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A B S T R A C T 

Plaskett’s ‘star’ appears to be one of a small number of short-period binary systems known to contain a hot, massive, magnetic star. 
We combine an e xtensiv e spectropolarimetric (Stokes V ) data set with archi v al photometry and spectropolarimetry to establish 

the essential characteristics of the magnetic field and magnetosphere of the rapidly rotating, broad-line component of the system. 
We apply least-squares deconvolution (LSD) to infer the longitudinal magnetic field from each Stokes V spectrum. Using the 
time series of longitudinal field measurements, in combination with CoRoT photometry and equi v alent width measurements of 
magnetospheric spectral lines, we infer the rotation period of the magnetic star to be equal to 1 . 21551 

+ 0 . 00028 
−0 . 00034 d. Modelling the 

Stokes V LSD profiles with Zeeman–Doppler Imaging, we produce the first reliable magnetic map of an O-type star. We find 

a magnetic field that is predominantly dipolar, with an obliquity near 90 

◦ and a polar strength of about 850 G. We update the 
calculations of the theoretical magnetospheric parameters, and in agreement with their predictions we identify clear variability 

signatures of the H α, H β, and He II λ4686 lines confirming the presence of a dense centrifugal magnetosphere surrounding the 
star. Finally, we report a lack of detection of radial velocity (RV) variations of the observed Stokes V profiles, suggesting that 
historical reports of the large RV variations of the broad-line star’s spectral lines may be spurious. This disco v ery may moti v ate 
a fundamental revision of the historical model of the Plaskett’s star as a near-equal mass O + O binary system. 

Key words: stars: early-type – stars: evolution – stars: magnetic field – binaries: spectroscopic. 
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 I N T RO D U C T I O N  

assive stars ( M � 8 M �) impart a disproportionate amount of
nergy and momentum into their surroundings during their short
ives through their intense ultraviolet radiation fields, their strong
adiati vely dri ven winds, and in their deaths as supernovae. Despite
heir rarity, they significantly impact the energetics, structure, chem-
cal enrichment, and evolution of their host galaxies (Crowther et al.
010 ). It is now generally believed that binary evolution impacts
he majority of massive stars during their lives (Sana et al. 2012 ,
013 ). Improving our understanding of the dynamical and physical
roperties of massive binary stellar systems will therefore have
 broad impact on our knowledge of the stars that dominate the
volution of the Universe. 

It is now well established that approximately 10 per cent of all main
equence and pre-main sequence isolated OBA stars host strong,
table, and globally ordered magnetic fields (e.g. Alecian et al. 2013 ;
ossati et al. 2015 ; Grunhut et al. 2017 ; Sikora et al. 2019 ). The
 E-mail: Wade.gregg@queensu.ca 
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etected fields are characteristically different from those of cool, low-
ass stars, and show no clear correlations between their magnetic

nd physical properties (such as mass or rotation), which suggests
 very different origin than the contemporaneously driven dynamo
elds of the Sun and other cool stars (e.g. Donati & Landstreet 2009 ;
lecian et al. 2013 ; Grunhut & Neiner 2015 ). The broadly fa v oured
ypothesis is that these fossil fields are the remnants of the Galactic
eld accumulated and possibly enhanced by a dynamo field generated

n an earlier phase of evolution (e.g. Mestel 2001 ; Moss 2001 ).
HD instabilities (e.g. Tayler 1973 , Spruit 1999 , Emeriau-Viard &
athis, submitted) can potentially account for the observed magnetic

ichotomy of magnetic and (apparently) non-magnetic stars, as only
trong fields would survive (e.g. Auri ̀ere et al. 2007 ). An alternative
ypothesis is that the magnetic fields of ABO stars fields are the
emnants of short-lived dynamo-generated fields that occur during
pisodic merger events or from strong binary interactions (e.g. Tout
t al. 2008 ; Ferrario et al. 2009 ; Langer 2012 ; Grunhut & Alecian
014 ; Wickramasinghe, Tout & Ferrario 2014 ; Schneider et al. 2019 ),
hich are expected to occur with roughly a 10 per cent frequency

mong high-mass stars (e.g. Bogomazov & Tutukov 2009 ; de Mink
t al. 2013 ). 
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HD 47129 (Plaskett’s star) is a bright ( V = 6.06) spatially unre-
olved system with two distinct spectroscopic O-type components. 
he spectroscopic component with narrower lines is in a very clear 
 orb = 14.396257 ± 0.00095 d orbit (Linder et al. 2008 ), and the
ystem is understood to be a nearly equal-mass, non-eclipsing SB2 
ystem in an approximately circular orbit (e.g. Stickland 1987 ). 

Plaskett’s star is considered to be a probable member of Mon
B2, a large association located at a heliocentric distance of 1.4–
.7 kpc (Chen, de Grijs & Zhao 2007 ) containing two or three
ubgroups of OB stars and stellar aggregates (Singh & Naranan 
979 ; Li & Smith 2005 ). The proposed Mon OB2 membership is
n reasonable agreement with the Gaia eDR3 distance of Plaskett’s 
tar (1.283 ± 0.122 kpc; Bailer-Jones et al. 2021 ). These subgroups
re characterized by a relatively large range of characteristic ages, 
rom 0.2–0.6 Myr (the dynamical age of NGC 2244, the youngest 
omponent of the association; Mathews 1967 ) to 2 Myr (the main-
equence turnoff age of NGC 2244; Park & Sung 2002 ) to 4 Myr (the
ynamical age of the H I shell of the Rosette; Chen et al. 2007 ) to 20–
5 Myr (Turner 1976 ) for the most evolved stars in the association. 
According to the analysis of Linder et al. ( 2008 ), the system is

omposed of an O8III/I spectroscopic component (referred to in this 
aper as ‘the narrow-line star’) of mass (45.4 ± 2.4)sin 3 i M �, and an
7.5V/III spectroscopic component (referred to here as ‘the broad- 

ine star’) of mass (47.3 ± 0.3)sin 3 i M �. Despite their very similar
asses, the narrow-line component appears to be ∼2 × brighter 

han the broad-line component in the optical (Linder et al. 2008 ).
he system inclination i = 71 ± 9 ◦ was estimated by Rudy &
erman ( 1978 ) using linear polarimetry. Rudy & Herman ( 1978 )

nd Bagnuolo, Gies & Wiggs ( 1992 ) noted that an inclination
ignificantly larger than ∼70 ◦ would result in eclipses (which are not 
bserved), while an inclination significantly smaller would imply 
mprobably large masses of the components. According to this 
nalysis, with a total mass of approximately 112 M �, HD 47129
s one of the most massive known O-type binaries. 

Linder et al. ( 2008 ) identified serious inconsistencies between the 
haracteristics of the components inferred from their spectroscopic 
nd dynamical analyses. The inferred spectral types are too late for
he dynamical masses. The optical brightness ratio inferred from 

qui v alent widths (EWs) of a selection of He I and He II lines implies
hat the narrow-line star is twice as bright as the broad-line star.
he inferred absolute magnitudes of the components are consistent 
ith main sequence or subgiant evolutionary states, in contradiction 

o the inferred giant luminosity classes. The radii implied by the 
ynamically inferred masses and measured surface gravities of 
inder et al. ( 2008 ) (approximately 22 R � for both components)
isagree with those inferred from the Stefan–Boltzmann law (14 and 
0.5 R � for the narrow-line and broad-line components, respectively) 
sing the luminosities and temperatures of Linder et al. ( 2008 ). While
inder et al. ( 2008 ) note that some of this tension could be relieved
y increasing the distance from the assumed 1.5 kpc, this would 
esult in significant conflict with the precise Gaia eDR3 parallax. 

As implied abo v e, the two stars e xhibit substantially different line
idths, implying very different rotational velocities. Linder et al. 

 2008 ) measured projected rotational velocities from several spectral 
ines, deriving vsin i ranging from 60 to 75 km s −1 for the narrow-
ine star and from 230 to 310 km s −1 for the broad-line star. These
ery different rotational velocities are unexpected given the obvious 
ircularization of the orbit. 

The system is clearly chemically peculiar. According to Linder 
t al. ( 2008 ) (see also Martins, Mahy & Herv ́e 2017 ), the narrow-line
tar is strongly N enhanced (16 times solar) and C depleted (3 per cent
f solar), while the broad-line star is N depleted (20 per cent of solar)
nd He o v erabundant (1.5 times solar). The peculiar chemistry, in
ombination with the mass/luminosity mismatch and rapid rotation 
f the secondary, has led investigators (Bagnuolo et al. 1992 ; Linder
t al. 2008 ) to speculate that Plaskett’s star is a post-Roche lobe
 v erflow system. 
The system was first identified as an X-ray emitter by the ROSAT

ll-Sk y Surv e y (Berghoefer, Schmitt & Cassinelli 1996 ). Linder et al.
 2006 ) reported analysis of XMM –Newton observations of Plaskett’s
tar, revealing the system to be a hard, luminous and variable
-ray emitter ( kT max � 1.4 keV, log L x / L bol = −6.0). Kurapati

t al. ( 2017 ) furthermore detected radio emission at 1 and 3 cm.
hese observations are qualitatively consistent with the historical 

nterpretation (e.g. Wiggs & Gies 1992 ) of the system as a colliding-
ind binary. 
Grunhut et al. ( 2013 ) reported the disco v ery of a magnetic field

ssociated with the broad-line component of the Plaskett system. 
ith only a limited number of observations, no robust conclusion 

bout the characteristics of the magnetic field or the wind-field 
nteraction could be drawn. Ho we ver, it was proposed that the
otationally flattened wind of the broad-line star (Wiggs & Gies 1992 ;
inder et al. 2008 ) was a consequence of magnetic confinement of the
road-line star’s wind. As this system is the only known short-period,
-type binary with a rapidly rotating magnetic component, it may 
rovide a unique guide towards our understanding of the formation 
nd evolution of magnetism in massive stars, and of the potential role
agnetism may play in binary evolution of these systems. 
The investigations summarized above demonstrate the complexity 

f the Plaskett system, combining binarity, magnetism, interacting 
inds, and non-standard stellar evolution. This article aims to 

larify the rotational, magnetic, and magnetospheric properties of 
he broad-line component, elaborating on the preliminary findings 
eported by Grunhut et al. ( 2013 ). In Section 2 , we present the
ew and archival observations used in our analysis, including a 
iscussion of the extraction of magnetic, spectroscopic, and pho- 
ometric measurements. In Section 3 , we perform a period analysis
f the polarimetric, spectroscopic, and photometric data to search 
or rotationally modulated variability associated with the broad-line 
tar. Section 4 presents the magnetic modelling and the inferred 
eld properties based on the polarimetric observations. In Section 5 ,
e present a detailed analysis of the observed emission variations 

ssociated with the magnetically confined wind of the broad-line 
omponent. Lastly, we summarize our findings and conclusions in 
ection 7 . 

 OBSERVATI ONS  

.1 Spectropolarimetric data 

etween 2012 February 4 and 2013 March 4 a total of 63 high-
pectral resolving power ( R = 

λ
�λ

∼ 65 000), spectropolarimetric 
bservations were acquired with the Echelle SpectroPolarimetric 
evice for the Observations of Stars (ESPaDOnS), mounted on the 
anada–France–Hawaii Telescope (CFHT), and its twin instrument 
arval, mounted on the T ́elescope Bernard Lyot (TBL). (For a
etailed discussion of the formation and analysis of Stokes V in
n SB2 spectrum see Petit et al. 2019 .) Observations obtained before
012 April were previously described by Grunhut et al. ( 2013 ). All
bservations obtained prior to 2013 were acquired within the context 
f the CFHT and TBL Magnetism in Massive Stars (MiMeS) Large
rogrammes o v er the course of 21 different nights (Wade et al. 2016 ).
he remaining spectra obtained in 2013 were acquired within the 
ontext of the Binarity and Magnetic Interactions in various classes 
MNRAS 512, 1944–1966 (2022) 
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Table 1. Journal of polarimetric observations listing the date, the heliocentric Julian date at 
mid-exposure (2450000 + ), the instrument employed (E = ESPaDOnS, N = Narval), the 
number of spectroscopic exposures obtained per night, the exposure time per sub-exposure, the 
orbital phase according to the ephemeris of Linder et al. ( 2008 ), the peak S/N per 1.8 km s −1 

pixel in the observed spectrum, the e v aluation of the detection level of the Stokes V Zeeman 
signature within the line profile according to the criteria of Donati et al. ( 1997 ) (DD = definite 
detection, MD = marginal detection, ND = no detection), and the adopted velocity bin for the 
given detection level. The observations obtained during the first eight nights were previously 
discussed by Grunhut et al. ( 2013 ). 

Date Mid. Inst. N t exp Orb. Pk Det. Bin 

HJD Exp. (s) phase S/N flag (km s −1 ) 

12-02-04 5961.8588 E 8 600 0.295 2080 DD 30 .6 
12-02-09 5966.8777 E 16 600 0.644 2462 MD 14 .4 
12-02-10 5967.7682 E 8 600 0.706 1637 DD 46 .8 
12-02-12 5969.7755 E 16 600 0.845 3000 DD 46 .8 
12-03-13 6000.4172 N 4 1200 0.974 2648 MD 10 .8 
12-03-14 6001.3654 N 4 1200 0.039 2518 ND 43 .2 
12-03-23 6010.3588 N 4 1200 0.664 2459 ND 41 .4 
12-03-25 6012.3443 N 4 1200 0.802 2410 MD 41 .4 
12-09-25 6196.0913 E 8 900 0.566 1999 DD 43 .2 
12-09-27 6198.0942 E 8 900 0.705 2131 ND 10 .8 
12-09-28 6199.0824 E 8 900 0.773 1121 DD 41 .4 
12-10-01 6202.1013 E 8 900 0.983 2338 DD 39 .6 
12-11-29 6261.1259 E 8 900 0.083 2314 MD 1 .8 
12-11-30 6262.0630 E 12 900 0.148 2396 DD 46 .8 
12-12-02 6264.1276 E 8 900 0.292 1273 ND 1 .8 
12-12-10 6272.1204 E 8 900 0.847 2268 ND 1 .8 
12-12-21 6282.9363 E 8 900 0.598 2679 ND 43 .2 
12-12-22 6284.1162 E 8 900 0.680 1647 MD 41 .4 
12-12-26 6288.0984 E 6 a 900 0.957 2503 MD 1 .8 
12-12-27 6289.1048 E 8 900 0.027 2301 DD 1 .8 
12-12-28 6289.9823 E 8 900 0.087 1837 DD 41 .4 
13-02-20 6343.8556 E 4 900 0.830 2149 ND 14 .4 
13-02-21 6344.8483 E 1 a 900 0.774 – – –
13-02-28 6351.8751 E 16 410 0.387 1968 DD 46 .8 
13-03-01 6352.9188 E 16 410 0.459 998 MD 45 .0 
13-03-02 6353.9112 E 16 410 0.528 1072 MD 41 .4 
13-03-03 6354.7522 E 16 410 0.587 601 MD 1 .8 
13-03-04 6355.8976 E 16 410 0.666 1218 MD 1 .8 

a Incomplete polarimetric sequence. 
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f Stars (BinaMIcS) CFHT Large Programme (Neiner & Alecian
013 ; Alecian et al. 2015 ). 
Each spectropolarimetric sequence consisted of four individual

ub-e xposures with e xposure times ranging from 410 to 900 s
hat were taken with different configurations of the polarimetric
etarders to acquire circularly polarized Stokes V spectra (e.g.
onati et al. 1997 ). The individual sub-exposures were processed
sing the automated reduction package LIBRE-ESPRIT to produce
npolarized Stokes I and circularly polarized Stokes V spectra in
he wavelength range of 3700 –10 500 Å, following the double-ratio
rocedure described by Donati et al. ( 1997 ). This process ensures
hat all spurious polarization signatures are remo v ed to first order.
iagnostic null spectra were also determined by combining the four

ub-exposures in such a way that the polarization cancels out (Wade
t al. 2016 ). This allows us to verify that no spurious polarization
ignals are present in the processed data. After verifying that no
ignificant nightly variability was present, all spectra obtained during
 given night were co-added and normalized to the continuum.
he peak signal-to-noise ratio (S/N) of the co-added polarimetric
equences ranges from 600 to 2000 per 1.8 km s −1 spectral pixel. A
og of these observations is provided in Table 1 . 
NRAS 512, 1944–1966 (2022) 
.1.1 Polarimetric measurements 

o increase the S/N of the polarimetric spectra, we applied the
east-squares deconvolution (LSD) procedure of Donati et al. ( 1997 ).
ollowing the analysis of Grunhut et al. ( 2013 ), we adopted a line
ask that uses a small subset of lines (11) based on an LTE synthetic

pectrum of an O8 giant. The lines (He I λλ4026, 4471, 4713, 5015,
e II λλ4200, 4541, C IV λλ5801, 5811, N III λλ4511, 4515, and O III

