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Abstract
Binary interaction fundamentally alters the evolution of massive stars, yet the
physical consequences of mass transfer remain poorly constrained. Here we
present high-resolution spectroscopic observations of Plaskett’s Star (HD 47129)
that reveal small radial-velocity variations of its magnetic secondary, coherent
with the system’s 14.4-d orbital period. These measurements support an evolved,
post-mass-transfer configuration in which the narrow-lined primary is a partially

Roche-lobe-filling stripped star with a mass of 5.91‘} .'2, M, while the secondary

is a 40.81‘2:3, M, rapidly rotating magnetic accretor. The system provides a
rare opportunity to observe the immediate aftermath of mass transfer in a mas-
sive binary and offers compelling new evidence linking binary interaction to the
emergence of strong stellar magnetism. Because magnetic fields regulate angular-
momentum loss and transport, their formation through mass transfer could alter
the subsequent evolution of massive binaries, with consequences for stellar popu-
lations, supernova progenitors and yields, and the formation of gravitational-wave
sources.

1 Introduction

Massive stars - those stars beginning their lives with masses greater than about 8 times
that of the Sun - represent the radiative and mechanical powerhouses of galaxies. Their
intense and energetic radiation fields and dense, supersonic stellar winds sculpt the
structure of their host galaxies, and enrich those galaxies with their nucleosynthetic
products upon their deaths as supernovae. Understanding the formation and evolution
of massive stars is therefore critical to understanding the evolution of galaxies and the
Universe.

Unlike lower-mass stars, the large majority of massive stars are known to form in
binary or higher-order multiple systems [1-3]. As these stars evolve, they expand to
fill their Roche lobes, resulting in mass and angular momentum exchange with their
companions. The resultant stripped star mass donors and rejuvenated mass recipients
are characterized by masses, rotational properties, and surface chemistries that are
entirely at odds with evolution models of single stars [4-6]. Identifying and character-
izing such systems at various stages of these processes is critical to informing models
of mass and angular momentum transfer, two of the least understood processes of
binary evolution.

The rapid and violent evolution resulting from mass transfer and merger events
also potentially provides fertile grounds for the generation of powerful magnetic fields
[e.g. 7]. Using the hot magnetic B star 7 Sco as a framework, [8] used magneto-
hydrodynamic simulations and evolutionary modelling to propose that this star is a
Blue Straggler, and the product of the merger of two ~ 9 Mg progenitor stars. Most
significantly, they demonstrate that the magnetic field of 7 Sco was plausibly generated
via amplification of a seed field during the merger process. More recently, [9] and [10]
presented evidence that the strongly magnetized quasi-Wolf Rayet star HD 45166A
and the massive magnetic O-type star HD 148937A are also the products of recent



mergers, further supporting the idea of a significant merger pathway toward magnetic
field generation in massive stars.

HD 47129 [Plaskett’s star; 11] is a bright (V' = 6.06) spatially unresolved binary
system with two distinct spectroscopic O-type components. The spectroscopic compo-
nent with narrower lines is in a very clear Py, = 14.39626 + 0.000953 d orbital period
radial velocity (RV) orbit [e.g. 11, 12], and the system has historically been understood
to be a nearly equal-mass, non-eclipsing, very high mass double-line spectroscopic
binary (SB2) system in an approximately circular orbit [e.g. 11-13]. According to the
most recent comprehensive analysis of [12], the system is composed of an O8III/T spec-
troscopic component (also referred to as ‘the narrow-line star’) of minimum (projected)
mass of M sin®i = 45.4 4+ 2.4 M, and an O7.5V /111 spectroscopic component (also
referred to as ‘the broad-line star’) of minimum mass Ms sin®i = 47.340.3 My, i being
the orbital inclination. Incorporating historical estimates of the system’s maximum
orbital inclination led [12] to absolute mass estimates of between 52 and 55 Mg for
the narrow-line component, and between 54 and 58 M, for the broad-line component.

