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ABSTRACT

HD62658 (B9pV) is a little-studied chemically peculiar star. Light curves obtained
by the Kilodegree Extremely Little Telescope (KELT) and Transiting Exoplanet Sur-
vey Satellite (TESS) show clear eclipses with a period of about 4.75 d, as well as
out-of-eclipse brightness modulation with the same 4.75 d period, consistent with syn-
chronized rotational modulation of surface chemical spots. High-resolution ESPaDOnS
circular spectropolarimetry shows a clear Zeeman signature in the line profile of the
primary; there is no indication of a magnetic field in the secondary. PHOEBE mod-
elling of the light curve and radial velocities indicates that the two components have
almost identical masses of about 3 M⊙. The primary’s longitudinal magnetic field 〈Bz〉
varies between about +100 and −250 G, suggesting a surface magnetic dipole strength
Bd = 850 G. Bayesian analysis of the Stokes V profiles indicates Bd = 650 G for the
primary and Bd < 110 G for the secondary. The primary’s line profiles are highly
variable, consistent with the hypothesis that the out-of-eclipse brightness modulation
is a consequence of rotational modulation of that star’s chemical spots. We also detect
a residual signal in the light curve after removal of the orbital and rotational modula-
tions, which might be pulsational in origin; this could be consistent with the weak line
profile variability of the secondary. This system represents an excellent opportunity to
examine the consequences of magnetic fields for stellar structure via comparison of two
stars that are essentially identical with the exception that one is magnetic. The exis-
tence of such a system furthermore suggests that purely environmental explanations
for the origin of fossil magnetic fields are incomplete.

Key words: stars: individual: HD 62658 – stars: early-type – stars: magnetic field –
stars: binaries: eclipsing – stars: chemically peculiar
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1 INTRODUCTION

Surface magnetic fields are detected in about 10% of main
sequence stars with radiative envelopes (Grunhut et al.
2017; Sikora et al. 2019a). These magnetic fields are typi-
cally strong (above 300 G: Aurière et al. 2007; Sikora et al.
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2 M. Shultz

2019b), globally organized (usually dipolar, e.g. Shultz et al.
2018b; Kochukhov et al. 2019), and stable over timescales
of at least decades (e.g. Shultz et al. 2018b). These proper-
ties, together with the absence of any obvious dependence
of surface magnetic field strength upon rotation as would be
expected for the dynamo-sustained magnetic fields of cool
stars, leads to the characterization of hot star magnetic fields
as so-called “fossil” fields (e.g. Neiner et al. 2015, and refer-
ences therein).

It is extraordinarily rare to find a magnetic early-type
star in a close binary system (i.e. and orbital period less
than about 1 month). The Binarity and Magnetic Interac-
tions in various classes of Stars (BinaMIcS) survey found
an incidence rate of magnetic stars in close binaries below
2% across the population of upper main sequence multi-
ple systems (Alecian et al. 2015). This is a surprising result
given that the binary fraction of hot stars is very high (e.g.
Sana et al. 2012; de Mink et al. 2014). It has been suggested
that this rarity might be related to the formation mechanism
for fossil magnetic fields. For instance, if fossil magnetic flux
is inherited and amplified from the molecular cloud in which
the star is born, strong magnetic fields might inhibit cloud
fragmentation and, thus, prevent the formation of close bi-
nary systems (Price & Bate 2008; Commerçon et al. 2011).
Alternatively, fossil fields might be left over from power-
ful dynamos generated during stellar mergers, an observa-
tion compatible with the apparent anomalous youth of some
magnetic stars (Schneider et al. 2016) as well as with the ex-
pected rate of mergers (de Mink et al. 2013, 2014). It has al-
ternatively been suggested that the tidal influence of a close
companion might lead to rapid decay of fossil magnetic fields
(Vidal et al. 2019).

Since only a handful of magnetic close binaries are
known (a list is provided by Landstreet et al. 2017), there
is value in both increasing the sample of such stars, as well
as closely studying the known systems. Recently, examina-
tion of the Kilodegree Extremely Little Telescope (KELT;
Pepper et al. 2007) light curve of the little-studied star
HD62658 revealed the presence of eclipses as well as out-
of-eclipse brightness modulations. This pattern is very sim-
ilar to that observed in the first discovered eclipsing binary
magnetic Ap star, HD66051 (Kochukhov et al. 2018). An-
other probable Ap star, HD99458, which has a low-mass
eclipsing companion, was recently reported by Skarka et al.
(2019), although magnetic measurements have not yet been
obtained. Since HD62658 is listed as a chemically peculiar
Bp star in the Renson & Manfroid (2009) Catalogue of Ap,

HgMn and Am stars, we obtained high-resolution spectropo-
larimetric observations in order to search for the presence of
a magnetic field. In the following, we refer to the compo-
nent producing the light curve’s rotational modulation as
the primary, and the other component as the secondary1.

The goal of the study presented here, which is the third
of a series of publications by the MOBSTER Collabora-
tion2, is to provide a first characterisation of HD62658. In

1 As demonstrated in § 3, the component responsible for the out-
of-eclipse variability is actually slightly less massive; however, the
difference is small enough that we maintain this nomenclature for
the sake of clarity.
2 Magnetic OB[A] Stars with TESS: probing their Evolutionary
and Rotational properties; David-Uraz et al. (2019).

the following we report the results of our observations, to-
gether with the recently obtained Transiting Exoplanet Sur-
vey Satellite (TESS) light curve. In § 2 we describe the pho-
tometric and spectropolarimetric datasets. The KELT and
TESS light curves are analysed, and the orbital parameters
determined, in § 3. Magnetometry and magnetic modelling
is presented in § 4. The implications of our results are ex-
plored in § 5, and our conclusions are summarized in § 6.