5592) are mostly in absorption in our spectra, although there is some
vidence of emission contamination in some of the lines. This mask
s similar to that employed by Donati et al. ( 2006a ) for HD 191612,
hich pro v ed to yield the most significant Zeeman detections in that

nd in several other magnetic O stars. 
For weak Stokes V signals, the detection probability can sometimes

e enhanced by optimizing the velocity pixel size used for extracting
n LSD profile (Grunhut et al. 2017 ). Adopting a single width of the
elocity bin for a set of observations of a single star is a strategy
hat is most commonly adopted, but due to the large width of the
ine profile, the low amplitude of the Zeeman signatures, and the
elatively high noise level, this strategy is not optimal for the analysis
f this system. Therefore, in order to impro v e our ability to detect
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Figure 1. LSD Stokes V (top), diagnostic null (middle), and Stokes I profile 
of Plaskett’s star obtained on the night of 2012 October 1. The profiles have 
been rebinned to a velocity bin of 54 km s −1 and the V and N profiles have been 
expanded by the indicated factor and shifted for display purposes. The Stokes 
I profile (observed in black, disentangled profiles assuming the stationary 
solution of the narrow-line and broad-line components in green) shows the 
clear blend of the two components. Vertical dotted lines are included to 
illustrate the full width of the broad-line profile. A clear Zeeman signature 
is detected in Stokes V with a position and width that is consistent with 
the broad-line component. No excess signal is found in the corresponding 
diagnostic null profile. 
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Figure 2. Comparison of the two disentangling solutions, with the narrow- 
line component on the left and the broad-line component on the right. The 
solid black lines illustrate the variable-RV solution, while the dashed red lines 
illustrate the static-RV solution. 
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eak Zeeman signatures, we adapted the velocity bin size for each 
bservation. This was done by extracting LSD profiles using different 
 elocity pix el sized, ranging from 1.8 to 46.8 km s −1 . 
The likelihood that a Zeeman signature was detected in the Stokes 

 profile of an LSD spectrum was computed by measuring the χ2 

f Stokes V with respect to zero within the confines of the line
rofile, interpreted using the false alarm probability (FAP) criteria 
f Donati, Semel & Rees ( 1992 ) and Donati et al. ( 1997 ) for each
SD profile. A Zeeman signature is considered a definite detection 

DD) if excess signal is detected within the line profile with an FAP
 10 −5 . A signal is considered a marginal detection (MD) if the

AP is greater than 10 −5 but less than 10 −3 , while a higher FAP is
onsidered a non-detection (ND). The most significant detection for 
ach observ ation v aried with velocity bin size; the results are reported
n Table 1 , where we obtain detections of magnetic signatures in 20
f the profiles (10 DD, 10 MD). The Stokes V profiles exhibit both
ositive and negative polarities, as well as crossover morphologies. 
e note that interestingly, the velocity span of the Stokes V profiles

ppears to be constant, i.e. roughly −450 to 450 km s −1 . 
All extracted LSD profiles were scaled to a wavelength of 500 nm,

 line depth of 0.1 times the continuum, and a Land ́e factor of 1.2.
n example of an observation with a clear detection of a Zeeman

ignature in the LSD profile is provided in Fig. 1 . 

.1.2 Disentangling of the LSD profiles 

he Stokes I profile of the broad-line magnetic star is contaminated 
y the presence of the narrow-line component (see Fig. 1 ). In order to
nfer the longitudinal magnetic field B � of the broad-line component 
ithout contribution from the intensity profile of the narrow-line 

tar, we followed the method discussed by Grunhut et al. ( 2013 ).
his disentangling approach works in the wavelength domain (or 
elocity for LSD profiles) and proceeds iteratively, first by generating 
 line model for one component by subtracting a model for the
ther component from the observations, shifting the residuals to a 
ommon rest frame, and summing to produce an averaged line profile
weighted by uncertainties). Then an updated line model for the 
ther component is generated using the same procedure, subtracting 
he new line model for the first star from the observations. This is
terated until the two line profiles no longer change significantly. See
onz ́alez & Le v ato ( 2006 ) for more details. 
As previously discussed by Grunhut et al. ( 2013 ), this method

e glects an y intrinsic EW variability. None the less, as argued
y Grunhut et al. ( 2013 ), we expect that variable wind emission
ormed abo v e the photosphere, where the magnetic field is weaker,
s the primary source of non-RV related variations, but does not
ontribute significantly to the Stokes V profile and corresponding 
 � measurements. The validity of these approximations can be 
iagnosed from the scatter of the B � measurements (Section 3.1 
nd Fig. 4 ). 

As will be further discussed in Section 4.3 , our attempts to map
he magnetic field of the star using Zeeman–Doppler Imaging (ZDI) 
ed us to consider models in which the radial velocity (RV) of the
road-line star was constant. As a consequence we have computed 
wo disentangling solutions for the broad-line star: one assuming 
he RV variations adopted by Linder et al. ( 2008 ), and a second in
hich the RV is held stationary. In both solutions, the narrow-line

tar varies in RV according to Linder et al. ( 2008 ). 
The chief impact of adopting the stationary RV solution for the

road-line star is to broaden and deepen the broad-line component. 
he disentangled profiles for both models are shown in Fig. 2 . 

.1.3 Longitudinal magnetic field 

he longitudinal magnetic field ( B � ) was computed from the disen-
angled LSD profiles of the broad-line star extracted with a uniform
elocity spacing of 5.4 km s −1 for consistency, using the first-order
oment method discussed by Rees & Semel ( 1979 ) and equation ( 1 )

f Wade et al. ( 2000 ). We performed the measurements using
oth disentangling solutions. The wavelength λ and Land ́e factor 
 used were the scaling values of the LSD profiles, 500 nm and 1.2,
espectiv ely. The inte gration range was chosen to be between −450
nd 450 km s −1 . A similar quantity was computed from the diagnostic
ull profile ( N � ) using the same integration range. This latter value
hould be consistent with zero in the absence of systematic errors.
he B � measurements for indi vidual observ ations are presented in
MNRAS 512, 1944–1966 (2022) 

art/stab3320_f1.eps
art/stab3320_f2.eps


1948 J. H. Grunhut et al. 

M

Table 2. Table of B � measurements. Included is the HJD of mid-exposure, the rotational phase according to equation ( 1 ), the longitudinal field measurement 
( B � ), the corresponding uncertainty ( σB ), the null field measurement ( N � ), and corresponding uncertainty ( σN ). 

HJD Rot. B � σB N � σN HJD Rot. B � σB N � σN 

(2450000 + ) phase (G) (G) (G) (G) (2450000 + ) phase (G) (G) (G) (G) 

5961.8438 0.694 − 223 177 − 128 176 6272.1423 0.977 355 181 187 182 
5961.8735 0.719 93 171 − 31 168 6282.9073 0.833 376 153 − 242 152 
5966.8317 0.798 143 216 15 216 6282.9651 0.881 700 255 323 252 
5966.8614 0.822 213 246 − 111 249 6284.0940 0.809 − 197 174 − 77 173 
5966.8916 0.847 453 199 187 200 6284.1383 0.846 450 189 58 187 
5966.9233 0.873 321 194 31 195 6288.0983 0.104 273 312 363 314 
5967.7533 0.556 − 170 257 − 4 256 6289.0829 0.914 120 180 137 181 
5967.7829 0.580 − 979 206 233 207 6289.1265 0.950 682 203 38 201 
5969.7306 0.183 205 169 28 171 6289.9604 0.636 − 266 152 − 114 153 
5969.7603 0.207 279 168 45 167 6290.0040 0.672 93 156 − 133 155 
5969.7904 0.232 261 166 − 14 166 6343.8555 0.975 159 180 23 180 
5969.8201 0.256 196 168 − 65 166 6351.8432 0.547 − 456 247 140 246 
6000.4172 0.429 − 1077 255 281 257 6351.8641 0.564 − 454 235 − 90 238 
6001.3654 0.209 − 41 235 − 83 237 6351.8858 0.582 − 590 232 89 232 
6010.3588 0.608 − 47 420 65 420 6351.9067 0.599 − 572 236 − 179 237 
6012.3442 0.241 67 207 − 7 207 6352.8871 0.406 − 368 242 446 244 
6196.0691 0.391 − 251 151 − 317 150 6352.9080 0.423 − 431 268 282 271 
6196.1129 0.427 − 722 151 244 150 6352.9292 0.440 − 482 283 − 38 281 
6198.0722 0.039 444 161 − 83 162 6352.9501 0.457 − 676 299 229 295 
6198.1159 0.075 174 165 − 194 166 6353.8794 0.222 242 302 − 744 302 
6199.0600 0.852 539 169 − 285 169 6353.9003 0.239 703 333 − 162 335 
6199.1044 0.889 661 159 − 201 159 6353.9217 0.257 664 350 51 349 
6202.0790 0.336 − 354 174 − 29 176 6353.9426 0.274 247 429 254 423 
6202.1232 0.372 − 576 165 211 166 6354.7202 0.914 248 247 199 248 
6261.1027 0.895 637 250 − 27 249 6354.7411 0.931 481 272 − 204 273 
6261.1488 0.932 422 209 − 54 213 6354.7629 0.949 1014 300 191 298 
6262.0052 0.637 − 758 290 137 290 6354.7838 0.966 523 308 − 243 315 
6262.0747 0.694 − 355 309 − 364 314 6355.8654 0.856 92 288 448 286 
6262.1200 0.731 − 247 347 − 735 343 6355.8863 0.873 714 328 835 322 
6264.1052 0.365 172 595 − 1608 599 6355.9085 0.891 821 308 120 306 
6264.1498 0.401 − 568 907 − 195 919 6355.9294 0.908 500 368 − 496 370 
6272.0983 0.941 94 186 − 229 186 

T  

s  

m

2

F  

s  

T  

W  

i  

f  

i  

o  

l  

E  

l  

i  

a

2

W  

m  

1

 

w  

B  

N  

e  

f  

m  

c  

u
 

S  

o  

2  

2  

d  

(  

l

3

A  

p  

e  

b  

p  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/1944/6433198 by U
ppsala U

niversitetsbibliotek user on 02 M
ay 2022
able 2 . The measurements are presented for only the stationary
olution, since the measurements for the two solutions differ only
arginally. 

.1.4 Equivalent width measurements 

rom the Stokes I spectra of the individual polarimetric subexpo-
ures, we measured the EW variations of a number of spectral lines.
he measurements followed the procedure previously discussed by
ade et al. ( 2012 ) and briefly summarized here: each spectral region

s locally re-normalized by dividing the spectrum by a line of the
orm y = mx + b , fit to the continuum regions around the line of
nterest prior to any measurement. The integration was carried out
 v er a sufficient velocity width to capture the full width of the broad-
ine profile as well as the velocity-shifted narrow-line profile. The
W measurements therefore include contributions from the narrow-

ine profile. The 1 σ uncertainties were calculated by propagating the
ndividual pixel uncertainties in quadrature. The EW measurements
re reported in Table 3 . 

.2 Photometric data 

e utilized 72 Hipparcos (Perryman & ESA 1997 ) photometric
easurements acquired on 54 different nights between 1990 March

1 and 1993 March 12. 
NRAS 512, 1944–1966 (2022) 
A second photometric data set used in this analysis was acquired
ith the Convection, Rotation, and planetary Transits ( CoRoT ;
aglin et al. 2006 ) satellite between 2008 October 8 and 2008
o v ember 12. This data set was already discussed in detail by Mahy

t al. ( 2011 ) and the details are not repeated here. The raw photometry
or Plaskett’s star contains 92 696 data points, but we remo v ed all
easurements with a non-zero flag (corresponding to potentially

orrupted data), which provided 83 359 data points subsequently
sed in our analysis. 
A third photometric data set was acquired by Transiting Exoplanets

urv e y Satellite ( TESS ; Ricker et al. 2014 , 2015 ). The star was
bserved with TESS camera #1 in Sector 6. The observations spanned
1.7 d, between 2018 December 15 and 2019 January 6 (BJD
458468 and 2458490), and consisted of 14 829 data points. These
ata are currently the subject of a detailed analysis by Stacey et al.
in preparation); here, we provide a discussion of their period content
imited specifically to constraining the rotation of the magnetic star. 

 P E R I O D  ANALYSI S  

 detailed characterization of the short-term (i.e. during ∼1 month)
hotometric variability of Plaskett’s star was presented by Mahy
t al. ( 2011 ), while a similar spectroscopic analysis was presented
y Palate & Rauw ( 2014 ). Mahy et al. ( 2011 ) identified the orbital
eriod of the system and a number of other frequencies that they
onsidered to be possibly due to non-radial pulsations (we find
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Table 3. Table of EW measurements. Included is the HJD of mid-exposure, the rotational phase according to equation ( 1 ), the EW of H β, the corresponding 
uncertainty ( σ ), the EW of He II λ4686 and its corresponding uncertainty, and the EW of H α and its corresponding uncertainty. 

