1S a row vector with
the length 2 m—1, which represent a base of mutually orthonormal
harmonic functions with zero time derivative at the phase ¢ = 0,
while b(A) = [by, by, ..., by,_1] parameters. m of them are simple
symmetric functions with an extreme at phase 0, and (m — 1) are
antisymmetric functions with zero derivatives at phase 0. Such
polynomials have one of their extremes in the phase ¢ = 0:

E1(,m) =cosRQm ¥); Epi_r(¥, m)=cosQmii),

Boi (¥, m) = Zﬁi, sinRr j o), i=2,3,...,m; (A30)
j=1

when the coefficients 8;; (given in Table Al) fulfills the following
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constraints
ST =0 > BBy =6 ik (A31)
=1 j=1

Parameters f;; that fulfill the orthonomalization constraints (equa-
tion A31) are in Table A1. The model of the monochromatic light
curve F (3, m) then may be expressed in the form

2m—1
F@,m)=mi+ E@,m) b)) =m+ »_ bi(k) Ei(D, m),
i=1

(A32)

where m; are the mean magnitudes of observational subsets. In the
case of HD 34736, we have divided observations into eight segments
— see Table 3.

A robust measure of monochromatic variability of a periodic light
curve is the so-called effective amplitude A¢(A), which can be easily
expressed thanks to the orthonormality of the basis of SHPs:

Aeir(A) = 2 norm(b(x)) = 2 (A33)

APPENDIX B: LIGHT-TRAVELTIME DELAY

The orbital motion of the stars in the binary affects the photometric
behaviour of the system. The light-traveltime (Roemer) delay applies
in the variability of the individual components; with a suitable
inclination of the orbit, mutual eclipses of binary members can also
occur. Since we know the parameters of the spectroscopic path with
extraordinary precision, we can (see Table 5) reliably calculate and
predict the mentioned effects.

Following the table, it will assume that the orbital period
(the time between two consecutive passages through the same
anomaly) is Py = 839219(3); the numerical eccentricity is e =
0.8103(3), the fundamental moment of the periastron passage is
T, = 2457 415.346(3); the projections of the semi-axes of the in-
dividual components in light days are: Ax = aa sin i = 0.001 831d
and Ag = agsini = 0.002561d (i being the unknown inclination
angle of the orbit), and the argument of the periastron (the angle from
the orbital ascending node to its periastron, measured in the direction
of motion), in radians: w = 1.470(2) rad. Using these parameters, we
can compute for any time ¢ the following quantities: a true anomaly
0, E an eccentric anomaly, and M a mean anomaly.

t—-T,
where M(t) =2m —; (B1)

orb

EM)=M +esinE;
1+e E

tan | —
1—e 2
l—e 6

tan ( —
l+e 2

Suppose we want to clean the timing of the events on the individual
components of the double stars from their orbital motion. In that case,
we can do it by offsetting the time corrections of the LTTD (Borkovits
et al. 2016) AA(¢) and Ag(¢), where to and tg are the times related
to the gravity centre of the system.

(1 — ¢ sin[6() + w]

O(E) = 2 arctan {

E
+ 2 7 round (—) 5 (B2)
2

E(0) = 2 arctan

0
+ 2 7 round (—) . (B3)
2

Apt) = A i ta =1 — Ap(); B4
NQ) A T+ ecost A A(0) (B4)
(1 —€?) sin[0(r) + w]
Ag(t) = —Ap i g =1t— Ap(?).
1+ ecosb
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LTT [min]
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orbital phase

Figure B1. The dependence of LTTD on the orbital phase as introduced
by equation (13) for A (blue line) and B (red line) components. The green
dashed line signs the phase of the periastron passage, while the magenta line
signs the apastron passage.

The above relations for specific values of its eccentricity and
argument of periastron show the binary’s components spend most
of their time near the apastron, with component A being on average
seven light minutes closer to us than the less massive and smaller
component B (see Fig. B1).

If, on the other hand, we want to know the prediction of the time of
some significant moment from the observer’s point of view (e.g. time
of maximum ®(E)) for the epoch E, the moment of the prediction
relative to the centre of gravity of the system must be corrected by
the corresponding LTTD:

tmaxa = O(EQ)+AA(O(Ey)),  tmaxz =O(Ep)+Ap(O(Ep)). (BS)

APPENDIX C: ELIMINATION OF UCAC4
414-008437 LIGHT VARIATION

Our follow-up photometry of a young red pre-main-sequence
star UCAC4 414-—-008437 separated by 2.5 TESS pixels from
HD 34736 (Fig. C1) shows that its light curve remains relatively
smooth on the timescale of weeks (Fig. C2). This fact makes it
possible to identify this star as a source of an additional signal in
the TESS data (Section 3.1.1) and correct these light curves for the
contribution of specific UCAC4 414—008437 variations, assuming
that all aperiodic variations (Fig. C3) longer than 0.1 d are caused
solely by this object.

The relevance and accuracy of this correction, which decreases the
scatter of the fit to 0.32 mmag, was independently confirmed by a
custom treatment of the original TESS data using a smaller numerical

The magnetic double-lined binary HD 34736

2835

aperture lowering several times the contribution of the parasitic light
from the third component. We found that the corrected light curves
obtained by both methods agree very well, but we opted for the first
one as it is a bit more accurate.

':7:22:00 L)
-
Q © o ®
@ 3] ] -
] & Sy ]
- - - -
) 9 ) ]

RA

Figure C1. Field of view of the DK154 telescope with the brightest star
HD 34736 and the star UCAC4 414—008437 located at an apparent distance
54.83 — arcsec corresponding to about 2.5 pixels of the detector of the TESS
satellite and indicated by a circle.
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Figure C2. Light variation of UCAC4 414—008437 in filters Rc and Ic
registered with the DK 154 telescope at La Silla Observatory.
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Figure C3. The third component TESS light-curve contribution in mmags
for Sectors 05 and 32.
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