2 OBSERVATIONS

2.1 Photometry

2.1.1 KELT

KELT is a photometric survey comprising two similar
telescopes. KELT-North (Pepper et al. 2007) is located at
Winer Observatory in Sonoita, Arizona, and KELT-South
(Pepper et al. 2012) is situated at the South African Astro-
nomical Observatory in Sutherland, South Africa. Both tele-
scopes have a 42 mm aperture, a 26◦ x 26◦ field of view, and
a pixel scale of 23′′. The KELT survey is designed to detect
giant exoplanets transiting stars with apparent magnitudes
between 8 . V . 11, and is well-suited for detecting peri-
odic signals in stellar light curves down to amplitudes of a
few mmag (Labadie-Bartz et al. 2019). The single passband
of the KELT telescopes is roughly equivalent to a broad-
band V +R+ I filter. The normal telescope operations are
completely automated and observations are made nightly.
HD62658 was observed 2730 times with KELT-South be-
tween 2013 May 11 – 2017 Oct 1 with a median cadence
of 31 minutes, covering 337 orbital cycles over the observa-
tional baseline.

Part of the KELT strategy for discovering transiting ex-
oplanets involves an algorithm that pre-selects potential ex-
oplanet candidates from reduced light curves for all sources
identified in a given field (Collins et al. 2018). HD62658 was
one such source identified in this way. However, the light
curve clearly shows eclipses of two different depths, and is
thus more likely to be an eclipsing binary. The out-of-eclipse
variability apparent in the light curve is inconsistent with el-
lipsoidal variation, since this is due to a geometrical distor-
tion in the stellar surface that is strongest at periastron, and
is therefore generally detectable in eccentric binaries; as the
eclipses are separated by close to 0.5 orbital cycles, eccentric-
ity should be low and ellipsoidal variation is not expected. A
rotational origin was therefore suspected, prompting further
investigation.

The KELT data are shown phased with the or-
bital period in the top left panel of Fig. 1. Using the
Python package astropy (Astropy Collaboration et al. 2013;
Price-Whelan et al. 2018), a Lomb-Scargle (Lomb 1976;
Zechmeister & Kürster 2009) frequency analysis of the data
using a single Fourier term reveals a periodogram with many
peaks (bottom right panel of Figure 1), including that asso-
ciated with the 0.21043(4) d−1 orbital frequency. Inspection
of the light curve phased to the remaining peaks reveals
that they are either harmonics of the orbital period or are
aliases induced by the observing strategy of KELT (the most
prominent being at 1 and 2 d−1).

c© 2019 RAS, MNRAS 000, 1–??



The Bp eclipsing binary HD 62658 3

Figure 1. Upper left: Phase folded TESS light curve (black) and KELT light curve (red). Lower left: Phase folded radial velocity
(RV) observations (black circles) with optimized RV curves (dashed black lines). Middle column: Zoom in of primary (upper panel) and
secondary (lower panel) eclipse with optimized model (red). Upper right: Residual light curve after removal of binary model, phase folded
over the orbital period. Lower right: Periodograms of the original KELT data (red), original TESS data (black), and TESS data after
removal of the binary model (dashed gray). The orbital frequency is denoted by vertical blue dashed line. Harmonics of the main period
and multiple aliases are apparent, especially associated with the diurnal observing strategy of KELT.

2.1.2 TESS

Launched on 18 April 2018, TESS seeks to discover new
exoplanets by surveying about ∼85% of the sky over its
2-year nominal mission, divided into 26 partially overlap-
ping “sectors” (each corresponding to a total field of view of
24◦×96◦ across the four cameras onboard; the pixel size is
21′′) that are each observed for ∼ 27 d (Ricker et al. 2015).
The TESS bandpass is broad and covers a range of approx-
imately 6,000-10,000 Å. Full-frame images (FFIs) are ac-
quired every 30 minutes. Over 500 million point sources fall
into at least one of these sectors (and are thus included
in the TESS Input Catalog, or TIC), and out of these,
∼ 200,000 were selected for 2-minute cadence observations
(Stassun et al. 2018).

HD62658 (= TIC 149319411) is one such target, and
was observed by TESS in sectors 7 and 8 (7 Jan. 2019 -
28 Feb. 2019; observing programs G011127 and G011060,
PI Ricker). Although no contamination ratio is available for
this star in the TIC, it is the brightest star by about 2.5
mag in the TESS bandpass within a radius of 3.5′ (or about
10 pixels); therefore, the variations seen in the TESS light
curve are likely intrinsic to HD62658. The observations for
this star were downloaded from the Mikulski Archive for
Space Telescopes (MAST)3 and we used the PDCSAP flux
column from the light curve files generated by the TESS
Science Processing Operations Center (Jenkins et al. 2016).

Upon an initial investigation of the TESS light curves,
we found the sector 7 photometry to be well behaved, while
the sector 8 data exhibited strong instrumental trends near
the gaps that are present between sectors and in the mid-
dle of each sector. Taking into account data points marked
as poor-quality in the TESS light curve files, the sector 8
data also feature a significantly larger middle gap (5.9 d)
compared to the sector 7 observations (1.7 d). Because of

3 http://archive.stsci.edu/

the time scales associated with the different sources of vari-
ability described in § 3, properly detrending these artefacts
without affecting the signals we are attempting to model
would prove to be quite difficult, and as such, we consider
this effort to lie outside the scope of this initial discovery pa-
per. Therefore, we chose to only take into account the data
acquired in sector 7. This decision does not severely impact
the scientific yield of our study, as the exquisite data quality
of the TESS light curve allows us to detect low amplitude
signals, while the long temporal baseline of the KELT data
can be leveraged to accomplish a very precise orbital period
determination. The sector 7 data (black) are shown together
with the KELT data (red) in the top panel of Fig. 1.

2.2 Spectropolarimetry

Between 15/03/2019 and 22/03/2019, six spectropolarimet-
ric circular polarization (Stokes V ) sequences of HD62658
were obtained with the ESPaDOnS instrument at the
Canada-France-Hawaii Telescope (CFHT) under program
code 19AC19. The observation log is provided in Table 1.
ESPaDOnS is a high resolution (λ/∆λ ∼ 65000 at 500 nm)
echelle spectropolarimeter covering the spectral range be-
tween 370 and 1000 nm across 40 spectral orders. The re-
duction and analysis of ESPaDOnS data were described in
detail by Wade et al. (2016). Each observation consists of 4
unpolarized Stokes I spectra, one Stokes V spectrum, and
two diagnostic null N spectra obtained by combining the
different polarizations in such a way as to cancel out the
intrinsic polarization of the source.