HJD Rot. H β σ He II σ H α σ HJD Rot. H β σ He II σ H α σ

(2450000 + ) phase EW EW EW EW EW EW (2450000 + ) phase EW EW EW EW EW EW 

5961.8327 0.685 0.811 0.013 −0.835 0.011 −5.777 0.016 6196.0527 0.378 0.799 0.011 −0.711 0.009 −5.095 0.013 
5961.8401 0.691 0.825 0.013 −0.843 0.011 −5.824 0.016 6196.0637 0.387 0.734 0.011 −0.717 0.009 −5.256 0.013 
5961.8475 0.697 0.854 0.013 −0.881 0.011 −5.674 0.016 6196.0746 0.396 0.657 0.011 −0.707 0.009 −5.349 0.013 
5961.8550 0.703 0.867 0.013 −0.868 0.011 −5.696 0.016 6196.0855 0.405 0.593 0.011 −0.734 0.009 −5.575 0.013 
5961.8624 0.710 0.860 0.013 −0.869 0.011 −5.711 0.016 6196.0965 0.414 0.512 0.011 −0.733 0.009 −5.728 0.013 
5961.8698 0.716 0.860 0.013 −0.901 0.010 −5.665 0.016 6196.1074 0.423 0.552 0.011 −0.721 0.009 −5.848 0.013 
5961.8772 0.722 0.821 0.013 −0.917 0.010 −5.561 0.016 6196.1183 0.432 0.499 0.011 −0.731 0.009 −5.866 0.013 
5961.8847 0.728 0.842 0.013 −0.919 0.011 −5.673 0.016 6196.1292 0.441 0.392 0.011 −0.736 0.009 −6.106 0.013 
5966.8206 0.789 0.900 0.016 −0.907 0.013 −4.585 0.019 6198.0559 0.026 −0.270 0.011 −1.194 0.009 −6.391 0.013 
5966.8280 0.795 0.871 0.015 −0.917 0.012 −4.652 0.018 6198.0668 0.035 −0.219 0.011 −1.162 0.009 −6.306 0.013 
5966.8355 0.801 0.850 0.016 −0.895 0.013 −4.679 0.018 6198.0777 0.044 −0.211 0.012 −1.115 0.009 −6.130 0.014 
5966.8429 0.807 0.811 0.018 −0.916 0.015 −4.644 0.021 6198.0886 0.053 −0.160 0.012 −1.120 0.010 −6.169 0.014 
5966.8503 0.813 0.807 0.019 −0.921 0.016 −4.640 0.022 6198.0995 0.062 −0.145 0.012 −1.073 0.010 −6.095 0.014 
5966.8577 0.819 0.792 0.020 −0.931 0.016 −4.606 0.023 6198.1104 0.071 −0.122 0.012 −1.067 0.010 −6.050 0.014 
5966.8651 0.825 0.778 0.019 −0.946 0.016 −4.821 0.022 6198.1213 0.080 −0.055 0.012 −1.045 0.009 −5.896 0.014 
5966.8726 0.831 0.715 0.017 −0.935 0.014 −4.795 0.020 6198.1322 0.089 −0.010 0.011 −1.000 0.009 −5.858 0.013 
5966.8804 0.838 0.680 0.016 −0.954 0.013 −4.877 0.019 6199.0437 0.839 0.447 0.013 −1.036 0.010 −4.572 0.015 
5966.8879 0.844 0.650 0.015 −0.952 0.013 −5.042 0.018 6199.0546 0.848 0.277 0.012 −1.055 0.010 −4.869 0.014 
5966.8953 0.850 0.557 0.015 −0.937 0.012 −5.091 0.017 6199.0655 0.856 0.251 0.011 −1.083 0.009 −4.909 0.013 
5966.9027 0.856 0.540 0.014 −0.962 0.012 −5.180 0.017 6199.0764 0.865 0.190 0.012 −1.092 0.010 −5.103 0.014 
5966.9122 0.864 0.510 0.015 −0.993 0.013 −5.290 0.018 6199.0881 0.875 0.154 0.011 −1.126 0.009 −5.295 0.013 
5966.9196 0.870 0.453 0.015 −1.019 0.012 −5.360 0.017 6199.0990 0.884 0.077 0.012 −1.136 0.010 −5.438 0.014 
5966.9270 0.876 0.417 0.014 −1.035 0.012 −5.427 0.017 6199.1099 0.893 0.048 0.011 −1.184 0.009 −5.665 0.013 
5966.9345 0.882 0.373 0.015 −1.045 0.012 −5.506 0.017 6199.1208 0.902 0.005 0.011 −1.174 0.009 −5.642 0.013 
5967.7421 0.547 0.406 0.017 −0.627 0.014 −5.493 0.019 6202.0627 0.322 1.079 0.011 −0.664 0.009 −2.964 0.013 
5967.7495 0.553 0.420 0.021 −0.591 0.017 −5.513 0.024 6202.0736 0.331 1.045 0.012 −0.678 0.010 −3.125 0.015 
5967.7570 0.559 0.400 0.020 −0.628 0.016 −5.476 0.023 6202.0845 0.340 1.024 0.012 −0.686 0.010 −3.227 0.015 
5967.7644 0.565 0.414 0.019 −0.613 0.015 −5.451 0.022 6202.0954 0.349 0.954 0.012 −0.671 0.010 −3.185 0.014 
5967.7718 0.571 0.442 0.017 −0.639 0.014 −5.483 0.020 6202.1069 0.359 0.903 0.012 −0.691 0.009 −3.403 0.014 
5967.7792 0.577 0.481 0.016 −0.633 0.013 −5.392 0.018 6202.1178 0.368 0.903 0.011 −0.695 0.009 −3.508 0.013 
5967.7867 0.583 0.511 0.015 −0.628 0.012 −5.369 0.017 6202.1287 0.377 0.814 0.011 −0.699 0.009 −3.666 0.014 
5967.7941 0.590 0.533 0.015 −0.631 0.013 −5.302 0.018 6202.1396 0.386 0.713 0.012 −0.714 0.009 −3.785 0.014 
5969.7195 0.174 0.414 0.013 −0.708 0.010 −5.045 0.015 6261.0864 0.881 0.079 0.012 −1.129 0.010 −5.752 0.015 
5969.7269 0.180 0.425 0.013 −0.714 0.011 −4.931 0.016 6261.0973 0.890 0.074 0.014 −1.166 0.011 −5.853 0.017 
5969.7343 0.186 0.470 0.013 −0.698 0.011 −4.803 0.015 6261.1082 0.899 −0.005 0.019 −1.207 0.016 −6.101 0.023 
5969.7417 0.192 0.565 0.013 −0.682 0.010 −4.696 0.015 6261.1191 0.908 −0.045 0.021 −1.208 0.017 −6.155 0.025 
5969.7491 0.198 0.586 0.013 −0.696 0.010 −4.762 0.015 6261.1325 0.919 −0.131 0.013 −1.280 0.011 −6.449 0.016 
5969.7566 0.204 0.619 0.013 −0.696 0.011 −4.659 0.016 6261.1434 0.928 −0.177 0.014 −1.271 0.011 −6.537 0.016 
5969.7640 0.210 0.631 0.013 −0.689 0.010 −4.658 0.015 6261.1543 0.937 −0.203 0.015 −1.278 0.012 −6.630 0.017 
5969.7714 0.216 0.676 0.012 −0.686 0.010 −4.505 0.015 6261.1652 0.946 −0.264 0.016 −1.302 0.012 −6.757 0.018 
5969.7793 0.223 0.735 0.013 −0.670 0.010 −4.455 0.015 6261.9889 0.624 0.737 0.033 −0.620 0.026 −4.901 0.039 
5969.7867 0.229 0.703 0.013 −0.680 0.010 −4.473 0.015 6261.9998 0.633 0.742 0.014 −0.617 0.011 −5.026 0.017 
5969.7941 0.235 0.751 0.012 −0.689 0.010 −4.376 0.015 6262.0107 0.642 0.775 0.011 −0.608 0.009 −4.990 0.014 
5969.8016 0.241 0.773 0.013 −0.688 0.010 −4.362 0.015 6262.0216 0.650 0.829 0.014 −0.613 0.011 −4.926 0.017 
5969.8090 0.247 0.794 0.013 −0.686 0.010 −4.334 0.015 6262.0584 0.681 0.881 0.012 −0.607 0.009 −4.617 0.014 
5969.8164 0.253 0.820 0.012 −0.698 0.010 −4.311 0.015 6262.0693 0.690 0.909 0.012 −0.577 0.009 −4.629 0.014 
5969.8238 0.259 0.873 0.012 −0.690 0.010 −4.195 0.015 6262.0802 0.699 0.964 0.018 −0.591 0.015 −4.545 0.023 
5969.8313 0.266 0.848 0.013 −0.719 0.011 −4.060 0.016 6262.0911 0.708 0.964 0.034 −0.656 0.027 −4.513 0.041 
6000.3953 0.411 0.418 0.019 −0.766 0.019 −5.144 0.027 6262.1026 0.717 0.955 0.027 −0.618 0.022 −4.483 0.033 
6000.4099 0.423 0.332 0.018 −0.682 0.019 −5.238 0.025 6262.1135 0.726 0.919 0.019 −0.635 0.015 −4.414 0.023 
6000.4244 0.435 0.278 0.019 −0.664 0.019 −5.469 0.026 6262.1244 0.735 0.942 0.023 −0.635 0.018 −4.294 0.028 
6000.4390 0.447 0.220 0.019 −0.593 0.020 −5.339 0.026 6262.1374 0.746 0.925 0.023 −0.681 0.019 −4.430 0.028 
6001.3436 0.191 0.625 0.017 −0.627 0.017 −5.185 0.024 6264.0889 0.351 1.138 0.030 −0.656 0.024 −3.942 0.035 
6001.3581 0.203 0.695 0.017 −0.651 0.018 −5.093 0.025 6264.0998 0.360 1.077 0.033 −0.658 0.026 −4.086 0.039 
6001.3727 0.215 0.780 0.017 −0.678 0.018 −4.799 0.025 6264.1107 0.369 1.066 0.027 −0.615 0.021 −4.235 0.031 
6001.3872 0.227 0.832 0.018 −0.661 0.018 −4.760 0.025 6264.1216 0.378 1.039 0.060 −0.609 0.048 −4.197 0.070 
6010.3370 0.590 0.687 0.032 −0.625 0.032 −5.750 0.045 6264.1335 0.388 1.008 0.098 −0.593 0.078 −4.077 0.114 
6010.3516 0.602 0.743 0.032 −0.630 0.033 −6.167 0.045 6264.1444 0.397 0.876 0.066 −0.716 0.053 −4.315 0.079 
6010.3662 0.614 0.802 0.032 −0.673 0.032 −5.981 0.045 6264.1553 0.406 0.678 0.021 −0.633 0.016 −4.742 0.024 
6010.3807 0.626 0.805 0.029 −0.637 0.030 −6.273 0.040 6264.1661 0.415 0.624 0.014 −0.596 0.011 −4.784 0.016 
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Table 3 – continued 

HJD Rot. H β σ He II σ H α σ HJD Rot. H β σ He II σ H α σ

(2450000 + ) phase EW EW EW EW EW EW (2450000 + ) phase EW EW EW EW EW EW 

6012.3223 0.223 0.839 0.015 −0.686 0.015 −4.789 0.021 6272.0819 0.927 −0.068 0.013 −1.123 0.010 −5.937 0.015 
6012.3369 0.235 0.890 0.015 −0.667 0.016 −4.687 0.022 6272.0928 0.936 −0.184 0.012 −1.130 0.010 −6.035 0.014 
6012.3514 0.247 0.921 0.015 −0.683 0.016 −4.695 0.022 6272.1037 0.945 −0.184 0.013 −1.119 0.010 −6.205 0.015 
6012.3660 0.259 0.953 0.016 −0.657 0.016 −4.470 0.022 6272.1146 0.954 −0.270 0.013 −1.142 0.010 −6.080 0.015 
6272.1259 0.963 −0.239 0.012 −1.109 0.010 −6.133 0.014 6352.8845 0.403 0.720 0.016 −0.624 0.013 −5.283 0.019 
6272.1368 0.972 −0.266 0.012 −1.120 0.010 −6.145 0.014 6352.8898 0.408 0.793 0.016 −0.622 0.013 −5.245 0.020 
6272.1477 0.981 −0.254 0.012 −1.091 0.010 −6.143 0.014 6352.8950 0.412 0.756 0.016 −0.632 0.013 −5.412 0.020 
6272.1586 0.990 −0.330 0.013 −1.109 0.010 −6.315 0.015 6352.9002 0.416 0.646 0.017 −0.632 0.013 −5.604 0.020 
6282.8909 0.820 0.553 0.010 −0.944 0.008 −5.024 0.012 6352.9054 0.421 0.742 0.017 −0.635 0.014 −5.603 0.020 
6282.9019 0.829 0.498 0.011 −0.923 0.008 −5.151 0.013 6352.9106 0.425 0.714 0.018 −0.607 0.015 −5.726 0.021 
6282.9128 0.838 0.447 0.011 −0.970 0.009 −5.267 0.013 6352.9159 0.429 0.631 0.020 −0.630 0.016 −5.713 0.023 
6282.9236 0.847 0.347 0.011 −0.982 0.008 −5.515 0.013 6352.9213 0.434 0.597 0.019 −0.632 0.016 −5.811 0.023 
6282.9487 0.867 0.230 0.023 −1.082 0.019 −5.749 0.028 6352.9265 0.438 0.553 0.018 −0.631 0.015 −5.794 0.022 
6282.9596 0.876 0.108 0.016 −1.057 0.012 −6.071 0.018 6352.9318 0.442 0.515 0.019 −0.620 0.015 −5.953 0.022 
6282.9705 0.885 0.097 0.013 −1.089 0.010 −6.193 0.015 6352.9370 0.447 0.529 0.019 −0.616 0.015 −6.009 0.022 
6282.9814 0.894 0.076 0.015 −1.120 0.012 −6.345 0.018 6352.9422 0.451 0.539 0.019 −0.597 0.016 −5.899 0.023 
6284.0777 0.796 0.612 0.012 −0.967 0.010 −4.592 0.014 6352.9474 0.455 0.518 0.019 −0.632 0.015 −6.012 0.022 
6284.0886 0.805 0.562 0.012 −0.987 0.010 −4.691 0.014 6352.9527 0.459 0.499 0.020 −0.575 0.016 −6.079 0.023 
6284.0995 0.814 0.520 0.011 −1.003 0.009 −4.786 0.013 6352.9579 0.464 0.426 0.022 −0.605 0.018 −6.193 0.025 
6284.1104 0.823 0.495 0.012 −1.033 0.010 −4.964 0.014 6353.8716 0.215 0.626 0.020 −0.751 0.016 −6.390 0.023 
6284.1219 0.832 0.431 0.013 −1.037 0.010 −5.068 0.015 6353.8768 0.220 0.639 0.019 −0.730 0.016 −6.400 0.023 
6284.1328 0.841 0.311 0.013 −1.055 0.010 −5.293 0.014 6353.8820 0.224 0.633 0.020 −0.699 0.016 −6.248 0.023 
6284.1437 0.850 0.237 0.013 −1.043 0.010 −5.334 0.015 6353.8873 0.228 0.641 0.022 −0.698 0.018 −6.196 0.026 
6284.1546 0.859 0.178 0.013 −1.083 0.011 −5.498 0.015 6353.8925 0.233 0.715 0.021 −0.712 0.017 −6.193 0.025 
6288.0497 0.064 −0.352 0.038 −1.047 0.030 −6.018 0.044 6353.8977 0.237 0.735 0.021 −0.711 0.017 −6.107 0.025 
6288.0697 0.080 −0.160 0.039 −0.969 0.031 −6.050 0.046 6353.9029 0.241 0.755 0.022 −0.680 0.018 −6.054 0.026 
6288.0819 0.090 −0.131 0.013 −0.880 0.010 −5.876 0.015 6353.9081 0.246 0.775 0.025 −0.728 0.021 −5.937 0.030 
6288.0928 0.099 −0.113 0.014 −0.861 0.011 −5.808 0.016 6353.9138 0.250 0.820 0.023 −0.707 0.019 −6.119 0.028 
6288.1037 0.108 0.017 0.018 −0.826 0.014 −5.685 0.020 6353.9191 0.255 0.858 0.023 −0.719 0.019 −5.927 0.027 
6288.1146 0.117 −0.004 0.033 −0.784 0.027 −5.509 0.038 6353.9243 0.259 0.883 0.024 −0.641 0.019 −5.776 0.028 
6289.0665 0.900 −0.086 0.013 −1.094 0.010 −6.072 0.015 6353.9295 0.263 0.908 0.023 −0.689 0.019 −5.766 0.027 
6289.0774 0.909 −0.085 0.013 −1.103 0.010 −6.108 0.015 6353.9347 0.267 0.866 0.024 −0.659 0.019 −5.713 0.028 
6289.0883 0.918 −0.165 0.013 −1.133 0.010 −6.309 0.015 6353.9400 0.272 0.929 0.026 −0.739 0.022 −5.709 0.031 
6289.0992 0.927 −0.160 0.012 −1.136 0.010 −6.401 0.014 6353.9452 0.276 0.920 0.030 −0.644 0.024 −5.569 0.034 
6289.1102 0.936 −0.222 0.014 −1.157 0.011 −6.602 0.016 6353.9504 0.280 1.033 0.032 −0.650 0.026 −5.483 0.036 
6289.1211 0.945 −0.301 0.013 −1.136 0.010 −6.668 0.015 6354.7124 0.907 0.128 0.017 −1.176 0.013 −6.028 0.020 
6289.1320 0.954 −0.331 0.015 −1.167 0.012 −6.726 0.017 6354.7176 0.912 0.040 0.017 −1.182 0.014 −6.213 0.020 
6289.1429 0.963 −0.387 0.015 −1.173 0.012 −6.756 0.017 6354.7229 0.916 0.039 0.017 −1.206 0.014 −6.238 0.020 
6289.9441 0.622 0.676 0.011 −0.595 0.008 −4.921 0.013 6354.7281 0.920 0.057 0.017 −1.208 0.014 −6.296 0.020 
6289.9550 0.631 0.720 0.010 −0.583 0.008 −4.900 0.013 6354.7333 0.924 0.005 0.017 −1.223 0.013 −6.328 0.020 
6289.9659 0.640 0.786 0.010 −0.560 0.008 −4.828 0.013 6354.7385 0.929 −0.041 0.019 −1.244 0.015 −6.427 0.023 
6289.9768 0.649 0.878 0.010 −0.565 0.008 −4.628 0.012 6354.7438 0.933 −0.033 0.019 −1.250 0.015 −6.501 0.023 
6289.9877 0.658 0.847 0.010 −0.557 0.008 −4.610 0.012 6354.7490 0.937 −0.092 0.020 −1.271 0.016 −6.532 0.024 
6289.9986 0.667 0.920 0.010 −0.548 0.008 −4.442 0.012 6354.7551 0.942 −0.133 0.020 −1.285 0.016 −6.623 0.024 
6290.0094 0.676 0.947 0.011 −0.565 0.009 −4.474 0.013 6354.7603 0.947 −0.104 0.020 −1.284 0.016 −6.668 0.024 
6290.0203 0.685 0.926 0.011 −0.559 0.009 −4.337 0.013 6354.7655 0.951 −0.120 0.021 −1.286 0.016 −6.791 0.024 
6343.8391 0.962 −0.013 0.011 −1.132 0.009 −5.563 0.013 6354.7708 0.955 −0.133 0.021 −1.318 0.017 −6.716 0.024 
6343.8500 0.971 −0.065 0.012 −1.118 0.010 −5.606 0.014 6354.7760 0.960 −0.157 0.021 −1.305 0.017 −6.855 0.024 
6343.8609 0.980 −0.072 0.013 −1.122 0.010 −5.736 0.015 6354.7812 0.964 −0.189 0.021 −1.302 0.017 −6.963 0.025 
6343.8718 0.989 −0.070 0.014 −1.108 0.011 −5.751 0.016 6354.7864 0.968 −0.189 0.021 −1.292 0.017 −6.997 0.025 
6344.8483 0.792 0.849 0.010 −0.827 0.008 −3.541 0.012 6354.7917 0.972 −0.185 0.022 −1.334 0.017 −7.097 0.025 
6351.8353 0.540 0.536 0.017 −0.578 0.013 −5.354 0.020 6355.8575 0.849 0.563 0.018 −1.000 0.015 −4.650 0.022 
6351.8406 0.545 0.644 0.018 −0.567 0.014 −5.564 0.021 6355.8627 0.854 0.579 0.018 −1.031 0.015 −4.676 0.021 
6351.8458 0.549 0.550 0.017 −0.597 0.014 −5.514 0.021 6355.8680 0.858 0.525 0.021 −1.006 0.017 −4.680 0.024 
6351.8510 0.553 0.558 0.016 −0.570 0.013 −5.383 0.019 6355.8732 0.862 0.496 0.020 −1.027 0.016 −4.743 0.023 
6351.8562 0.557 0.604 0.016 −0.566 0.013 −5.355 0.020 6355.8784 0.867 0.475 0.020 −1.059 0.016 −4.738 0.023 
6351.8614 0.562 0.590 0.016 −0.566 0.013 −5.382 0.020 6355.8837 0.871 0.453 0.023 −1.079 0.019 −4.773 0.026 
6351.8667 0.566 0.584 0.016 −0.570 0.013 −5.389 0.019 6355.8889 0.875 0.416 0.022 −1.063 0.018 −5.007 0.025 
6351.8719 0.570 0.611 0.016 −0.537 0.013 −5.337 0.019 6355.8941 0.879 0.368 0.023 −1.074 0.019 −4.966 0.026 
6351.8779 0.575 0.607 0.016 −0.570 0.013 −5.251 0.019 6355.9007 0.885 0.341 0.021 −1.114 0.017 −5.073 0.024 
6351.8832 0.580 0.631 0.016 −0.542 0.013 −5.275 0.019 6355.9059 0.889 0.282 0.020 −1.083 0.017 −5.147 0.023 
6351.8884 0.584 0.685 0.016 −0.543 0.013 −5.217 0.019 6355.9111 0.893 0.277 0.020 −1.086 0.016 −5.059 0.023 
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Table 3 – continued 