In the context of the Magnetism in Massive Stars (MiMeS; [14]) survey, [15]
reported the detection of an organized magnetic field in the photosphere of the
broad-line star. Following this detection it was proposed that HD 47129 is a potential
post-mass-transfer system with a magnetic field generated as a consequence [16, 17] —
but the empirical evidence supporting this was lacking, and the then-accepted physical
properties of the system were difficult to reconcile with such a scenario.

Detailed modelling by [18] established the rotational period (Pot2 =
1.21551f8:888§§ d) and magnetic geometry (dipole obliquity angle 5 ~ 90° and a polar
strength of about 850 G) of the magnetic broad-line star. [18] also indirectly revisited
the RV wvariability of the system. Their measurements of Zeeman Stokes V' circular
polarization could not be reconciled with the historically-accepted large RV variability
of the broad-line star, underlying a fundamental lack of understanding of the nature
of Plaskett’s star and casting doubt on any previous analyses.

We have analyzed archival high resolution spectra to derive the orbit and physical
parameters of the Plaskett’s star using a new approach to determining the stellar
RVs. In fundamental contrast to previous results, our analysis shows that the two
components of the system exhibit an extreme mass ratio. This, in combination with the
system’s derived properties, leads to the now unavoidable conclusion that Plaskett’s
star is an evolved binary system in which the now more massive, rapidly rotating
magnetic component vigorously accreted mass from its narrow-line, originally more
massive companion. We further demonstrate that the system’s physical, chemical,
magnetic, and rotational properties can be coherently understood within that context.
Specifically, we demonstrate that the magnetic field of the broad-line component likely
resulted from the associated rapid mass transfer, confirming a new pathway to the
generation of magnetic fields in massive stars. The emergence of magnetic fields during
mass transfer substantially impacts the mass transfer process and consequently the
evolution of massive binaries in general.



2 Radial velocities and orbital analysis

RVs of both components were measured from CFHT-ESPaDOnS high resolution spec-
tra (see Methods, Sect. 7) by computing cross-correlation functions (CCFs; [19]) of
various spectral lines. While for the narrow-line star a plethora of lines are available,
for the magnetic broad-line star only the O 111 A5592 line appears not to be contami-
nated by its companion (see Methods). The templates against which the CCFs were
computed were constructed from the observations themselves by co-adding them in
a common frame-of-reference [e.g. 20, 21]. To obtain a first set of RVs to enable this
co-addition, we use a synthetic spectrum with effective temperature Teg = 32.5kK
and surface gravity logg = 4.0 [cms™2] for both stars, retrieved from the published
TLUSTY grid of OB-type stars [22]. Using the synthetic spectrum enables us to obtain
absolute RVs, which are then used to form the co-added spectrum of each component
using the available spectra. We note that the physical parameters chosen for the initial
TLUSTY models have a negligible impact on our measurements.

Despite the significant scatter of the RVs of the secondary, a clear RV variation in
anti-phase with that of the primary is observed.

We fit the orbit with the Python lmfit! package [23] using the differential evolution
minimization method, fitting:

RV(v), o = Vo £ K12 (cos(w +v) + e cosw), (1)
where RV is the measured radial velocity, v is the true anomaly, V| is the systematic
velocity, K is the RV semi-amplitude, w is the argument of periastron, e is the eccen-
tricity, and the subscripts 1, 2 refer to the primary and secondary, respectively. We fix
the period to P = 14.39626 + 0.000953 d as derived by [12]. Since the fitting resulted
in a nearly circular orbit (e = 0.035 & 0.005), we fix e = 0 and w = 90°, such that
conjunction occurs at phase ¢ = 0 (secondary in front of the primary). The orbital
elements are shown in Table 1, and the orbital solution is presented in Fig. 1. We also
provide the projected semi-major axes asini and the minimum masses M sin®i.