A uniform sub-exposure time of 597 s was used for each
sub-exposure, with the total exposure time across the se-
quence 4× this number (i.e. 2388 s). The mean peak per
pixel signal-to-noise (S/N) ratio in the dataset is 269; all 6
observations are of comparable quality (see Table 1).

Each observation was post-processed by normalizing
each spectral order using polynomial splines fit by eye to
the continuum, thus ensuring the continuum is as close as

c© 2019 RAS, MNRAS 000, 1–??
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Table 1. ESPaDOnS observation log and table of RV and 〈Bz〉 measurements.‘DF’ is the detection flag (described in more detail in
the text). 〈Bz〉 measurements were performed using the measured equivalent width of the Stokes I profiles; note that the observation of
21/03 was obtained while the secondary was eclipsing the primary, and the 〈Bz〉 measurement at this time is therefore not reliable. RV
uncertainties are estimated at 0.8 km s−1 for the primary and 0.6 km s−1 for the secondary, as determined from the standard deviation
across 10 fits to the LSD Stokes I profiles.

Primary Secondary
HJD - Date S/N RV 〈Bz〉 DF RV 〈Bz〉 DF
2458500 (km s−1) (G) (km s−1) (G)

57.74908 15/03/2019 236 139 37± 51 DD -92 31± 83 ND
59.74646 17/03/2019 240 -73 121 ± 39 DD 121 73± 79 ND
60.74559 18/03/2019 275 -63 −258± 39 DD 106 165 ± 75 ND
62.74468 20/03/2019 293 133 102 ± 34 DD -89 −135± 62 ND
63.72817 21/03/2019 272 22 96± 26 MD 22 – –
64.81290 22/03/2019 298 -93 13± 34 DD 137 2± 58 ND

Table 2. Parameters varied during the MCMC optimisation. All
parameters correspond to median values, with errors listed as the
boundaries taken from 68.27% HPD intervals.

Parameter Prior Range HPD Estimate

T0 − 2456425 d (-2,2) 0.231+0.005
−0.006

Porb d (4,6) 4.752212+1e−5
−9e−6

q M2

M1

(0.5,1.5) 1.012+0.006
−0.007

a R⊙ (10,30) 22.041+0.001
−0.001

γ km s−1 (-50,50) 22.8+0.4
−0.4

i deg (70,90) 83.6027 +0.01
−0.008

e cosω0 (-0.1,0.1) 0.00022+1e−5
−1e−5

e sinω0 (-0.1,0.1) 0.0042+0.0004
−0.0004

Teff,1 K N/A 12 500

Teff,2/Teff,1 (0.5,1.5) 0.9385+0.005
−0.005

Ω1 (5,20) 10.58+0.01
−0.01

Ω2 (5,20) 10.39+0.06
−0.05

ωrot,1/ωorb (0.2,5) 1.07+0.05
−0.06

ωrot,2/ωorb (0.2,5) 0.81+0.03
−0.03

l1 % (20,80) 51.1+0.2
−0.2

l3 % (0,20) 2.2+0.3
−0.3

possible to unity, while avoiding as much as possible over-
normalization due to broad features such as H Balmer wings
at the edges of spectral orders.

3 LIGHT CURVE ANALYSIS

In order to obtain dynamical mass and radius estimates
for the components of this system, we performed light
curve modelling with the PHOEBE binary modelling code
(Prša & Zwitter 2005; Prša et al. 2011) following the frame-
work of Kochukhov et al. (2018), which we briefly sum-
marise below.

3.1 Signal Separation

Inspection of the TESS light curve reveals both eclipses and
apparent spot modulation (see Fig. 1). Phase folding the

Table 3. Geometric and derived parameters and their values as
obtained from MCMC modelling.

Parameter Estimate

e 0.0042+0.0004
−0.0004

ω0 rad 1.519+0.005
−0.005

r2/r1 1.031+0.002
−0.002

r1 + r2 0.2126+0.0001
−0.0001

M1 M⊙ 3.16+0.01
−0.01

M2 M⊙ 3.20+0.01
−0.01

R1 R⊙ 2.307+0.002
−0.003

R2 R⊙ 2.377+0.003
−0.003

log g1 dex 4.212+0.002
−0.002

log g2 dex 4.191+0.002
−0.002

Table 4. Frequencies, amplitudes, and phases extracted from the
TESS light curve with the optimised binary model removed.

Frequency [d−1] Amplitude [ppm] SNR Note

f1 0.21161 ± 0.00004 6968 ± 96 35 frot
f2 0.42324 ± 0.00002 9763± 120 47 2f1
f3 0.9998 ± 0.0001 2073 ± 97 15

light curve on the orbital period reveals that the period
of the rotational modulation due to spots is nearly com-
mensurate with the orbital period. Although PHOEBE can
model spots, their inclusion in the modelling process can
become highly degenerate without stringent constraints. As
the spectroscopic dataset cannot provide the location, size,
temperature, and multiplicity constraints required by the
photometric spot model, we chose to model the spot signal
as a harmonic series instead. Since the amplitude of the spot
signal in the frequency spectrum is of the same order as the
orbital signal, we had to disentangle the two iteratively. As
a first approach, we clipped the eclipses and fit a harmonic
series to the remaining signal via non-linear least squares,
which was then removed from the original light curve. Then,
a binary model was optimised on these residuals. The binary
model was then removed from the original light curve, and

c© 2019 RAS, MNRAS 000, 1–??
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we fit a harmonic series to these residuals. A new binary
model was optimised and the process was repeated until
there was no change in the resulting fit. Since we removed
an aphysical harmonic series from the light curve, we fixed
the albedos and gravity brightening exponents of the com-
ponents to unity, i.e. we assumed that the out-of-eclipse vari-
ability is not due to ellipsoidal variations.