HJD Rot. H β σ He II σ H α σ HJD Rot. H β σ He II σ H α σ

(2450000 + ) phase EW EW EW EW EW EW (2450000 + ) phase EW EW EW EW EW EW 

6351.8936 0.588 0.700 0.016 −0.556 0.013 −5.272 0.019 6355.9164 0.898 0.215 0.021 −1.117 0.017 −5.295 0.024 
6351.8988 0.592 0.679 0.016 −0.523 0.013 −5.184 0.019 6355.9216 0.902 0.226 0.023 −1.122 0.019 −5.396 0.026 
6351.9041 0.597 0.704 0.016 −0.525 0.013 −5.197 0.020 6355.9268 0.906 0.234 0.024 −1.181 0.019 −5.311 0.027 
6351.9093 0.601 0.758 0.016 −0.522 0.013 −5.122 0.019 6355.9320 0.911 0.258 0.024 −1.149 0.020 −5.540 0.028 
6351.9145 0.605 0.802 0.016 −0.534 0.013 −5.175 0.019 6355.9372 0.915 0.189 0.028 −1.195 0.023 −5.626 0.031 
6352.8793 0.399 0.771 0.016 −0.615 0.013 −5.252 0.019 
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Figure 3. Periodograms obtained from the B � measurements (top panel, 
solid black), the H β (middle panel, red), and the He II λ4686 (bottom 

panel, dotted blue) EW measurements. Significant power is present in all 
periodograms at ∼1.215 d. The right-hand panel provides a narrow view 

of the periodograms about 1.215 d, normalized to their maximum power. 
The peak period identified by Mahy et al. ( 2011 ) from the CoRoT light 
curve is also indicated for comparison. Periodograms obtained from the EW 

measurements included contributions from the first harmonic. The panel for 
B � (top) also presents the periodogram after prewhitening with the 1.215 d 
period, as discussed in the text (dashed red). 
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1 While we performed this analysis for both sets of B � measurements (i.e. 
for both disentangling solutions), we report results only for the stationary 
solution since the variation of B � is unaffected. 
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ne of these is the rotation period of the broad-line star). Palate &
auw ( 2014 ) found three frequencies consistent with the photometric 
nalysis, but could not confidently ascribe an origin to them. With 
he spectropolarimetric data set acquired here, we carried out a new 

ariability analysis, with the specific goal to search for periodicity 
hat is attributable to rotational modulation by the magnetic broad- 
ine component. 

.1 Spectropolarimetric data 

ollowing the procedure adopted for the analysis of other magnetic 
-type stars (e.g. Grunhut et al. 2012b , 2017 ; Wade et al. 2012 ),
e analysed the B � measurements and the EW measurements of 
rominent magnetospheric emission lines, such as H α, H β, H γ ,
nd He II λ4686, to search for variability related to rotational 
odulation. The analysis was carried out with the Schwarzenberg- 
zerny ( 1996 ) technique using the code developed by Townsend 
 2010 ). This technique reports the analysis of variance statistic � .
o impro v e the temporal sampling we used the individual (unbinned)
olarimetric spectra for the magnetic measurements (63 spectra in 
otal) and the spectra corresponding to individual sub-exposures for 
he EW measurements (255 spectra in total). The log of observations 
nd a summary of these measurements is provided in Tables 2 
nd 3 . 

Linder et al. ( 2008 ) report projected rotational velocities inferred 
rom various lines in the disentangled spectrum of the broad- 
ine star ranging from 245 to 310 km s −1 . While our LSD profiles
xtracted from the disentangled spectra assuming the Linder RV 

olution yield compatible results, we obtain a somewhat larger 
sin i = 360 ± 40 km s −1 from the LSD profiles corresponding to the
isentangling assuming a stationary broad-line star. Considering this 
ange of vsin i and adopting the equatorial radius of this star implied
y the luminosity and temperature of Linder et al. ( 2008 ) (10.5 R �),
he rotation period must be � 2 . 2 d assuming rigid rotation. On the
ther hand, using the radius computed from the mass and surface 
ravity of Linder et al. ( 2008 ) ( R � = 22 R �) a period of � 4.5 d is
mplied. We therefore conserv ati vely searched for periodicity in the 
ange of 0.1–20 d, with the upper bound chosen to probe periods
imilar to the orbital period ( ∼14.4 d). 

The periodogram obtained from the B � measurements (see top 
anel of left frame of Fig. 3 ) shows several strong peaks. The
trongest peak in the periodogram occurs at 1 . 21551 + 0 . 00028 

−0 . 00034 d, which
e note is consistent with one of the periods identified by Mahy et al.

 2011 ) from the CoRoT photometry. The uncertainty is derived from
2 statistics corresponding to sinusoidal fits to the data. When phased 
ith this period, the B � measurements show coherent variations that 

re well fitted by a sinusoid (reduced χ2 , χ2 
r = 1 . 37). The next

trongest peak in the periodogram occurs around 5.565 d, which 
ppears to be an alias of the 1.215 d period, since no significant
eaks remain in the 5.565 d region after computing the periodogram 
rom data prewhitened by subtracting a sinusoidal fit to the phased
 � curve with a period of 1.215 d (see Fig. 3 for comparison). 1 

Unlike the periodogram of the B � measurements, the periodograms 
f several prominent emission lines (e.g. H α, H β, H γ , He II λ4686)
re more complex. We also computed the periodograms of the EWs of
our emission lines: H α, H β, H γ , and He II λ4686. In each case the
eriodogram is dominated by a strong peak at 0.607 d and a weaker
eak at ∼1, 215 d. Since the shorter period is the first harmonic
f the longer period, this suggests a double-wave variation of the
Ws according to the period determined from the B � measurements, 
imilar to the emission variation observed in the magnetic O9.5 IV
tar HD 57682 (Grunhut et al. 2012b ). Indeed, when phased with the
.215 d period (see Fig. 4 ), the measurements show more coherent
hasing than with the 0.607 d period. 
Since the EW variations yield a most-prominent period that 

ppears to be a harmonic of the single-wave B � period, we proceeded
o obtain periodograms of the H α, H β, and He II measurements
sing the multiharmonic fitting capability of the Schwarzenberg- 
MNRAS 512, 1944–1966 (2022) 
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Figure 4. Observational data phased using the rotational ephemeris of 
equation ( 1 ). The top panel shows the B � measurements from the LSD profiles 
and the sinusoidal fit to the data. The next panel shows the same measurements 
performed on the null LSD profiles with the corresponding best-fitting linear 
fit. Only points with σ < 300 G are shown for display purposes. As evident 
from the data and the sinusoidal fits, the B � measurements show clear 
sinusoidal variations that are not observed in the null measurements. The 
He II λ4686 EW measurements are presented in the next panel, while the 
H β EW variations are presented in the bottom panel. To illustrate the cycle- 
to-cycle variations of the EW measurements, we plot different epochs of 
observations with different colours and symbols. 
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individual periodograms, while adopting T 0 according to equation ( 1 ). The 
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Bottom: Phase-folded light curves of the CoRoT photometry for each 
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zerny ( 1996 ) technique, by including contributions from the first
armonic only. Periodograms from the B � measurements, H β and
e II EW measurements are displayed Fig. 3 . The H β periodogram

hows a single significant peak at 1.21543 ± 0.00004 d. The peri-
dogram of the He II measurements shows only minor differences
ompared to the hydrogen lines, with the strongest peak occurring
t 1.21582 ± 0.00006 d and another peak at ∼2.4 d (i.e. about twice
onger). Therefore, we conclude that all spectropolarimetric and
pectroscopic variable quantities provide a consistent period solution.

Adopting the B � period and the phase of maximum positive B � as
JD 0 we obtain the following ephemeris: 

JD = 2455961 . 000 + 48 
−34 + 1 . 21551 + 28 

−34 E, (1) 

here the 1 σ uncertainties are listed for the last digits only. We note
hat the periodic spectroscopic variations are roughly consistent with
he repeating episodic nature of the shell lines of this star, as reported
y Struve, Sahade & Huang ( 1958 ). 
In Fig. 4 , we show the B � , N � , He II λ4686, and H β EW measure-
ents phased according to equation ( 1 ). The B � measurements show
 clear sinusoidal variation with a central value of −2 ± 27 G and
 semi-amplitude of 513 ± 41 G. The maximum positive B � occurs
t phase 0 and maximum ne gativ e field occurs at phase 0.5. We find
o evidence for any variability in the N � measurements and these
NRAS 512, 1944–1966 (2022) 
easurements are fully consistent with scatter due only to random
oise about 0 G. 
The He II λ4686 EW measurements show a strong emission peak

minimum EW) around phase 0, likely with a weaker secondary peak
t about phase 0.45 (at least for one epoch, as indicated by different
ymbols/colours). The H β EW curve reaches maximum emission
t about phase 0, and a secondary emission peak around phase
0.50. Minimum emission appears to be reached around phases
0.30 and ∼0.75. The EW variations corresponding to different

otation cycles show significant systematic differences; however, the
 � measurements show no such ef fect. The EW v ariations, their
rigin, and the c ycle-to-c ycle variations are further discussed in
ection 5 . 

.2 Photometric data 

n the photometric analysis carried out by Mahy et al. ( 2011 ), a
undamental frequency of f = 0.823 d −1 was found that corresponds
o a period of ∼1.215 d, which is fully consistent with the periods
etected in the longitudinal field and EW measurements (see Fig. 5 ).
e carried out our own analysis of the CoRoT data, with a focus

n finding rotational variability. Using the Schwarzenberg-Czerny
 1996 ) technique we confirm the presence of significant power at the
1.215 d period and its first harmonic ( P ∼ 0.60 d). An analysis of

he TESS photometry (discussed in detail by Stacey et al. (in prep.)
nd not shown here) yields qualitatively similar results and dominant
eriods that are compatible with those obtained from CoRoT . 

art/stab3320_f4.eps
art/stab3320_f5.eps


Magnetic field of Plaskett’s star 1953 

 

p
t
u  

t
a
b  

3

H  

f
t
c
o  

t
p  

t
a
v

 

a
2  

a
t  

t
t
d  

t  

t  

b  

l
t
a  

d  

h
b

s
f  

c  

t
s
t
m
c
i  

c  

l
r
s
v

4
S

T
t  

t
A  

r
m  

t

w  

b
r

 

l  

(  

r  

t

w  

r

4

G
s  

t  

fi  

p
n  

w  

o  

e
O
d

 

F  

D  

i
p
r
S  

t
i
m  

T
l  

w
v  

s
t  

fi  

L  

w
r
w  

S  

d
t
s
p  

m  

A  

W
 

o  

w  

s  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/1944/6433198 by U
ppsala U

niversitetsbibliotek user on 02 M
ay 2022
Because of the short duration ( ∼30 d) of the CoRoT data set, the
eaks in the associated periodogram are significantly broader than 
hat obtained from the spectropolarimetric measurements (see the 
pper panel of Fig. 5 ), implying that we cannot use this data set
o determine a higher precision period. We therefore proceeded to 
nalyse the Hipparcos photometry, which was obtained about 15 yr 
efore the C o R o T data. These data were acquired o v er a baseline of
 yr, but with substantially coarser sampling. 
In Fig. 5 , we compare the periodograms obtained from the 

ipparcos and C o R o T data sets with the periodogram obtained
rom the B � measurements in a small range of periods about 
he suggested rotational period. While the Hipparcos periodogram 

ontains several peaks, the most significant power occurs at a period 
f 1.2574 ± 0.0001 d. In the bottom panels of Fig. 5 , we also plot
he photometric data phased to their corresponding maximum-power 
eriods. We note that the Hipparcos data do not phase well with either
he CoRoT period or the spectropolarimetric period. The CoRoT 

nd TESS data demonstrate very similar double-wave nature to their 
ariations, similar to that observed in the EW variations. 

Our interpretation is that the origin of the variation is from rotation-
lly modulated, magnetically confined wind plasma (e.g. Townsend 
008 ). On the other hand, the Hipparcos data are better described by
 single-wave variation, but with a peak-to-peak amplitude similar 
o the CoRoT and TESS data. While the double-wave nature of
he CoRoT and TESS photometry persisted throughout the entire 
ime series, the individual cycles’ light curves exhibit substantial 
ifferences in their details, ev en o v er the relatively short duration of
he observations (see bottom panel of Fig. 5 ). Possible reasons for
his discrepancy will be addressed in Section 7.2.4 . As already noted
y Mahy et al. ( 2011 ) there are additional significant short-term and
ong-term contributions to the photometric variability of the system 

hat cause the phased light curve to change qualitatively in amplitude 
nd character from cycle to cycle. Some of these variations are likely
ue to known periodic behaviour (Mahy et al. 2011 ), but this system
as also been reported to show epochs of irregular photometric 
ehaviour (Morrison 1978 ). 
Nevertheless, the spectroscopic, magnetic, and CoRoT/TESS mea- 

urements are all consistent with the dominant 1.215 d period. There- 
ore, in the context of the oblique rotator model and a magnetically
onfined wind (Stibbs 1950 ; Babel & Montmerle 1997 ) we interpret
his period as the rotation period of the broad-line star. Additional 
pectroscopic and photometric variations are obvious from cycle 
o cycle, which is probably indicative of contributions from other 
echanisms. This is further discussed in Section 7 . No cycle-to- 

ycle variations are found in the magnetic measurements. This 
s a natural result of the fact that there are essentially no other
ompeting contributions to B � , since the B � values are based on
argely photospheric lines. In other words, it seems likely that the 
otational modulation of B � is distinct from the photometric and 
pectroscopic variability in that it is the fundamental origin of the 
ariability, rather than a phenomenon that results from it. 