3.2 Modelling setup

To optimise our solution, the PHOEBE binary modelling
code was wrapped into the Bayesian sampling code em-

cee (Foreman-Mackey et al. 2013) which employs an affine-
invariant Markov Chain Monte Carlo (MCMC) ensemble
sampling approach to numerically evaluate the posterior dis-
tribution of a set of sampled parameters. The posterior dis-
tribution of a set of sampled parameters, p (Θ|d), is given
by Bayes’ Theorem:

p (Θ|d) ∝ L (d|Θ) p (Θ) , (1)

where Θ is the vector of sampled parameters which describe
the light curve and d are the TESS data. We take the like-
lihood function L (d|Θ) to be a χ2 statistic and encode any
previously known information in the priors, p (Θ). The light
curve and radial velocity curves were optimised simultane-
ously (radial velocity measurements were obtained from ES-
PaDOnS data; see § 4). As mentioned previously, we fixed
the albedos and gravity brightening exponents. We fixed the
primary effective temperature to 12 500 K and sampled the
ratio of the temperatures Teff,2/Teff,1. Furthermore, to incor-
porate as much information as possible, we applied Gaussian
priors on the projected rotational velocities v1,2 sin i accord-
ing to those values derived in § 4. Finally, we allowed for an
eccentric orbit.

3.3 Modelling results

The sampled parameters, their priors, and their posterior es-
timates are listed in Table 2. We also report geometric and
derived parameter estimates and their errors in Table 3. The
parameter estimates were calculated as the median of the
posterior distribution, while the uncertainties were calcu-
lated as 68.27% Highest Posterior Density (HPD) intervals
from the marginalised posterior distribution of a given pa-
rameter. In the case of normally distributed posteriors, HPD
estimates will agree with the mean and 1σ of a Gaussian fit
to the distribution. In the event of non-normally distributed
posteriors, however, HPD estimates have the advantage of
being flexible and being able to capture the breadth of the
possible solution space, and are capable of producing asym-
metric uncertainties. The marginalised posterior distribu-
tions are illustrated in the appendix.

The residuals of the best fit model and the original light
curve are shown in black in the upper right panel of Fig. 1.
The bottom right panel shows the Scargle periodograms of
the original KELT (red), original TESS (black), and residual
TESS (dashed-gray) light curves, with the orbital frequency
marked with a vertical dashed blue line. The extracted fre-
quencies listed in Table 4 were pre-whitened from the light
curve according to Degroote et al. (2009).

Figure 2. Mass-radius diagram of Ap/Bp stars in eclipsing bi-
naries. The ZAMS and TAMS are shown by solid and dot-dashed
lines; rotating evolutionary model isochrones (Ekström et al.
2012) by dotted lines, for log (t/yr) = 8, 8.3, and 9. HD62658
is indicated by red circles, HD66051 (Kochukhov et al. 2018) by
blue squares, and HD99458 (Skarka et al. 2019) by purple tri-
angles; magnetic and non-magnetic components are indicated by
filled and open symbols respectively (although since HD99458’s
secondary is an M dwarf, it presumably hosts a dynamo field,
while the magnetic field of the primary is assumed based on its
identification as an Ap star).

We note that f1 and f2 are part of a harmonic series,
while f3 is an independent signal. Within formal uncertain-
ties, the base frequency f1 of the signal attributed to spots
is not the same as the orbital frequency forb = 0.2104283(4)
as determined by phoebe. Furthermore, the HPD estimates
for the synchronicity parameter ωrot/ωorb place the pri-
mary as 1.16σ away from rotating synchronously. Thus,
it is reasonable to conclude that the primary is nearly if
not already rotating pseudo-synchronously with the orbit,
within the errors. We note that the secondary, however, is
(according the the synchronicity parameter) rotating sub-
synchronously, with a significance of about 6σ. The derived
binary parameters result in the following synchronisation
and circularisation timescales: log(τsync/yr) = 6.708± 0.001
and log(τcirc/yr) = 9.108 ± 0.001 (Zahn 1975, 1977). As
shown in Fig. 2, HD 62658 matches well with a log (t/yt) =
8 isochrone, suggesting again that the system should be
pseudo-synchronized, but not yet circularized, as is evi-
denced by the small eccentricity we find from binary mod-
elling.

As we removed a harmonic series representing the spot
signal, and hence the non-baseline light, the estimates of
third light (i.e. the amount of light contributed by a hypo-
thetical third star) are to be considered with caution. The in-
dependent frequency f3 occurs in the frequency region where
gravity mode pulsations are expected in slowly pulsating B-
type stars, however, due to the uncertain amount of third
light, we cannot say for certain that these signals originate
from an identified component of HD 62658.

Removal of a harmonic series also makes direct mod-

c© 2019 RAS, MNRAS 000, 1–??
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elling of any ellipsoidal variation impossible. However, the a
posteriori prediction of the PHOEBE model is that any such
variation should have an amplitude of no more than 0.2%
of the normalized flux, i.e. an order of magnitude less than
the observed out-of-eclipse variation. The assumed absence
of this variation should therefore have negligible impact on
these results.

We note that any structure in the residuals is likely
due to the asymmetric blocking and subsequent modulation
of light variations from the surface features (spots) and/or
the pulsational signal, should this signal originate from a
component of this system. One possible means of accounting
for this would be to incorporate Gaussian Processes into the
modelling procedure, however this is beyond the scope of
this discovery paper.

4 MAGNETOMETRY

In order to maximize the precision with which the stars’
magnetic fields can be measured, least-squares deconvo-
lution (LSD; Donati et al. 1997) profiles were extracted
from the ESPaDOnS spectra using the iLSD package
(Kochukhov et al. 2010). The line mask was created from a
line list downloaded from the Vienna Atomic Line Database
(VALD3; Piskunov et al. 1995; Ryabchikova et al. 1997;
Kupka et al. 1999, 2000; Ryabchikova et al. 2015) with an
‘extract stellar’ request. We adopted log g = 4.2 as inferred
from the phoebe model, and Teff = 12.3 kK determined by
Glagolevskij (1994), which is consistent with the spectral
type of B9p assigned by Renson & Manfroid (2009) in their
Catalogue of Ap, HgMn and Am stars. We also adopted en-
hanced Si, Ti, Cr, and Fe abundances, respectively [X/H] =
-3.0, -6.0, -5.0, and -3.5, following the Teff -dependent rela-
tions for the mean surface abundances of Ap/Bp stars found
by Sikora et al. (2019a). The line depth threshold of the line
list is 0.1 below the continuum, as the inclusion of lines
weaker than this does not in practice greatly improve the
S/N of the LSD profiles, whilst at the same time unrea-
sonably increasing the time taken to extract each profile.
The line mask was cleaned using the method described by
Shultz et al. (2018b), with 1581 lines remaining out of the
original 2479. LSD profiles were extracted using velocity pix-
els of 3.6 km s−1, or twice the average width of pixels in the
extracted ESPaDOnS spectra, in order to slightly decrease
the point-to-point scatter, and a Tikhonov regularization
factor of 0.2 was applied in order to reduce the signal degra-
dation associated with cross-correlation (Kochukhov et al.
2010).

The resulting LSD profiles are shown in Fig. 3. The line
profiles of the two stellar components are clearly separated
in velocity space in five of the observations, and exhibit a
radial velocity variation of about ±100 km s−1. In one ob-
servation (21/03) the line profiles are blended, indicating it
was obtained during an eclipse. Radial velocity (RV) mea-
surements obtained from the LSD Stokes I profiles are given
in Table 1. RVs were measured using the parameterized line
profile fitting package described by Grunhut et al. (2017),
which also provides the projected rotational velocities v sin i:
for the primary, 26.2 ± 1.3 kms−1, and for the secondary,
20.4 ± 0.7 km s−1, where the uncertainties correspond to
the standard deviation of the fits across the 5 non-eclipsing

observations. The line profile variability of the primary in-
troduces an additional source of systematic uncertainty into
v sin i, such that the standard deviation may not fully ac-
count for the total uncertainty, although it is worth noting
that its uncertainty is almost twice that of the secondary’s
and therefore the additional uncertainty might already be
accounted for. The slightly lower v sin i of the secondary
could be consistent with sub-synchronous rotation of this
component. Since macroturbulence is not expected in late
B-type stars, this parameter was fixed to 1 km s−1 in the
profile fitting. Relaxing this constraint increases the uncer-
tainties in v sin i, and leads to macroturbulent velocities of
18 ± 8 kms−1and 17 ± 2 kms−1 for the primary and sec-
ondary, respectively (which are very high for such stars, and
probably unreliable since they were obtained from LSD pro-
files).

A Zeeman signature is clearly visible in Stokes V in
all observations, corresponding to the position of the pri-
mary’s line profile. Five observations yield a statistical defi-
nite detection (DD) inside the primary’s line profile, accord-
ing to the criteria described by Donati et al. (1992, 1997)
(i.e. a False Alarm Probability FAP< 10−5). Within the sec-
ondary’s line profile there is no indication of a Zeeman sig-
nature, and these observations yield formal non-detections
(NDs) according to the same criteria (FAP > 10−3). This
indicates that only the primary is detectably magnetic. De-
tection flags are given in Table 1.

The blended observation on 21/03 yields a marginal de-
tection (MD). This observation was obtained when the pre-
sumed non-magnetic star was eclipsing the magnetic star,
and the MD is almost certainly due to light from the mag-
netic component. As is clear from the light curve, the sys-
tem is not fully eclipsing (the reduction in flux is only about
15%), so light from the eclipsed component during eclipses
is expected.

The right panels of Fig. 3 show the Stokes I line profiles
of the two components, from the five non-eclipsing observa-
tions, shifted to their respective rest frames. The complex
structure and asymmetry in the primary’s line profiles is
consistent with the presence of chemical spots. This is con-
sistent with the dominant out-of-eclipse variation in the sys-
tem’s light curve being a consequence of rotational modu-
lation of the primary’s surface chemical abundance inhomo-
geneities. The secondary, by contrast, shows some signs of
variability near the core of the line, albeit much weaker than
the variations of the primary. These could be a consequence
of possible non-radial pulsation identified in the light curve
(f3, Table 4).

4.1 Longitudinal magnetic field

To quantify the strength of the stars’ magnetic fields we
measured the disk-averaged longitudinal magnetic fields
〈Bz〉 (Mathys 1989). These are summarized in Table 1. Due
to the larger uncertainties, the secondary’s 〈Bz〉 is consistent
with zero. The primary varies between about 〈Bz〉 = +100
and −200 G, and 2 of the observations yield 〈Bz〉 close to
zero (with crossover signatures detectable in Stokes V ). This
indicates we are seeing both magnetic poles and the mag-
netic equator. The 〈Bz〉 measurement from the final obser-
vation was assigned to the primary, but is not particularly
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Figure 3. LSD profiles extracted from ESPaDOnS spectra. Shaded regions indicate the mean uncertainty. Vertical dashed lines indicate
the integration limits of the primary’s line profile, dotted lines show the same for the secondary. The two panels on the right show
close-ups of the Stokes I LSD profiles of the two components at non-eclipsing phases, shifted to their respective rest frames.

Figure 4. Out-of-eclipse 〈Bz〉 measurements for the two compo-
nents, phased with the orbital period. The solid curve shows the
best-fit sinusoid; the dashed curves show the 1σ uncertainties in
the fit.

meaningful since the magnetic component is partially ob-
scured.

Fig. 4 shows the 〈Bz〉 measurements of the two com-
ponents phased with the rotational frequency f1 identified
from the light curve (see Table 4), corresponding to a pe-
riod of 4.7249(9) d. The measurements were phased using
T0,mag = 2458558.9(2), defined at 〈Bz〉 = 〈Bz〉max as in-
ferred from a sinusoidal fit. The 〈Bz〉 measurements of the
primary vary coherently with this period. The small differ-
ence between f1 and forb makes essentially no difference in
the phasing of 〈Bz〉, i.e. it is not possible using 〈Bz〉 to test
the hypothesis that f1 = forb.