 MAGNETIC  FIELD  O F  T H E  BROAD-LINE  

TAR  

he stable, sinusoidal variation of the longitudinal field suggests 
hat the magnetic field of the broad-line star has an important dipole
opology, with a surface polar field strength of approximately 1.5 kG. 
ssuming that the field can be described by a centred oblique dipole

otator model (Stibbs 1950 ), which is typical of most magnetic 
assiv e stars, the observ ed, symmetric B � variations about 0 G imply

hat either i or β (or both) is (are) close to 90 ◦. 
The rapid rotation implied by the model derived in accordance 
ith the larger radius, inferred from log g , surpasses the theoretical
reakup velocity. Hence, in the following we prefer the smaller 
adius. 

Assuming rigid rotation, the radius (10.5 R �) computed from the
uminosity and temperature reported by Linder et al. ( 2008 ), vsin i
245–310 km s −1 ; again from the Linder solution), and the inferred
otation period ( P rot = 1 . 21551 + 0 . 00028 

−0 . 00034 d), the implied inclination of
he rotation axis is i = 45 ± 10 ◦ using the formula: 

sin i = 

P ( v sin i) 

50 . 6 R � 

, (2) 

ith P expressed in days, vsin i in km s −1 , and the stellar equatorial
adius R � in solar units. 

.1 ZDI: modelling approach and assumptions 

iven that the broad-line star is unique among magnetic O-type 
tars as a rapid rotator and that the observations densely sample
he rotation cycle of this star, we attempt to model the magnetic
eld of this star using ZDI. To increase the S/N of the Stokes V
rofiles, we combined all profiles obtained each night into mean 
ightly profiles with 54 km s −1 pixel bins. To a v oid phase smearing,
e first verified that the combined spectra span less than 5 per cent
f the rotation period, and that the individual profiles of each night
xhibited no significant differences with respect to the nightly mean. 
bservations from March 23 and 2012 December 2 were omitted 
ue to their particularly low S/N. 
In order to carry out this mapping, we used the ZDI code of

olsom et al. ( 2018 ) that is based on the work of Brown et al. ( 1991 ),
onati & Brown ( 1997 ), and Donati et al. ( 2006b ). The magnetic

nversion uses the time series of rotationally modulated Stokes V 

rofiles, and derives the simplest magnetic field geometry that can 
eproduce the observations, using the maximum entropy method of 
killing & Bryan ( 1984 ). Using the method of Donati et al. ( 2006b ),

he field topology is described as a spherical harmonic decomposition 
ncluding radial, tangential poloidal, and tangential toroidal harmonic 
odes with angular degree � = 1 −15, and azimuthal orders m = 0 −� .
his routine attempts to find a model with maximum entropy and a χ2 

ess than or equal to a target value. In practice it proceeds iteratively,
ith early iterations weighted towards minimizing χ2 to a target 
alue, and once that is achieved later iterations weighted towards a
olution that maximizes the ne gativ e entropy while not exceeding 
hat target χ2 . Local Stokes V line profiles are calculated in the weak
eld approximation, using the deri v ati ve of the Stokes I profile.
ocal Stokes I profiles can be Voigt profiles but in this work they
ere approximated by a Gaussian. The weak field approximation is 

easonable given the large competing broadening and the relatively 
eak magnetic field (i.e. below or near 1 kG). A Gaussian local
tokes I profile is reasonable since the local line profiles are
ominated by turbulent broadening. The local Stokes V profiles are 
hen integrated across the stellar disc, including a rotational Doppler 
hift and a linear limb-darkening law. Finally a Gaussian instrumental 
rofile is applied to produce the disc-integrated Stokes V profile. A
ore detailed description is provided by Folsom et al. ( 2018 ) in their
ppendix B, and an earlier description of this line model is given by
ade et al. ( 2014 ). 
The adopted velocity binning is quite large for a typical application

f ZDI. Ho we ver, gi ven the very large turbulent broadening of O stars,
e do not expect much structure in the V profiles smaller than this,

o the binning should not affect the resolution of the magnetic map
oo much. The ZDI code of Folsom et al. ( 2018 ) is not adapted to
MNRAS 512, 1944–1966 (2022) 
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Table 4. Summary of ZDI models tested. The models marked with ∗ are plotted in Figs 6 and 7 . 

Assumptions v turb. vsin i i χ2 
r Entropy 〈 B 〉 Pol. Dip. B dip β Success? 

(km s −1 ) (km s −1 ) ( ◦) (G) (%tot.) (%pol.) (G) ( ◦) 

Linder RVs ∗ 20 331 56 ± 6 1.5 −20872 954 84 55 1214 57 N 

Linder RVs 60 321 56 ± 6 1.5 −54810 1347 76 36 1314 54 N 

Linder RVs, phase offset 0.09 20 331 61 ± 5 1.5 −10130 746 90 58 1037 64 N 

Linder RVs, phase offset 0.10 60 321 59 ± 5 1.5 −18997 946 87 46 1149 66 N 

Linder RVs, P rot = 2.431 d 20 331 56 ± 6 1.5 −45360 1246 80 20 720 9 N 

Linder RVs, vsin i from Stokes V 20 387 56 ± 6 1.5 −9620 837 87 74 1314 64 N 

Constant RV ∗ 20 357 48 ± 4 1.0 −3980 517 96 69 843 89 Y 

Constant RV 60 352 47 + 5 −4 1.0 −4282 547 94 70 897 90 Y 
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uch a large pixel binning, in particular if the binning is larger than
he local line profile width and instrumental resolution, numerical
roblems may arise. We modified the code to calculate line profiles
n a finer velocity grid than the observation, with 10 sub-pixels
venly distributed in the ±27 km s −1 around each 54 km s −1 LSD
ix el. The sub-pix els are then summed together, after disc inte gration
nd convolution with the instrumental profile, to produce the final
ixel. This models the binning of the LSD profile and a v oids potential
umerical artefacts. In testing, we find this addition to the ZDI code
as a relatively small impact on the resulting magnetic map if it is
ppropriately regularized. Ho we ver, it does reduce the ability of the
ode to fit noise or o v erfit pix els inside the line, and thus limits the
mallest χ2 that can be reached. 

For input parameters of the local line model we used the scaling
avelength and Land ́e factor of the LSD profile (500 nm and 1.2,

espectively), and a linear limb-darkening coefficient of 0.31 (Claret
004 ). The width of the local Gaussian profile is controlled by
urbulent broadening, since this is much larger than other local line
roadening processes for most lines; but the amount of turbulent
roadening is uncertain. As macroturbulent broadening is much
ess than vsin i , it cannot be constrained reliably by the obser-
ations. This issue is exacerbated considering the imperfections
n the disentangling and LSD processes. Sundqvist et al. ( 2013 )
nvestigated turbulent broadening in a sample of very slowly rotating

agnetic O stars, and found Gaussian distributions to be a reasonable
pproximation with velocities between 20 and 60 km s −1 . We adopted
his as the range of values and performed the analysis with a width
f 20 km s −1 , then repeated the analysis with a 60 km s −1 width, but
ound that had a very small impact on our results. 

The rotation period was determined in Section 3 , and we used the
phemeris of equation ( 1 ). An instrumental profile with R = 65 000
as used, although this has little impact given the large turbulent
roadening. The vsin i and line depth were set by fitting the disc
ntegrated model profile to the disentangled Stokes I profiles. 

For the variable-RV disentangled profile, with a Gaussian turbulent
idth of 20 km s −1 we find a best fit vsin i of 331 km s −1 , while for
0 km s −1 of turbulent broadening the best fit vsin i is 321 km s −1 .
he static-RV profile is somewhat wider, yielding a best fit vsin i of
57 km s −1 for a Gaussian width of 20 km s −1 . For a Gaussian width
f 60 km s −1 the best fit vsin i is 352 km s −1 . These no longer agree
ith the vsin i = 310 km s −1 of Linder et al. ( 2008 ). 
There are apparent emission features at the edges of the variable-

V disentangled Stokes I line profile. If they are treated as distortions
o the continuum and we attempt to remo v e them through re-
ormalization, the fit vsin i increases to 368 km s −1 . This is likely a
orse treatment of the Stokes I profiles, as emission is clearly present

n the full spectrum, but one should be aware that there may be 30 or
0 km s −1 of systematic uncertainty. The 331 and 321 km s −1 values
NRAS 512, 1944–1966 (2022) 

p

f vsin i are acceptably close to the 310 ± 20 km s −1 of Linder et al.
 2008 ). 

As there is no evidence of contribution in the Stokes V profile from
he narrow-line star (see Section 6 ), the treatment of the Stokes V
rofiles does not rely on spectral disentangling. The disentangling
s used only to constrain vsin i and the line depth of the broad-line
omponent. The V profile is modelled as arising from the broad-line
tar alone. 

The results of the various ZDI analyses are summarized in Table 4 .

.2 ZDI: a first magnetic map adopting the Linder et al. 
phemeris 

e first carried out ZDI assuming the RV variations of the broad-line
tar consistent with the orbital ephemeris of Linder et al. ( 2008 ) (i.e.
sing the variable-RV Stokes I profile). 
The inclination of the rotation axis of the broad-line component is

stimated at the start of Section 4 . Ho we ver, this calculation relies on
he radius of the star, which is very uncertain. The T eff and luminosity
f Linder et al. ( 2008 ) provide a very different value from that implied
y the log g and mass. Thus, we derived independent constraints on
he inclination of the broad-line star using ZDI. We calculated grids of
DI models, varying the inclination from 10 ◦ to 90 ◦ in 1 ◦ increments.
irst, we fit all models to a target reduced χ2 of 1.5, and searched for

he converged model with the maximum entropy. 2 This produced a
est inclination for the variable-RV Stokes I profile of 56 ◦ (also 56 ◦

or a turbulent broadening of 60 km s −1 ). 
In order to derive statistical uncertainties, we again ran the grid

f ZDI models with different inclinations, but fitting to a target
ntropy rather than a target χ2 . The ZDI code has the option of,
ather than looking for a solution that maximizes entropy for χ2 

ess than or equal to a target, using a modified fitting routine to
inimize χ2 for entropy greater than or equal to a target. This has

he effect of producing a best-fitting model for a given degree of
omplexity specified by the target entropy. In practice, fitting to target
2 or entropy produces identical results, provided the target χ2 (or
ntropy) are consistent with the final χ2 (or entropy) from the other
tting method. Running a grid of ZDI models with the target entropy
onstraint produces a variation in χ2 for models with a constant
e gree of comple xity. Then from the statistics in the variation of χ2 

round the minimum (e.g. Lampton, Margon & Bowyer 1976 ), one
an place a formal confidence level on an interval of the parameter of
roblem, the true number of degrees of freedom is ambiguous. 



Magnetic field of Plaskett’s star 1955 

Figure 6. Observed LSD V profiles (black) fit with ZDI models of the broad-line component, shifted vertically for clarity. Rotation phases are indicated on the 
right. Models using the radial velocity variations of Linder et al. ( 2008 ) are shown (red), but cannot reproduce the observations at several phases (in particular, 
but not limited to, 0.248 and 0.707). The model assuming a fix ed v elocity of the broad-line star (blue) is also shown, and the associated profiles provide a 
qualitatively better fit to the observations. 
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nterest, in this case inclination. A reasonable target entropy value is
enerally not known a priori, so we use the maximum entropy found
n the previous grid fit as the target (specifically −20 870, from the
revious target χ2 

r of 1.5). From this process, we find an inclination 
f 56 ± 6 ◦ (for 1 σ uncertainties, + 19 

−17 
◦

at 3 σ ). The variation of χ2 
r with

nclination angle is shown in Fig. 8 . Repeating this procedure with
 local line width of 60 km s −1 produces an inclination of 56 ± 6 ◦

 

+ 20 
−18 

◦
at 3 σ ). This inclination is some what dif ferent from the i =

5 ± 10 ◦ we find from our rotation period and the 10.5 R � radius
from T eff and luminosity), but consistent at 1 σ . Ho we ver, this is
nconsistent with i = 20 ± 5 ◦ produced by the 22 R � radius (from

ass and log g ); thus, the magnetic map supports only the smaller
adius. 

No ZDI model is able to fit the data to a χ2 
r below 1.4, and models

ith χ2 
r below 1.5 appear to be badly o v erfitting the data. These

esults are independent of the detailed choice of line broadening pa- 
ameters. [We carried out the modelling for both ( vsin i = 331 km s −1 ,
 mac = 20 km s −1 ) and ( vsin i = 321 km s −1 , v mac = 60 km s −1 ).]
his large χ2 

r appears to be due to clear discrepancies between the 
odel and observations at some phases. Indeed, inspecting the fit 

o the observations, we note serious discrepancies of the best-fitting 
odel relative to particular observations, all of which are clustered 

ear orbital phases at which the broad-line star is expected to show
he largest RV shifts. The large χ2 

r and failure to fit the data at some
rbital phases implies that the magnetic map will likely be affected 
y systematic errors. 
We report some properties of the derived magnetic map here, but 

iven the poor quality fit they are not likely representative of the
eal magnetic properties of the star. The fits to the observed LSD
rofiles are presented in Fig. 6 , and the resulting magnetic map is
hown in Fig. 7 (left-hand panel). We describe the magnetic geometry 
sing ratios of B 

2 (more specifically 
∮ 
B · B d �) as an approximation 
f the magnetic energy density, e v aluated from components of
he spherical harmonic description of the field (see Fig. 9 ). The

agnetic field reconstructed using the orbital velocities is largely 
oloidal (84 per cent magnetic energy) but with a significant toroidal
omponent (16 per cent energy). The poloidal magnetic field has 
5 per cent energy in the dipole ( � = 1) mode, and 22 per cent
n the quadrupole ( � = 2), with significant energy in higher �
odes (particularly � ≤ 5). This is reflected by a large amount

f small-scale structure in the magnetic map, superimposed on a 
ostly dipolar field. The small-scale structure of the map reaches 

early 3 kG, while the dipole has a strength of only 1.2 kG. This
uggests that, even at a χ2 

r of 1.5, this model may be overfitting
ortions of the line. This magnetic geometry is inconsistent with that
econstructed using Stokes V profiles for other magnetic O, B, and A-
ype stars, which usually have dominantly dipolar magnetic fields, 
ometimes with important quadrupolar components, but generally 
ot with very strong small structures (e.g. Kochukhov 2020 ). Small-
cale departures from a pure dipole are often found if observed
t high enough S/N, but they do not approach the strength of the
ipole itself. The global dipolar component in this map may be
pproximately correct, but the smaller structure appears to be driven 
y o v erfitting portions of the line profile, while other portions of line
rofiles remain unfit or badly fit. 
We performed a number of experiments to better understand the 

rigins of the poor quality of the fit to the Stokes V observations and
he distorted magnetic map. 

First, we considered the possibility of a phase offset of the
road-line star’s RV variation due to the long time span between
ur observations and those employed by Linder et al. ( 2008 ),
otwithstanding that there is no evidence of this from the narrow-
ine star’s RV variation (see Grunhut et al. 2013 ). To this aim, we
an a grid of ZDI models with the ephemeris of Linder et al. ( 2008 )
MNRAS 512, 1944–1966 (2022) 
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M

Figure 7. Magnetic maps for the broad-line star with the Linder et al. ( 2008 ) orbital velocities (left), and a constant velocity (right). Panels show the radial, 
azimuthal, and meridional components of the vector magnetic field, and the colour scales show field strength in G. Only the visible portions of the star for the 
best inclinations are plotted. Phases of observations are indicated by ticks along the top. The higher level of complexity and small-scale structure in the map 
including orbital velocities (left-hand panel), together with the worse fit it provides, suggest the map is likely incorrect. 
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ut assuming a phase of fset (relati ve to the ephemeris of Linder
t al. 2008 ), varying from 0 to 1 in steps of 0.01, of the broad-
ine star’s RV variation. The simplest (maximum entropy) map for
 reduced χ2 

r of 1.5 is achieved for an offset value of 0.09 cycles
or a turbulent broadening of 20 km s −1 (or 0.10 for a turbulent
roadening of 60 km s −1 ). 3 In addition to the fact that these phase
f fsets are dif ficult to reconcile with the narro w-line star’s RV curve,
one of the phase-shifted models are able to substantially impro v e
he agreement between the model and the observations, and all yield
aps that share the same qualitative distortions as described above. 
Secondly, we considered the possibility that the poor fit may

e due to adopting an erroneous rotation period. Specifically, we
nvestigated whether our rotation period could be the first harmonic
f the real value. Thus, we computed new maps assuming a rotational
eriod of 2.431 d ( = 2 × 1.2155 d). We note that there is no strong
eak near this period in the periodogram for B l or H β, which makes
uch a period unlikely unless the two halves of the magnetic/EW
urves are identical. We ran this test only for a turbulent broadening
f 20 km s −1 . Models with this period can achieve a χ2 

r of 1.5, but
gain appear to badly o v er fit the data at this χ2 

r , with more than two
imes the entropy and a quadrupole-dominated magnetic map. More
easonable target χ2 

r are between 1.55 and 1.6, and the map is still
uadrupole dominated. Fitting to the same entropy as the 1.215 d
eriod gives χ2 = 1 . 558. We conclude that adopting the longer
NRAS 512, 1944–1966 (2022) 

r 

 Line profiles for this grid of models were calculated for a range of –800 
o 800 km s −1 in the heliocentric frame, to use a consistent set of observed 
ixels, and reached a χ2 

r of 1.4. In the rest of the analysis, we use a range of 
600 to 600 km s −1 about the shifting line centre (i.e. relative to the star), to 

educe the number of extraneous continuum pixels used. The χ2 
r calculated 

ith this narrower range with less continuum is approximately 1.5, and this 
2 
r should be used for comparison with other values in this analysis 

v  

4

v

χ

3
i
3

eriod does not resolv e an y of the issues identified with the 1.215 d
aps, and yields a magnetic field structure that is even less plausible.
As a final experiment, we considered the possibility that vsin i from

he disentangled Stokes I profiles might be underestimated. Stokes
 profiles typically provide a much weaker constraint on vsin i than
tokes I , and in some cases only an upper limit, but they do contain
ome information about this parameter. We ran a grid of ZDI models
ith vsin i ranging from 300 to 450 km s −1 , in 1 km s −1 steps. This

est was done assuming a turbulent broadening of 20 km s −1 . Fitting
o a target χ2 

r of 1.5 all models converged, and the map with the best
ntropy (i.e. the simplest model) corresponded to vsin i = 387 km s −1 .
itting to this entropy ( −9620) as a target, and using the variation in

he achieved χ2 , we found vsin i = 387 ± 8 km s −1 ( + 37 
−20 at 3 σ ). 4 

We conclude that, while a larger vsin i impro v es the fit at some
hases, there are still large discrepancies present at other phases,
articularly where the RV shift of the broad-line star is expected to
e large. In some profiles with large velocity shifts, a much higher
sin i would be needed to fully span the pixels with apparent signal in
tokes V . This would be in clear contradiction to the observed Stokes
 line widths, and thus is not an adequate solution to this discrepancy.

.3 ZDI: a second magnetic map adopting a constant RV 

n attempting to perform ZDI with the Linder et al. ( 2008 ) orbital
elocities, we failed to achieve a satisfactory fit to the data, and con-
 We note that we can achieve a somewhat lower χ2 
r if we adopt this higher 

sin i , at the risk of o v erfitting the data. Thus, we reran the grid with a target 
2 
r of 1.4, and the corresponding entropy ( −21 400), and we found vsin i = 

85 ± 7 km s −1 ( > 369 km s −1 at 3 σ ). A χ2 
r = 1 . 3 can be reached, although 

t appears to substantially o v erfit the data, and only models with vsin i abo v e 
60 km s −1 can reach this χ2 

r . 

art/stab3320_f7.eps


Magnetic field of Plaskett’s star 1957 

Figure 8. Reduced χ2 versus inclination angle i . Top panel: Models derived 
adopting the RV variation of Linder et al. ( 2008 ) for the broad-line star. 
Bottom panel: Models for which the broad-line star was assumed to be 
stationary. 
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equently derived a map that was strongly distorted and unreliable. 
nspecting the fit to the observations, we observed that the majority 
f discrepancies appear at phases corresponding to large orbital RVs 
redicted by the ephemeris of Linder et al. ( 2008 ). We carried out a
umber of experiments to attempt to resolve the issues, to no avail. 
In this section, we consider a simple alternative that is moti v ated

y our observation that the largest discrepancies occur at phases of
igh predicted orbital RV shift. Specifically, we consider that the 
elocity of the broad-line star is constant, or at least that the RV
ariation of this star is significantly smaller than reported by Linder 
t al. ( 2008 ) and all previous studies. This, of course, would have
mportant implications for our understanding of the architecture of 
he Plaskett system; this will be discussed later. 

Utilizing the static-RV disentangled Stokes I profile, we repeated 
he ZDI analysis. The spherical harmonics were restricted to � = 

 −10, as the extra degrees of freedom proved to be unnecessary. 
The inclination of the rotation axis of the broad-line star was one

gain derived using the grid search as abo v e. This time, all models
ould be fit with a target reduced χ2 

r of 1.0, and the model with
aximum entropy produced a best inclination of 48 ◦. We again 

alculated a second grid fitting to target maximum entropy, using 
he value from the best model in the first grid ( −3072). From this
rocess (see Fig. 8 ), we find an inclination of 48 ± 4 ◦ (at 1 σ , + 17 

−12 
◦

t 3 σ ). If we use a turbulent broadening of 60 km s −1 instead, we
nd a best-fitting value of 47 + 5 

−4 
◦

( + 19 
−12 

◦
at 3 σ ). This inclination is in

ood agreement with the i = 45 ± 10 ◦ we find based on our rotation
eriod and the 10.5 R � radius. Ho we ver, it clearly disagrees with the
 = 20 ± 5 ◦ inferred from the alternate 22 R � radius, which argues
hat the smaller radius is more likely correct. 

The final magnetic map is presented in Fig. 7 (right-hand panels), 
nd the corresponding fits to the LSD Stokes V profiles are presented
n Fig. 6 . An illustration of the strengths of the spherical harmonic
oefficients of this map is shown in Fig. 9 . This magnetic map is
redominantly poloidal, corresponding to 96 per cent of the magnetic 
nergy (as estimated from 〈 B 

2 〉 = 

∮ 
B · B d �). The dipole ( � = 1)

ontains 69 per cent of the poloidal energy, while the quadrupole 
 � = 2) contains 20 per cent, and the octupole ( � = 3) contains
 per cent of the poloidal energy. Thus, the magnetic field is inferred
o be largely dipolar with an important quadrupole component. The 
agnetic energy is only 1.6 per cent symmetric about the rotation

xis (as defined by m = 0 spherical harmonics), so the field is
lmost entirely non-axisymmetric. The tangential components of 
he magnetic field are weaker than the radial component, and in
articular the tangential dipolar and quadrupolar components are 
eak er than w ould be expected from the radial component for a

imple potential dipole or quadrupole. If we use the radial dipolar
omponent to estimate dipole quantities, the strength at the magnetic 
ole is 843 G, and the obliquity is 89 ◦ from the rotation axis. The
agnetic field has a surface averaged (unsigned) magnetic field 

trength 〈 B〉 = 

∮ | B | d �/ 4 π of 517 G, or 722 G o v er just the fully
isible hemisphere. If we assume a turbulent broadening of 60 km s −1 

nstead, we get a magnetic field that is 94 per cent poloidal and
.7 per cent axisymmetric. The poloidal energy is 70 per cent dipolar,
0 per cent quadrupolar, and 5 per cent octupolar. The radial dipole
as a strength of 897 G and an obliquity of 90 ◦. The surface averaged
trength is 547 G, and the average on the fully visible hemisphere is
60 G. Thus, the uncertainty in the turbulent broadening introduces 
 ∼6 per cent uncertainty in the magnetic field strength, while the
eometry is largely unaffected. 
There are some important similarities and differences between the 
agnetic maps including an orbital velocity variation (Section 4.2 ) 

nd with a fixed orbital velocity (this section). This is obvious
rom inspection of the magnetic maps (Fig. 7 ), and we compare the
eometry more quantitatively in Fig. 9 . Both maps require a strong
adial dipole with a large obliquity in order to explain the relatively
imple Stokes V profiles that reverse sign. Both maps also contain a
ignificant quadrupole field that provides some asymmetry. Ho we ver, 
he poloidal component of the field in the map including binary

otion contains a large amount of weaker small-scale structure 
uperimposed on the radial dipole. This is clear in Fig. 7 , and can be
een in Fig. 9 where the poloidal energy decreases with � but then
lateaus at a non-zero value for higher � . Typically this small-scale
tructure is understood to be a consequence of fitting noise, which
uggests we may be o v erfitting portions of the line profile with this
ap, even at χ2 

r = 1 . 5. Both maps are largely poloidal, but there is
learly more toroidal energy in the binary RV map (Fig. 9 , right-hand
anel). In Stokes V , which is sensitive to the line-of-sight component
f the magnetic field, the toroidal magnetic field is only detectable 
ear the limb of the star. The binary RVs shift much of the observed
tokes V signal towards the edge of the line at some phases, i.e.
loser to the limb, which likely drives the increase in the toroidal
eld. The energy in higher � toroidal modes seems to largely help
oncentrate the azimuthal field in a few stronger spots, which would
nly be clearly visible in Stokes V at some phases. 
There is an important difference in the o v erall strength of the
agnetic maps and this, unlike the geometry, is sensitive to the

isentangling of the Stokes I profiles. The Stokes V profiles are
nterpreted (and modelled) with reference to the Stokes I line 
trength. In disentangling, the relative strengths of the blended lines 
epend on the motions assumed. When we disentangle the profiles 
dopting the orbital RV variation of the broad-line star, the broad-
ine component is weaker and the narrow-line component is stronger. 
n that solution, at larger RVs, the full depth of the line near the
arrow-line component is attributed to that component. When we 
isentangle with a constant RV for the broad-line component, the 
arrow-line becomes a dip on top of a stronger line at all phases.
s a consequence of the deeper line and larger vsin i in the constant
V disentangled profiles, fitting the Stokes I line requires almost 
MNRAS 512, 1944–1966 (2022) 
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Figure 9. Comparison of the magnetic energies by angular degree � for magnetic maps with (red) and without (blue) the orbital velocity for the broad-line star. 
The poloidal (left) and toroidal (right) components of the field are shown. Bars indicate energy in spherical harmonics of degree � . Here, the magnetic energy is 
approximated by 〈 B 

2 〉 = 

∮ 
B · B d �/ 4 π . 
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wice the strength relative to the binary RV disentangled profiles.
his larger line strength produces a magnetic map with a weaker
agnetic field, which drives the difference in strengths apparent in
igs 7 and 9 . 
Overall, the ZDI map with a constant velocity provides a sub-

tantially better fit to the data than the map including the literature
rbital v elocities, both qualitativ ely and quantitativ ely (as indicated
y χ2 

r ). The magnetic map with constant velocity is also simpler, has
 higher entropy, and is more consistent with the magnetic geometries
f other known O and B stars. Thus, we strongly fa v our the magnetic
ap with a constant velocity, although this implies we may need to

econsider the architecture of the Plaskett system. 

 MAGNETOSPHERE  

.1 Pr edicted pr operties 

he common picture of the magnetosphere of a strongly magnetic
tar undergoing rapid rotation is that wind plasma is centrifugally
upported and magnetically confined to accumulate into dense
egions (or clouds) along gravitocentrifugal potential minima, which
o-rotate with the host star (e.g. Shore & Brown 1990 ; Shore 1993 ;
ownsend & Owocki 2005 ; ud-Doula, Owocki & Townsend 2008 ;
etit et al. 2013 ). Magnetic confinement of the wind should occur

f the local magnetic energy density is stronger than the local
ind energy density, as characterized by the magnetic confinement
arameter η∗ = B 

2 
eq R 

2 
� / Ṁ v ∞ 

(ud-Doula & Owocki 2002 ), given the
tar’s equatorial surface field strength ( B eq = B d /2, for a dipole), the
tellar equatorial radius R � , and the wind terminal momentum ( Ṁ v ∞ 

,
or a magnetically unperturbed wind feeding rate Ṁ and the wind
erminal velocity v ∞ 

). The wind is expected to be confined out to a
istance where the energy density is balanced by the magnetic energy
ensity (the Alfv ́en radius, given by R A / R � ∼ 0.3 + ( η∗ + 0.25) 1/4 for
 dipole field in the magnetic equatorial plane; ud-Doula & Owocki
002 ). At further distances the wind dominates and the magnetic
eld lines are dragged with the wind and stretched to open field lines.
he wind plasma is centrifugally supported beyond the Kepler , or co-

otation, radius R K = 3/2 ω 

−2/3 R p , where ω is the rotational frequency
f the star and R p is the polar radius; ud-Doula et al. 2008 ). Inside the
epler radius magnetically confined plasma is expected to fall back
n to the star on the free-fall time-scale (ud-Doula & Owocki 2002 ),
NRAS 512, 1944–1966 (2022) 
hile beyond this distance the plasma is centrifugally supported
gainst infall. If R A is beyond R K then the centrifugally supported
lasma accumulates, forming magnetospheric clouds as observed, for
xample, in the archetypical magnetic Bp star σ Ori E (Landstreet &
orra 1978 ; Townsend & Owocki 2005 ; Oksala et al. 2015 ) and other

apidly rotating B stars (e.g. Grunhut et al. 2012a ; Wade et al. 2017 ;
hultz et al. 2021 ). 
Theoretical estimates of the magnetospheric properties of the

road-line star rely on its physical properties, in particular its wind
haracteristics ( Ṁ and v ∞ 

, as would be seen in the absence of a
agnetic field), its radius ( R � ), and its magnetic field strength ( B d ).
sing the wind properties determined from the recipe of Vink,
e Koter & Lamers ( 2001 ) and T eff = 33 kK, log L / L � = 5.1,
nd M � = 56 M �, we obtain log Ṁ = −7 . 1 M � yr −1 and v ∞ 

=
500 km s −1 . In combination with a ∼1 kG magnetic dipole and
 � = 10.8 ± 1.4 R � (Linder et al. 2008 , where the uncertainties
orrespond to the min/max radii from their fixed luminosity and
he uncertainty in T eff ), we obtain a minimum η� = 380, and a

inimum Alfv ́en radius R A = 4.4 R � . Adopting vsin i = 360 km s −1 

rom the ‘stationary’ disentangling solution, we obtain an oblateness
 pol / R eq = 0.90 ± 0.03, i = 46 ± 10 ◦, and Kepler radius R K =
.55 ± 0.2 R eq . 
As R K < R A , the magnetospheric parameters of the broad-line

omponent are in agreement with the requirement for the formation
f a rigidly rotating, centrifugal magnetosphere (CM; Townsend &
wocki 2005 ; Petit et al. 2013 ). The broad-line component of
laskett’s star is, so far, the only O star known to host a CM, due to

ts combination of relatively strong magnetic field and particularly
apid rotation. Ho we ver, it should be borne in mind that, due to
he discrepancies between the properties inferred by Linder et al.
 2008 ) via dynamics versus spectroscopy and in light of inconsistent
rbital properties suggested in this work versus previous work, there
s considerable uncertainty in the exact values of R A and R K . 

.2 Obser v ed properties 

n agreement with the results deriv ed abo v e, Grunhut et al. ( 2013 )
reviously noted the presence of high-velocity emission, consistent
ith the presence of a CM surrounding the star. With the spectro-

copic data set acquired here, and with the guidance of the theoretical

art/stab3320_f9.eps


Magnetic field of Plaskett’s star 1959 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Phase (P= 1.21551 d)

-3.00

-4.00

-5.00

-6.00

-7.00
H
α

 E
W

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Phase (P= 1.21551 d)

1.00

0.50

0.00

-0.50

H
β 

E
W

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Phase (P= 1.21551 d)

1.60

1.40

1.20

1.00

0.80

H
γ 

E
W

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Phase (P= 1.21551 d)

-0.60

-0.80

-1.00

-1.20

H
eI

I 
46

86
 E

W

Figure 10. Phased EW measurements (in Å) from H α, H β, H γ , and He II λ4686. The axis is inverted (EW increases downwards) to reflect the contribution 
from emission (emission increases upwards). Dotted lines are also included to indicate phases 0.0, 0.25, 0.5, 0.75, and 1.0. Different colours represent different 
epochs of observation. 

c
o

5

T
a
B  

t  

v
a
o
v
w  

H
t
a
a  

c  

o
s
c
a
a
t

O  

2  

d
b  

c
a
a  

0

5

W  

l
G  

e  

2  

c
v
p  

s  

r
t
a  

a
p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/1944/6433198 by U
ppsala U

niversitetsbibliotek user on 02 M
ay 2022
alculations described abo v e, we aim to characterize the properties 
f the magnetosphere. 