Fitting a first-order sinusoid of the form 〈Bz〉 = B0 +
B1 sin (φ+ Φ), where φ is the rotational phase and Φ is a
phase offset, yields B0 = 6± 9 G and B1 = 316± 21 G. The
r parameter, used to constrain the relationship between irot
and the magnetic obliquity angle β (Preston 1967),

r =
|B0| −B1

|B0|+B1

=
cos (irot + β)

cos (irot − β)
, (2)

is then r = −0.96±0.06. To determine the star’s oblique ro-
tator model parameters, we utilized the Hertzsprung-Russell
Monte Carlo sampler described by Shultz et al. (2019),
which provides fully self-consistent magnetic, rotational, and
stellar parameters via simultaneous inclusion of all available
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observables, interpolation through evolutionary models, and
probabilistic rejection of inconsistent points in phase space.
We adopted the radius from the phoebe orbital model, with
the luminosity inferred from R∗ and Teff , and v sin i as de-
termined from the fits to the LSD Stokes I profiles. This
yielded irot = 79◦ ± 6◦, which is within 1σ of iorb, con-
sistent with the spin and orbital axes being aligned. The
obliquity angle of the magnetic axis from the rotational
axis is β = 86◦+14

−22 . The surface polar strength of the mag-
netic dipole is Bd = 880+780

−160 G, calculated using the ob-
served 〈Bz〉max = −258± 39 G and the linear limb darken-
ing coefficient ǫ = 0.47 from the B band tables calculated
by Dı́az-Cordovés et al. (1995) (where the B band approx-
imately corresponds to the ESPaDOnS wavelength region
containing the majority of spectral lines). Since irot is con-
sistent with iorb, it is reasonable to expect that spin and
orbital axes might be exactly aligned. If we take irot = iorb,
we find β = 79◦+17

−14 and Bd = 880± 170 G.
To place upper limits on Bd for the non-magnetic star,

we assumed that irot is within 10◦ of iorb, and adopted the
same value of ǫ as for the magnetic star. The assumption
that irot ∼ iorb is justified given that 1) v sin i differs by
only a few km s−1 between the two components, and 2) the
value of ωrot/ωorb inferred from phoebe modelling is very
close to 1. B0 = 10± 30 G and B1 = 100± 40 G were taken
respectively to be the weighted mean and weighted standard
deviation of 〈Bz〉, with 〈Bz〉max set to the same value as B1.
This yielded 1 and 3σ upper limits on Bd of 700 G and 1500
G, similar to the value inferred for the magnetic star. There-
fore, on the basis of 〈Bz〉 alone it cannot be ruled out that
the non-magnetic star has a magnetic field approximately
as strong as that of the magnetic star.

4.2 Bayesian modelling of line profiles

As a more precise means of constraining the surface mag-
netic fields of the two stars, we modelled their Stokes V
profiles using the Bayesian inference method described by
Petit & Wade (2012). We adopted the same v sin i values
and limb darkening as determined above. Synthetic profile
equivalent widths were normalized to the mean value of the
dataset. The observation obtained on 21/03/2019 was ex-
cluded as the secondary was eclipsing the primary at this
time.

For the secondary, this analysis finds 1, 2, and 3σ upper
limits on Bd of 110 G, 340 G, and 1260 G. This field is thus
almost certainly below the 300 G critical field limit identi-
fied by the survey of weak-field Ap/Bp stars conducted by
Aurière et al. (2007), and verified by the volume limited sur-
vey of Ap stars presented by Sikora et al. (2019b). As such,
if the star has a magnetic field it is likely to be of the ultra-
weak variety exhibited by Vega, Sirius, or Alhena, i.e. on the
order of 0.1 to 10 G (Petit et al. 2010, 2011; Blazère et al.
2016).

For the primary we initially performed a fit without
constraints on Prot or irot, obtaining maximum-likelihood
values for i, β, and Bd of about 90◦, 75◦, and 500 G. The
method therefore strongly prefers a large irot and β, with
the former consistent with expected spin-orbit alignment.

In an effort to improve the constraints, we next uti-
lized a modified version of the Bayesian inference code
that includes rotational phase information. We also fixed

Figure 5. Fits to Stokes V from Bayesian modelling. Stokes I
is shown in the bottom panel (observed: dashed black; synthetic:
solid red). The model does not incorporate line profile variation
due to chemical spots. The top five panels show Stokes V , with the
rotation phase φ indicated in the top left corner. Observed Stokes
V is shown by open circles. The best-fit model is indicated by solid
red lines; 68.3%, 95.4%, and 99.7% uncertainties are indicated by
light blue, blue, and dark blue shaded regions.
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irot = iorb = 84◦ ± 1. The resulting fit to Stokes V is shown
in Fig. 5. This yielded β = 94◦, with 68.3%, 95.4%, and
99.7% uncertainties of 23◦, 46◦, and 60◦. For Bd we ob-
tained a maximum posterior probability of 650 G, with up-
per uncertainties of 150 G, 400 G, and 1000 G, and lower
uncertainties of 50 G, 100 G, and 150 G.

Our Bayesian analysis yields similar values of β and Bd

to those inferred from modelling 〈Bz〉, with the two overlap-
ping at the 1σ level. In contrast to the constraints from 〈Bz〉,
direct modelling of Stokes V is able to demonstrate that any
magnetic field present in the atmosphere of the secondary is
much weaker than that of the primary, with the difference
significant at the 2σ level; this is because there are magnetic
configurations that yield 〈Bz〉 = 0, but still give a detectable
Stokes V signal.

5 DISCUSSION

While the variability of the LSD Stokes I profiles (Fig. 3) is
consistent with the magnetic star being a typical Bp star, it
is of interest to evaluate whether it demonstrates the typi-
cal pattern of chemical abundances seen in such stars. Fig. 6
compares the line profiles of the magnetic and non-magnetic
components. For each component a mean spectrum was cre-
ated by co-adding the five spectra obtained at non-eclipsing
orbital phases, with each spectrum shifted to the laboratory
rest frame. Lines were chosen so as to be relatively strong
and, more importantly, isolated, with the criterion that there
be no strong lines in the VALD line mask within 0.1 nm of
the line in question. The non-magnetic star has stronger C ii

and O i lines. N ii and S ii are apparently entirely absent
in the magnetic star’s spectrum. P ii, Ti ii, and Fe ii are
similar between the two stars, or slightly stronger in the
magnetic star. Si ii, Cl ii, and Cr ii are all stronger or much
stronger in the magnetic star. Finally, the magnetic star
displays prominent rare earth elements (Pr iii and Nd iii),
which are entirely absent in the non-magnetic star.