.2.1 Equivalent width variations 

o characterize the observed magnetospheric properties, we first 
nalysed the EW variations (see Section 2.1.4 ) of several hydrogen 
almer lines and the He II λ4686 line. The EW variations are illus-

rated in Fig. 10 . The Balmer lines all show double-peaked emission
ariation, with maximum emission occurring at rotation phase 0, 
nd a secondary peak occurring at phase 0.5. Emission minima 
ccur at phases ∼0.30 and ∼0.75. H α shows the most significant 
ariation with a maximum peak-to-peak amplitude of about 4 Å, 
hile an average peak-to-peak variation is about 2.5–3 Å; ho we ver,
 α also shows significant systematic differences from one epoch 

o another. (Each epoch corresponds to a different observing run, 
nd while one observing run typically spans an orbital period, there 
re large time gaps between runs.) This can also be seen in the EW
urves of H β and H γ , where most of the epoch-to-epoch changes
ccur around emission maximum and emission minima. Phase ∼0.30 
hows maximal absorption for the Balmer lines. These variations are 
onsistent with the general expectations from magnetosphere models 
nd observations of other rapidly rotating stars with high obliquity 
ngles: the magnetosphere forms two higher density regions (clouds) 
hat produce double-peaked emission v ariations (e.g. To wnsend & 
wocki 2005 ; Townsend 2008 ; Oksala et al. 2012 ; Shultz et al.
019b ). Ho we ver, the He II EW measurements present a somewhat
ifferent behaviour. Maximum emission occurs at phase 0, followed 
y a rapid decrease until phase ∼0.20. After this the emission
ontinues to slowly decrease until it reaches minimum emission 
round phase 0.75. There is no obvious secondary emission peak, 
lthough one epoch shows a brief rise in emission around phase
.45. 

.2.2 Line profile variations 

e next studied the line profile variations (LPVs) of these emission
ines. As shown in previous studies (e.g. Townsend, Owocki & 

roote 2005 ; Bohlender & Monin 2011 ; Grunhut et al. 2012a ; Oksala
t al. 2012 ; Rivinius et al. 2013 ; Sikora et al. 2016 ; Wade et al.
017 ; Shultz et al. 2019b ), emission LPVs resulting from CMs show
haracteristics that are distinct from other kinds of emission line 
ariability. We investigated the LPVs by computing dynamic spectra 
hased with the 1.21551 d period for H β, H γ , and He II λ4686, as
hown in Fig. 11 (H α is omitted due to the larger variation between
otation cycles). The dynamic spectra were computed by subtracting 
he theoretical photospheric line profile derived from a TLUSTY model 
tmosphere (Lanz & Hubeny 2003 ) and are displayed in such a way
s to show the full emission contribution from the magnetospheric 
lasma. We note that the line profile of the narrow-line star was
MNRAS 512, 1944–1966 (2022) 
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ot remo v ed or otherwise suppressed; hence it and its 14.4 d orbital
otion are evident in the figure in the form of dark traces occupying

he inner ±200 km s −1 of the dynamic spectra. 5 

The results show clear evidence of two nearly diametrically
pposite emission features, most clearly seen in H β and H γ , which
e interpret as dense clouds in co-rotation with the star. The motion

nd intensity of these features are generally consistent from one
poch to another, although small differences in the line profiles are
bserved, as already mentioned in the analysis of the EW variations.
t phases 0 and 0.5 these clouds appear to be projected on to the

ky to their fullest extent and thus show the most emission. At
hase 0, the largest cloud appears at its maximum positive velocity,
hile the other cloud appears at its maximum ne gativ e v elocity.
t phase ∼0.5, the clouds appear at opposite velocities (and sides
f the star) compared to phase 0, and so the most prominent cloud
eaches its maximum ne gativ e v elocity, while the other cloud reaches
ts maximum positive velocity. It should be noted that both clouds
ppear brightest at phase 0. At phase 0.5, the emission intensity of
he largest cloud is considerably less than at phase 0, while there is
lso a slight difference for the other cloud. To constrain the phases of
ccultation, we fit sinusoidal curves (included in Fig. 11 ) that indicate
he expected motion of the clouds if they are in rigid co-rotation with
he stellar surface, which appears to be the case. The curves were
elected by eye such that v elocity e xtrema correspond to the middle of
he emission features, when seen in maximal emission. The less dense
loud crosses v sys = 0 km s −1 at phase ∼0.30 (travelling redward),
hile the denser cloud appears to cross at phase ∼0.75 (again

ravelling redward). This is consistent with the emission minima
bserved in the EW variations. The phase separation suggests that
he two clouds are not exactly diametrically opposite, but are rather
eparated azimuthally by ∼160 ◦. This is likely due to the impact of
he quadrupolar component of the magnetic field, and can be seen
ualitatively in Fig. 7 , top panel, where the positive magnetic region
o v ers a wider area in phase than the ne gativ e magnetic re gion. The
NRAS 512, 1944–1966 (2022) 

 We did attempt to remo v e the profile of the narrow-line star by fitting and 
ubtracting, but the result was not really any better. 

b  

t  

o  

p  
almer line dynamic spectra show absorption features about the
hases where the stellar disc is occulted by the passing of the dense
louds; ho we ver, the interpretation is complicated by the fact that
he spectral features of the narrow-line component could not be fully
emo v ed, despite our best attempts, and therefore it causes additional
ncoherent features within ±vsin i of the broad-line star. We note that
imilar migrating absorption features were also found by Palate &
auw ( 2014 ). 
The dynamic spectrum of the He II line displays emission features

imilar to those observed in the H lines. We again fit sinusoidal
urves to the expected motion of the clouds if they are in rigid co-
otation, although the He II curves were selected to pass through the
ighest velocity emission features. According to these curves, there
s a mismatch between the phases of occultation in He II relative to the
almer lines. The orbital motion of the two He II clouds suggest they
ross v sys at phases 0.25 and 0.75. Furthermore, the high-velocity
mission ( > | v| sin i ) is generally seen at all phases, suggesting that,
n addition to the dense clouds, further magnetospheric plasma
s azimuthally distributed in a disc-like structure. This is only
learly seen in the dynamic spectrum of He II , shown in Fig. 11 .
he azimuthally distributed plasma also explains the behaviour
f the He II EW variations. The EW minima in the Balmer lines
re a consequence of the clouds passing behind the star. As the
e II emission contains additional contribution from the disc, the
ccultation of the less dense cloud does not significantly reduce the
otal emission. Minimum emission is therefore reached at an earlier
hase than in the Balmer lines as the densest cloud passes behind
he star and this emission level remains relatively flat until this cloud
eappears. The mismatch between the Balmer line curves and the
e II curves and the differences in the emission level of the clouds
hen viewed at opposite quadratures are qualitatively explained by
ptical depth effects (e.g. Grunhut et al. 2012a ). 
Since the circumstellar plasma is bound in co-rotation, we can

nambiguously map RV on to the projected stellar radius, as indicated
y the upper horizontal axis in Fig. 11 . In doing so we can infer
he spatial distances characterizing the magnetosphere, with the
nly caveat that the emission is measured relative to a theoretical
hotospheric line profile and there is some outstanding uncertainty
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Table 5. Distances of emission features in dynamic spectra, for three 
spectral lines. Columns indicate the radii corresponding to the maximum 

velocity at which detectable emission is observ ed, the v elocity corresponding 
to maximum emission of the most prominent cloud, and the velocity 
corresponding to maximum emission of the less prominent cloud. 
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bout the stellar parameters. The bulk of the emission extends to 
 maximum distance of ∼2.4 R � according to the H β line and
 maximum distance of ∼1.7 R � according to the He II line. The
istance to the centre of the brightest part of the emission features,
ccording to the H γ line, is ∼1.45 R � for the strongest feature and
1.24 R � for the weaker one. Using the H β line to carry out the same
easurements results in slightly different values of 1.31 and 1.18 R � 

or the larger and smaller feature, respectively. From the He II line,
easuring from the high-velocity emission peaks, we find slightly 

ower distances of 1.18 and 1.05 R � . Emission appears at some phases
or radii slightly less than 1 R � for H γ . This emission is more obvious
or H β. Emission is not expected for R < R � , but the differences in
he measured locations of the emission features between each line as
ell as the presence of emission within the projected stellar radius

ould result from scattering effects, a phenomenon often observed 
or optically thick Be star discs (Hummel & Dachs 1992 ; Hummel
994 ). Based on observations of other stars that host CMs, we expect
o find maximum plasma build-up just beyond the Kepler radius 
 R emission max. ≥ R K and R K < 1 . 7 R � ). The H β and H γ emission is
onsistent with this picture of material building up near the Kepler 
adius, while the He II λ4686 line suggests a somewhat different, 
ore compact geometry. This might be a consequence of material 

pilling below R K , or potentially the contribution of the region of the
tar’s dynamical magnetosphere located close to the stellar surface. 
he line emission properties are summarized in Table 5 . 

 REVISITING  C O N S T R A I N T S  O N  T H E  

AGNETIC  FIELD  O F  T H E  NARROW-LINE  

TAR  

runhut et al. ( 2013 ) attempted to constrain the magnetic properties
f the narrow-line component based on individual spectra and asso- 
iated longitudinal field measurements. With the new model of the 
road-line star’s surface magnetic field structure, we decided to return 
o this issue. To this end we subtracted the corresponding Stokes V
ignature determined from the best-fitting ZDI magnetic field model 
rom each observed LSD profile. We then replaced each Stokes I
rofile with the velocity-shifted disentangled Stokes I profile of the 
arrow-line star. The resulting residual LSD profiles should represent 
he best description of the narrow-line star, uncontaminated by the 
resence of the broad-line star (in both polarized and unpolarized 
ight). We then characterized these profiles using the same detection 
riteria previously discussed, and obtained NDs for each observation. 

We next constrained the upper limit of the allowed surface dipole 
eld strength for the narrow-line star that could have remained hidden

n the noise. This was accomplished using the statistical method 
iscussed by Neiner et al. ( 2015 ). This approach determines the
pper limit based on the probability distribution of the FAPs obtained 
rom a large number of synthetic Stokes V profiles generated with 
andom dipole field geometries that vary with polar field strength and 
ontain the same noise characteristics as the observations. The Stokes 
 profiles are constructed based on fits to the Stokes I profile. The
pper limits correspond to a 90 per cent detection rate (i.e. an FAP <

0 −3 ) such that the field should have been detected. The upper limits
f individual profiles ranged from a lowest value of about 1200 G
for the observation obtained on 2012 December 2) to a highest value
f about 8300 G (for the observation obtained on 2012 December 2),
nd are largely dependent on the S/N of the observation. Combining
he individual probability distributions in the manner described by 
einer et al. ( 2015 ), we find that a dipole field with a surface polar
eld strength of about 500 G or higher should have been detected if

he narrow-line star hosted such a field. 
A magnetic field in the narrow-line star could not have been
istaken for the magnetic field from the broad-line star, as the Stokes
 signal consistently spans the width of the broad-line, implying 

he broad-line star has a magnetic field. An additional detectable 
agnetic contribution to Stokes V from the narrow-line star would 

ave appeared as features that vary incoherently with the rotation 
eriod of the broad-line star. Such features are not observed. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

.1 Rotation, magnetic field, and magnetosphere of the 
road-line star 

e have acquired and analysed a new data set of Plaskett’s star
onsisting of 63 high-resolution ( R ∼ 65 000) spectropolarimetric 
Stokes V ) observations obtained o v er 13 months in 2012 and 2013.
he analysis of the spectra using the LSD procedure yields repeated
etection of significant signal in the Stokes V spectrum with width
nd centroid velocity coincident with the line profile of the broad-line
secondary) star. Measurements of the mean longitudinal magnetic 
eld B � from these data are found to vary with a single dominant
eriod of 1 . 21551 + 28 

−34 d. 
Phasing the B � measurements with this period yields a sinusoidal 

ariation with central value of −2 ± 27 G and semi-amplitude of
13 ± 41 G. The longitudinal magnetic field measurements - obtained 
 v er more than 1 yr, corresponding to o v er 25 orbits of the binary
nd about 325 rotations of the broad-line star – phase coherently with
he adopted rotational ephemeris, and exhibit scatter consistent with 
he independently derived observational uncertainties. No systematic 
ifferences are observed between the longitudinal field variations 
easured at different epochs. These are normal, well-established 

haracteristics of early-type stars hosting strong, dipolar, fossil 
agnetic fields. 
We performed direct fitting of the LSD Stokes V profiles using

DI, and ultimately achieved a good fit to the profiles. This yields
 magnetic geometry that is predominantly a dipole (69 per cent)
lus a modest quadrupole (20 per cent). Ho we ver, some additional
omplexity in the magnetic field appears to be present, and the
angential components of the field are weaker than would be expected 
rom the radial component of the dipolar or quadrupolar field. While
llowed by the model, very little toroidal field is found (4 per cent).
he global average field strength is 517 G, and the polar strength of

he radial dipole is about 850 G with an obliquity of 89 ◦. 
One remarkable outcome of the Stokes V modelling was our 

nability to fit the Stokes V profiles while simultaneously considering 
he RV variation of the broad-line star according to the 14.4 d
rbital period as inferred by Linder et al. ( 2008 ). When the orbital
V variation was included, the theoretical best-fitting Stokes V 

rofiles were frequently and obviously shifted in RV relative to their
ssociated observations, with the profiles exhibiting the largest shifts 
MNRAS 512, 1944–1966 (2022) 
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eing those corresponding to phases of RV extrema predicted by the
inder et al. ( 2008 ) binary model. Even the great flexibility of a ZDI
odel could not account for these apparent RV shifts, resulting in a

oor fit to the data and a distorted magnetic map. We found that this
iscrepancy could be resolved by completely removing the 14.4 d RV
odulation from the Stokes V model, i.e. by treating the broad-line

tar as stationary. This is an extremely puzzling result that will be
nalysed and discussed in detail in a forthcoming paper. 

Analysis of magnetospheric diagnostic lines (H α, β, γ ,
e II λ4686) reveals that they also vary significantly and more-
r-less coherently according to the 1.21551 d period derived from
he magnetic measurements, implying that the bulk of the emission

odulation is connected with the rotation of the broad-line star. The
hased EW measurements and dynamic spectra of the Balmer lines
eveals the presence of two nearly diametrically opposite emission
louds that should be located near the plane of the magnetic equator.
n the He II λ4686 line, we find additional evidence for a disc-like
tructure, although the two clouds in the magnetic equator are less
learly seen. The rotational modulation of these clouds is found to
nhance the absorption as the clouds travel in front of the star, to
ncrease the emission as the clouds are maximally projected on to
he sky, and to reduce the emission as the clouds pass behind the star.

Our detailed interpretation of the origin of much of the variability
bserved from Plaskett’s star is hampered by the large systematic
ncertainty between the radius of the broad-line star implied by
he dynamically inferred mass and surface gravity (22 R �) versus
hat implied by the combination of luminosity and temperature
10.5 R �). Ho we ver, gi ven the apparent lack of RV variability in the
road-line star, previously determined dynamical masses are likely
n error, and we tentatively conclude that the smaller radius based on
emperature and luminosity is more likely correct. Nevertheless, it is
lear that all modern data sets are strongly modulated according to
he 1.21551 d period (and/or its first harmonic), and that this period
an be naturally and self-consistently associated with the rotation of
he magnetic broad-line star. We therefore conclude that the rotation
f the broad-line star coupled with its dipolar surface magnetic
eld is the underlying ‘clock’ producing the bulk of the observed
pectroscopic and photometric modulation of the Plaskett system. 