In some panels of Fig. 6, individual spectra shifted to
the rest frame of the magnetic star are shown. These demon-
strate that O, Si, Fe, Pr, and Nd are all variable, with the
variability of O, Fe, Pr, and Nd being particularly strong.
Variability is difficult to distinguish from noise in the cases
of Cl, Ti, and Cr. This indicates that the elements are not
homogeneously distributed across the stellar surface. The
variety of line profile morphologies further indicates that
the chemical abundance patches are not all distributed uni-
formly across the stellar surface. A similar evaluation of the
line profile variability of the non-magnetic star did not re-
veal anything obviously different from noise, as expected
given the low level of variation in the star’s LSD Stokes I
profiles.

Fig. 2 compares the derived stellar parameters of
HD62658 to the other Ap/Bp eclipsing binaries, HD66051
and HD99458, and to isochrones calculated with Geneva
evolutionary models (Ekström et al. 2012). The HD62658
components have the same mass as the magnetic compo-
nent of HD66051, but are somewhat younger (log (t/yr) = 8
vs. 8.3). Both systems are much younger than HD99458
(log (t/yr) = 9). In contrast to HD66051, which has a mass
ratio of q = M2/M1 = 0.55, and of course HD99458 for
which q = 0.21, the components of HD62658 are essentially

identical in mass (q = 1.012±0.007). Indeed, while there are
several magnetic close binary systems with mass ratios much
closer to 1 than that of HD66051, e.g. HD149277 (q = 0.91;
Shultz 2016; González et al. 2018) and ǫ Lupi (q = 0.83;
Pablo et al. 2019), the mass ratio q of HD62658 is closer to
unity than any other known magnetic hot binary.

In addition to having essentially identical masses,
HD62658’s components are presumably coeval (e.g.
White & Ghez 2001). Their rotational velocities are further-
more almost the same: while the secondary has a slightly
lower v sin i and is probably rotating sub-synchronously, the
differences in their rotation seem unlikely to be important
from a dynamical perspective. They apparently differ only in
that one of the stars has a fossil magnetic field, and the other
does not. This remarkable system may have implications for
our understanding of the formation of fossil magnetic fields,
and the relation of the mechanism responsible to the overall
rarity of magnetic stars in close binary systems. As noted in
the introduction, hypotheses seeking to explain the rarity of
such systems include:

(i) Magnetization of the protostellar cloud provides the
seed for the fossil field, and also inhibits fragmentation of
the cloud and therefore prevents the formation of binaries
(Commerçon et al. 2011)

(ii) Fossil fields are left over from dynamos powered by
stellar mergers (Schneider et al. 2016)

(iii) Tidal interactions in eccentric binaries lead to the
rapid decay of fossil magnetic fields (Vidal et al. 2019)

The existence of some, rather than no, close binaries
including at least one star with a fossil field suggests that i)
is unlikely to be universally true. This depends on whether
magnetization prevents fragmentation, or simply makes it
unlikely. However, in this scenario, it is curious that one of
the components should have inherited all of the pre-stellar
magnetic flux, despite the two components being otherwise
identical.

While ii) cannot be ruled out in all cases, it can prob-
ably be excluded in magnetic close binaries, as these would
need to start as triple (or in the case of the doubly magnetic
close binary ǫ Lupi (Shultz et al. 2015), quadruple) systems,
without the orbit of the merger product(s) being disrupted.
The existence of circularized, tidally locked systems contain-
ing a magnetic component, such as HD66051 and HD156324
(Kochukhov et al. 2018; Shultz et al. 2018a), also seems dif-
ficult to achieve via mergers.

Since the mechanism suggested in scenario iii) requires
variable tidal forces due to an eccentric orbit, it cannot be
operating in this case. However, assuming that the system
was not always circularized, it may have been operating in
the past. The total unsigned magnetic flux of the primary is
log Φ = log [(BdR

2
∗)/(G R2

⊙)] = 3.6±0.1. This is at the lower
limit of the range of magnetic fluxes reported by Sikora et al.
(2019b) for their volume-limited sample of Ap/Bp stars,
which extended up to the mass range occupied by HD62658.
Since Sikora et al. (2019b) found no evidence for flux decay
in this mass range, HD62658’s magnetic flux is not obviously
anomalous for its age. Based on the magnetic and stellar pa-
rameters reported by Kochukhov et al. (2018), the unsigned
magnetic flux of the slightly older HD66051 is about the
same as that of HD62658, and again at the lower range
of the sample presented by Sikora et al. (2019b). Given the
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Figure 6. Comparison of various spectral lines, obtained from the mean co-added spectrum. Thick red shows the the magnetic primary,
thick dashed black lines the non-magnetic secondary. Vertical dashed lines indicate line centre, and dotted lines show the expected line

width. In some panels, coloured lines show individual observations shifted to the rest frame of the primary.

large difference in age between these stars and HD99458,
it would be of interest to obtain magnetic measurements of
the latter.

The previously listed hypotheses for the origin of fos-
sil fields, and their rarity amongst binaries, can broadly be
classified as environmental (i.e. relating to the magnetic flux
within the molecular cloud from which the star formed), or
evolutionary (i.e. relating to some circumstance of the star’s
evolution after formation). The existence of a system with
stars that are identical in their fundamental parameters, and
which must have formed in the same place and at the same
time, calls these scenarios into question.

At the bottom of the main sequence there is a magnetic
dichotomy somewhat similar to that of hot magnetic stars
with and without fossil fields, namely the bimodal distribu-
tion of M-dwarf magnetic field strengths and geometries (e.g.
Morin et al. 2010, 2011; Shulyak et al. 2017). Some of these
stars possess strongly organized poloidal fields with surface
strengths above the 4 kG saturation limit, while others have
tangled topologies with surface strengths below this limit.
This bimodal distribution is thought to be a consequence of
a dynamo bistability explored by Gastine et al. (2013), who
found that the rotational-convective dynamos of these stars
could stabilize into one or the other topology.

Dynamo bistability is further strengthened by Zeeman

Doppler Imaging maps of the M-dwarf binary BL Cet and
UV Cet presented by Kochukhov & Lavail (2017). These
stars are nearly identical in mass and rotation, yet one
possesses a globally organized, axisymmetric poloidal field,
while the other has a much weaker, non-axisymmetric, tan-
gled field. The BL Cet/UV Cet system is thus remarkably
similar to the case of HD62658. Persistent differences in stel-
lar activity indices (Audard et al. 2003) suggest that these
different magnetic field structures are not due to the stars
having been observed at different points in their magnetic
activity cycles (although a sudden change in the previously
stable axisymmetric magnetic field of of the M dwarf AD
Leo was reported by Lavail et al. 2018, suggesting that such
a change should not be ruled out in the future in the case
of BL/UV Cet). A similar magnetic bistability has been ob-
served by Rosén et al. (2018) in the tidally locked F9-G0
system σ2 CrB, indicating that a strong sensitivity of dy-
namo properties on stellar parameters is not limited to fully
convective stars.

While fully convective M-dwarves with rotational-
convective dynamos, and B stars with radiative envelopes
and fossil magnetic fields, are obviously very different in
a myriad of important ways, intermediate-mass stars likely
pass through a fully convective phase during their pre-main
sequence (PMS) evolution. During this period an interme-
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diate mass star is, from a magnetohydrodynamic perspec-
tive, somewhat similar to a main sequence M dwarf. It is
therefore reasonable to expect that intermediate mass stars
may exhibit a similar dynamo bistability on the PMS. This
may provide a natural explanation for the “magnetic desert”
amongst hot main sequence stars, with 10% possessing glob-
ally organized magnetic fields with a lower limit of about
300 G (Aurière et al. 2007; Lignières et al. 2014), and the
majority no fields at all, or ultra-weak fields such as those
observed on Vega, Sirius, and Alhena (Lignières et al. 2009;
Petit et al. 2011; Blazère et al. 2016). In this scenario, the
fossil magnetic fields of those stars which fail to organize into
dipoles, or for which the surface dipole field strength is too
low, rapidly decay due to rotationally induced instabilities
(e.g. Aurière et al. 2007; Braithwaite & Cantiello 2013). A
bistability scenario avoids invoking environmental factors,
which seem to be excluded in the case of HD62658 since
its components are identical in age, must have formed very
close together, and are within 1.2% of being the same in
mass.

One prediction of a bistability scenario is that mag-
netic fields should be ubiquitous during the earliest phases of
the PMS, when the star is at least partially convective, and
should rapidly disappear once stars become radiative. This is
precisely what was found by Villebrun et al. (2019) in their
study of intermediate mass T Tauri stars (IMTTS). They
showed that essentially all IMTTS with convective envelopes
are magnetic, while very few of the fully radiative IMTTS
host magnetic fields. Villebrun et al. furthermore character-
ized the magnetic fields of the majority (10/14 or 71%) of
IMTTS with convective envelopes as ‘complex’, i.e. possess-
ing significant non-dipolar components, with only one star
(7%) possessing an apparently dipolar field (the remainder
could not be classified one way or the other). The frequency
of dipolar magnetic fields amongst convective IMTTS is
comparable to the incidence of magnetic fields on the main
sequence. The identification of a convective boundary for
IMTTS magnetic fields is consistent with the results of the
study of Herbig Ae/Be stars by Alecian et al. (2013a,b), who
found that the magnetic incidence amongst this population
is similar to that of main sequence stars.

It should be noted that the 10% frequency of fossil fields
in hot stars is much lower than the 60% occurrence of dipoles
in M dwarves reported by Shulyak et al. (2017). This sug-
gests either that only the strongest fields survive the transi-
tion from convective to radiative regimes, and/or that other
factors (such as the ratio of toroidal to poloidal magnetic
energy; Braithwaite 2009; Duez et al. 2010) become salient
once the stellar magnetic field is no longer supported by a
contemporaneous dynamo.

6 CONCLUSIONS

We report the discovery via KELT photometry of the sec-
ond chemically peculiar magnetic eclipsing binary system,
HD62658. Modelling of radial velocities and the TESS light
curve reveals that the system is nearly circularized, and that
the two components have almost identical masses of about
3 M⊙. The out-of-eclipse variability is consistent with rota-
tional modulation by chemical spots, and the evidence sug-

gests that the rotation of the chemically peculiar component
is synchronized with the orbit.

High-resolution spectropolarimtery reveals the system
to be an SB2, as expected. One of the components exhibits
strong line profile variations consistent with the presence of
chemical spots. The other component exhibits weaker varia-
tions, which may be consistent with gravity-mode pulsations
detected in the light curve. A magnetic field is detected in
the chemically peculiar component; 〈Bz〉 phases coherently
with the rotational period inferred from the light curve. As-
suming a dipolar oblique rotator model, the magnetic com-
ponent possesses a surface dipole strength of about 700 G.
No magnetic field is detected in the other component, and
direct modelling of its circular polarization profile indicates
a surface dipole field below about 100 G.

The existence of two coeval stars with essentially iden-
tical fundamental parameters, which formed in the same en-
vironment, and that differ only in that one is magnetic, sug-
gests that environmental or evolutionary scenarios for the
origin of fossil fields and their rarity in binary systems may
be unnecessary, and that the explanation of these phenom-
ena may instead be found in a pre-main sequence dynamo
bistability similar to that identified in M-dwarves. It is, how-
ever, essential that further observations of this system be ob-
tained, in order to improve the constraints on the magnetic
field of the secondary and definitively rule out the presence
of a magnetic field on this star.

This system represents a unique opportunity to com-
pare stellar structure models of stars with and without
strong magnetic fields, and may be important for explo-
ration of the consequences of fossil magnetism above and
beyond the presence of chemical spots. Such investigations
will require detailed knowledge of the magnetic star’s surface
magnetic field topology and chemical element distribution.
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Lignières F., Petit P., Böhm T., Aurière M., 2009, A&A,
500, L41

Lignières F., Petit P., Aurière M., Wade G. A., Böhm
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