Palate & Rauw ( 2014 ) also found evidence for line profile variabil-
ty in their spectroscopic data set that was consistent with our derived
.21551 d period, although they concluded that this period leads to a
arge discrepancy between their radius estimates from vsin i and from
urface gravity, and concluded that the rotation period of the broad-
ine star should be twice this period ( ∼2.4 d). Ho we ver, the radius
stimate from surface gravity depends on a mass estimate from the
V curve. As we have shown, the Stokes V profiles does not appear

o exhibit the large velocity variations reported previously, possibly
alling into question the previous dynamical mass estimates as well as
he radius inferred from log g and the dynamical mass. Nevertheless,
f we were to adopt the twice-longer period recommended by Palate &
auw ( 2014 ) it would result in a complex, non-dipolar magnetic field

tructure. Using the ZDI code, we confirm this hypothesis as we were
ble to model the Stokes V profiles with a dominantly quadrupolar
eld topology and a 2.2 d rotation period. The quality of fit of this
odel was similar to the 1.2 d period model, although the dipolar

omponent is very weak ( ∼2 per cent energy) and the entropy is
uch larger. While fossil fields with such complex structures are

nown to exist (see e.g. Donati et al. 2006a ; Kochukhov et al.
011 ), they are very rare. Given the uncertainties of the physical
arameters of the components, and the coherence of a model of the
ystem in which the broad-line star rotates with a 1.21551 d period,
e consider adopting this model to be the most sound choice at
NRAS 512, 1944–1966 (2022) 
resent. In that context, the broad-line component of Plaskett’s star
ppears to be a rather typical magnetic early-type star, hosting a
table surface magnetic field that is approximately a tilted dipole, but
ith detectable departures from a pure dipole. The magnetic field
irects and confines the star’s wind, leading to a structured CM that
s clearly evident in optical emission lines. 

In this sense, the magnetic component of Plaskett’s star shares
an y qualitativ e similarities with the archetypical CM-hosting star
Ori E (Landstreet & Borra 1978 ; Oksala et al. 2012 , 2015 ). On the

ther hand, a number of essential differences e xist. Ke y among these
s the significantly higher temperature of the photosphere and the
ind of Plaskett, as established by the presence of developed lines of
e II in its spectrum. The rotation of the Plaskett broad-line star is also

ik ely f ar closer to critical than σ Ori E, and its weaker magnetic field
nd stronger wind result in a magnetic confinement parameter that is
rders of magnitude lower. Therefore, notwithstanding the qualitative
imilarities, Plaskett’s star clearly probes a very different quantitative
egion of parameter space than σ Ori E (even considering the signifi-
ant uncertainties in the physical parameters of the Plaskett system).

.2 Outstanding and unexplained characteristics of Plaskett’s 
tar 

otwithstanding the reasonably coherent picture of a typical mag-
etic oblique rotator outlined abo v e, there are a number of observa-
ional properties of Plaskett’s star that our model does not naturally
xplain. These include 

(i) the rapid rotation of the magnetic star; 
(ii) the epoch-to-epoch variations of mean phased light and EW

urves; 
(iii) the additional frequencies of photometric and spectroscopic

ariability reported in the literature; 
(iv) the incompatibility of the period derived from Hipparcos

hotometry with that derived from CoRoT, TESS , and magnetic data;
(v) the puzzling lack of evidence for RV variations of the observed

tokes V profiles. 

.2.1 Rotation of the secondary 

ll studies of the HD 47129 system agree that the spectrum is com-
osed of two spectroscopic components: a narrow-lined ‘primary’
tar (with vsin i ∼ 75 km s −1 ) and a broad-lined ‘secondary’ star
with vsin i ∼ 250 −350 km s −1 . In our study, we clearly attribute
he detected magnetic field to the broad-line star, and identify its
otation period to be 1.21551 d. Some magnetic A-type and B-type
tars are known to exhibit such short rotational periods (Shultz et al.
018 ; Sikora et al. 2019 ), but they are both unobserved (e.g. Wade
t al. 2015 ) and unexpected among the magnetic O-type stars. This is
ecause O-type stars exhibit much stronger winds than intermediate-
ass stars, resulting in magnetic braking spin-down times that are
 ery short relativ e to their main-sequence lifetimes (ud-Doula et al.
008 ; Petit et al. 2013 ). Indeed, the median rotation period of the
nown magnetic O stars is of several months, and the shortest
nown periods (Plaskett’s Star excluded) are ∼7 d. The very short
otation period of the magnetic broad-line star – of similar duration
o the shortest known rotation periods of magnetic intermediate-

ass stars – is puzzling. Grunhut et al. ( 2013 ) proposed that mass
ransfer following Roche lobe o v erflow in the binary might have been
esponsible for ‘rejuvenating’ the secondary’s rotation. Ho we ver,
his picture may require revision given our lack of detection of RV
ariations of the LSD Stokes V profiles. 
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.2.2 Epoc h-to-epoc h variations of phased light and EW curves 

n Sections 3 and 5 , we identified systematic differences in the phased
hotometric EW measurements and CoRoT photometry for data 
aken at the same rotation phase, but at different epochs. While some
mall-scale variations have been identified in similar photometric and 
pectroscopic measurements of other magnetic hot stars with clear 
vidence of magnetospheres (e.g. HD 148937 – Wade et al. 2012 , 
R 5907 – Grunhut et al. 2012a ), the large systematic differences 
bserved here are unprecedented. As shown by Mahy et al. ( 2011 ),
he CoRoT photometry presents periodic behaviour at a number of 
ifferent frequencies, one of which is also the orbital period. This
ells us that the photometry is modulated by several phenomena; the 
ame could potentially be true of the spectroscopy. 

In our attempt to better understand the origin of the epoch-to- 
poch variations of the EW measurements, we investigated whether 
he deviations were a consequence of orbital variations. As evidenced 
y the periodograms shown in Fig. 3 , there is no compelling evidence
or modulation of the EW or B � measurements with the orbital 
eriod. Nevertheless, we attempted to assess the possibility of epoch- 
o-epoch variations with the orbital period by analysing the EW 

easurements after prewhitening the data by subtracting a sinusoidal 
t to the phased orbital variations. We found no significant reduction 

n the epoch-to-epoch variations in any of the spectral lines analysed. 
Furthermore, a comparison of the spectra obtained at similar 

otation phases and at similar orbital phases revealed just as much 
iscrepancy as spectra obtained at similar rotation phases, but dif- 
erent orbital phases. Furthermore, we found no obvious correlation 
f the most discrepant epochs with a particular orbital phase (e.g. 
orresponding to conjunction and quadrature events). We do note 
hat the data obtained at about orbital phase 0.5 (corresponding 
o secondary conjunction in the Linder et al. 2008 solution) show 

aximum emission around rotational phase 0.25 (where we see 
he largest epoch-to-epoch differences). Similarly, measurements 
btained around orbital phase 0.85 (which is close to primary 
onjunction), show the least emission compared to other data at 
he same rotation phase, suggesting there might be a trend. Ho we ver,
or measurements obtained at orbital phase 0.95, we see very few 

nconsistencies with measurements obtained at other orbital phases 
round rotation phase 1.0, and likewise we also find large excess 
mission for data taken around orbital phase 0.30 and rotation phase 
.70. We conclude that there is no obvious evidence that the epoch-
o-epoch variations in the majority of EW measurements are due to 
rbital modulation. This does not rule out the possibility that these 
ariations are not a consequence of colliding winds, although we 
uggest alternative explanations below. 

One possibility is that these systematic variations are a conse- 
uence of physical changes in the structure of the magnetosphere, 
esulting from mass-loss via centrifugal breakout or mass leakage 
see ud-Doula, Townsend & Owocki 2006 ; ud-Doula et al. 2008 ;
ownsend et al. 2013 ; Owocki et al. 2020 ; Shultz et al. 2020 ). Unlike
ll other massive stars that are known to host a CM, the broad-line star
s an O star, and has a significantly higher mass-loss rate than B stars.
herefore, mass-leakage should be enhanced relative to other CM- 
osting massive stars. Using equation (A8) of Townsend & Owocki 
 2005 ), we indeed find that the expected breakout time for plasma
rapped in the outer regions of the cloud to be of the order of a few
ays to about 50 d, which is in reasonable agreement with the time-
cale in which we observe systematic differences. On the other hand, 
or plasma found nearer to the Kepler radius, the breakout time-scale 
s of the order of several hundreds of days, suggesting that most of
he epoch-to-epoch variations may reflect on-going mass-leakage 
e

rom the outer magnetosphere, rather than catastrophic breakout 
vents that would affect the inner region. Ho we ver, it is also worth
eeping in mind that the rigidly rotating model (Townsend & Owocki
005 ) was developed for an ideal regime where R A � R K . Thus, the
bserved variability may just reflect inherent dynamical changes 
n the structure of the magnetosphere that likely affects the plasma
istribution and its optical depth. Here, we may be seeing effects from 

oth DM and CM components, with the former inherently stochastic, 
specially as might be stirred up by rotation (but not enough to
revent infall). The CM component is a likely fairly thin region fed
y a strong wind, which probably does mean it has larger breakouts
han would be seen in e.g. a B-type star. It may be worth noting that
 K � 150 G, so just abo v e the CM H α threshold (Shultz et al. 2020 ).
mission would be much weaker in a B star with this B K , but the
uch stronger O star wind could result in a different presentation. 
Another possibility is that the variations are a result of systematic

r episodic changes in the rotation of the broad-line star (see
ection 7.2.4 for further discussion related to period changes). 
his hypothesis is the subject of ongoing investigation that may 
e described in a future paper. 

.2.3 Additional frequencies of photometric and spectroscopic 
ariability 

ahy et al. ( 2011 ) reported the detection of 43 ‘main’ frequencies
n the CoRoT light curve of Plaskett’s Star. Many of these represent
armonics of the 1.21551 d rotational period of the secondary 
tar. In addition, two are attributable to modulation according to 
he 14.4 d orbital period. Finally, there are two frequencies with
onsiderable amplitudes corresponding to periods of 2.8 and 1.5 d 
hat were reported by Mahy et al. ( 2011 ), and that are confirmed by
tacey et al. (in preparation) from their analysis of the new TESS
hotometry, that remain unexplained. In particular, a 2.8 d period 
as previously reported by Wiggs & Gies ( 1992 ) from analysis of

he H α emission wings. 
The physical interpretation of these periodicities is not obvious. 

either appears to be a combination of the secondary rotational 
odulation and the orbital modulation. Nor do they appear to be

armonics of the orbital period. A remaining potential origin is 
he rotation of the narrow-line star. Linder et al. ( 2008 ) report
he following characteristics of the narrow-line star: log L � / L � =
.35, T eff = 33.5 kK, log g = 3.5 (cgs), and M � = 54 M �. These
arameters in turn imply radii of R � = 14 R � (from L and T eff via
he Stefan–Boltzmann law), and R � = 22 R � (from M � and log g ).
inder et al. ( 2008 ) also report a projected rotational velocity vsin i =
0 −75 km s −1 for this component, which in combination with the
nferred radii imply minimum rotational periods of 9.5 d (for R � =
4 R �) and 14.8 d (for R � = 22 R �). Hence, the 2.8 and 1.5 d periods
annot represent the rotation of the narro w-line star, e ven if we
onsider that they might be the first harmonics of the real rotational
eriod. 
As a consequence, at present we are unable to ascribe these two

requencies to a particular physical phenomenon in the system. 

.2.4 The incompatible Hipparcos period 

s discussed in Section 3.2 , the strongest peak in the periodogram of
he Hipparcos photometry occurs at 1.2574 ± 0.0001 d, a value that
s similar to, but formally incompatible with, the adopted rotational 
eriod of the secondary. The Hipparcos data do not phase well with
ither the CoRoT/TESS period or the spectropolarimetric period. 
MNRAS 512, 1944–1966 (2022) 
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oreo v er, the CoRoT and TESS light curves demonstrate very similar
ouble-wave variations, while the Hipparcos data, when phased with
ts dominant period, appear to show a single-wave variation. 

Period changes likely associated with magnetic field-wind cou-
ling have already been measured for a number of stars, including
D 37776 (Mikul ́a ̌sek et al. 2008 ) and σ Ori E (Townsend et al.
010 ). Ho we ver, in these particular cases, the rotational period was
ound to increase with time, which implies magnetic spin-down
or angular momentum loss), while our data suggest the opposite:
he period would appear to have decreased with time. Mikul ́a ̌sek
t al. ( 2011 ) suggests HD 37776 and CU Vir show evidence for an
nsteady period, exhibiting both an increase and decrease in their
eriods, while Shultz et al. ( 2019a ) found a consistent decrease in
eriod for HD 142990. Interpreted within the magnetically confined
ind paradigm, this implies magnetic spin-up (or angular momentum
ain). Assuming a constant steady change o v er this period of time
mplies not only a huge rate of change of the period of ∼0.67 s d −1 ,
ut also a significant reduction in the tilt of the dipole relative to
he rotation axis (Townsend 2008 ). Since the more recent period
stimates are consistent with each other, and such a large period
hange seems unlikely, the simplest explanation is that there is
n error in the period inferred from Hipparcos data. Perhaps the
elatively sparse time sampling, lower S/N, and multiperiodic nature
f the star contribute to this error, although this will be investigated
urther in a future paper. 

.2.5 The stable RVs of the observed Stokes V profiles 

n Section 4 , we modelled the LSD Stokes V profiles of Plaskett’s
tar to infer the characteristics of the broad-line star’s magnetic
eld. When we adopted the orbital solution of Linder et al. ( 2008 )
nd applied it to our model, we encountered large RV shifts of
he model Stokes V profiles relative to the observed profiles. The
traightforward resolution was to remo v e the periodic variation of
he broad-line star’s RV from our model, i.e. to model it as a stationary
tar. This allowed us to model the Stokes V profiles and to achieve
 reasonable fit assuming a dipolar magnetic field rotating with the
dopted 1.21551 d rotational period. 

To examine this phenomenon in more detail, we adopted the
phemeris of Linder et al. ( 2008 ) and computed a grid of ZDI models
or RV amplitudes of the broad-line star ranging from 0 to 200 km s −1 

nd a systemic velocity ranging from −100 to 100 km s −1 . The
odels were iterated to a uniform entropy value, and we examined

he change in χ2 
r . 

The results are illustrated in Fig. 12 . There are contours for
if ferent σ le vels, but gi ven the systematic dif ferences that exist
etween the observations and some models, strict interpretation of
he χ2 

r contours in terms of probabilities is not straightforward. 
We find that the code can converge to a χ2 

r of 1.0 at an RV semi-
mplitude K of 100 km s −1 , but it cannot reach χ2 

r = 1 . 0 for K =
50 km s −1 . Essentially K < 70 km s −1 gives good ZDI maps with a
easonable entropy. K between 70 and perhaps 125 km s −1 is unlikely
ince those amplitudes require more complex maps with worse
ntropy. And K > 150 km s −1 does not fit the data well (it cannot
each a reduced χ2 

r of unity). Recall that, while the formal best-
tting RV amplitude derived from the ZDI modelling is 30 km s −1 ,
inder et al. ( 2008 ) report K = 192.4 ± 6.7 km s −1 . Hence, our ZDI
xperiments indicate an RV variation amplitude of the broad-line star
hat is about one-sixth that previously reported. 

The implications of these results are potentially profound, since
hey imply that circular polarization profiles associated with the
NRAS 512, 1944–1966 (2022) 
econdary do not undergo the large orbital RV variations that have
een consistently inferred from past studies. Given that the Stokes
 signatures are expected to be present only in the spectrum of

he broad-line star, and are essentially unaffected by the complex
ircumstellar emission and variability of the system, they provide
 unique and valuable tracer of the secondary’s dynamics. The
obustness and implications of this key result will be examined in
urther detail in a future paper. 

.3 Conclusion 

he Plaskett’s Star system continues to be an extremely interesting,
omplex, and poorly understood example of massive star evolution
n binary systems. We have performed the first reliable ZDI mapping
f an O-type star’s surface magnetic field, from which we find that
he broad-line star hosts a magnetic field with characteristics that
re typical of those of other hot, magnetic stars. It is the only
nown example of a magnetic O-type star to reside (probably) in
 close binary system. Also, unlike any other known magnetic O
tar, it rotates rapidly, and therefore exhibits the magnetospheric
roperties observed in some hot magnetic B-type stars with CMs.
hese rotational properties are difficult to understand in the context
f single-star ev olution, b ut they may be comprehensible in terms
f binary evolution. Finally, we have discovered that the Stokes
 profiles of the broad-line star are incompatible with the large
V variation of that star reported in numerous papers o v er the past
entury (e.g. Plaskett 1922 ; Bagnuolo et al. 1992 ; Linder et al. 2008 ).
his may result in fundamental changes to our understanding of the
omposition, architecture, and history of the system, and will be the
ocus of a follow-up paper. 
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