The ratio of the RV semi-amplitudes implies a mass ratio ¢ = 6.91'(1):3, suggesting
that Plaskett’s star is an extreme mass-ratio binary. The orbital solution also yields
minimum masses of Mjsin®i = 2.4 + 0.5 My and Mysin®i = 16.8 £ 0.7 M,. We
note that all spectral lines of both components exhibit excess variability beyond the
measurement noise, which may induce additional systematic errors not accounted
for in the formal uncertainties. Possible causes include tidal interactions and surface
deformations, stellar winds, magnetospheric effects, stellar spots [24], or other forms
of line-profile variability not captured by our RV measurement model. Consequently,
the orbital solution yields a high reduced x? of 34.9, driven primarily by the residual
scatter of the narrow-lined primary: while its formal RV measurement uncertainties
are of order 1 kms™!, the RMS of the residuals amounts to 7.6 kms™!, indicating
substantial excess scatter. Nevertheless, this scatter remains small compared to the
large RV amplitude of the primary, and the derived orbital parameters are therefore
well constrained. Moreover, they are consistent with the independent orbital solution
of [12].

1 https://Imfit.github.io/Imfit-py/
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Fig. 1 Orbital solution to the RVs of both components. The inset zooms on the solution of the
secondary, illustrating a clear anti-phase sinusoidal variability that can be seen despite the strong
variability. The RMS of both solutions are 7.6 and 11.8 kms~! for the primary and secondary,
respectively. Reduced x2 is 34.9, implying substantial RV variability of both objects beyond the
formal statistical uncertainties.

As projected by [18], this conclusion contrasts fundamentally with historical
notions of the system [e.g. 12], and strongly supports it being a post mass-transfer
binary, in which the now less massive primary was originally the more massive star.

The inclination of the rotation axis 4,0t,2 of the rapidly-rotating secondary was
previously estimated via Zeeman Doppler imaging [18] adopting various assumptions
about the (then uncertain) RVs of the secondary. The analysis demonstrates that the
resulting inclination angle is not strongly dependent on these assumptions. We adopt
here the value %,01,2 = 48 4= 4° obtained for constant secondary RVs, which is a good
assumption given the low-amplitude RV motion measured herein. This inclination is
also consistent with the value obtained from the rotational period of the star (see
Sect.4). For post mass-transfer binaries, it is expected that the rotation axis of the
secondary aligns with the orbital axis as a consequence of tidal interaction and transfer
of orbital angular momentum to the rotation of the mass recipient [see, e.g. 25-27]
leading to ¢yot,2 = . Assuming this, we perform a Monte-Carlo simulation to compute
the absolute masses, semi-major axes, and Roche-lobe radii for the two components,
which are given in Table 1. The masses thus derived are M; = 5.9%1% M, and M, =
40.87%2 Mg,. The derived mass of the magnetic star is comparable to that of other
known magnetic O-type stars [see 28], while the mass of the stripped primary is the
highest among Galactic analogues [29, 30].

3 Spectral disentangling

To investigate the RVs of the secondary using additional lines in the spectrum beyond
the O 111 A5592 line, and to extract the spectra of both components from the entangled
spectra, we resort to spectral disentangling. Spectral disentangling is a method devel-
oped to separate the composite spectra of spectroscopic binaries to the constituent
spectra while solving for the orbital parameters [31, 32].

Here, we use the shift-and-add technique [33], thoroughly described by [29, 34, 35]
— see Methods. This technique was already implemented on Plaskett’s star by [12] to
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Fig. 2 Shown are the disentangled spectra of the narrow-lined primary (dotted red line) and
magnetic broad-lined secondary (solid green line), their sum (dashed black line) compared to the
observations (noisy blue line). For each of the six spectral lines shown (Hn, He1A4026, He 11 A4200,
He1X4471, HB, and He11 A5411), the top and bottom panel show the results for epochs close to RV
extremes (phases ¢ =0.22 and 0.75, respectively),

compute the disentangled spectra and the resulting RVs for the secondary. However,
the disentangling implemented by [12] relied on an initial RV measurement using the
CCFs of blended lines. We argue that these RV measurements were biased since they
were performed on lines that are strongly contaminated by (variable) magnetospheric
emission and that remain blended during the entire orbital cycle (see also Sect. 14).
This introduces considerable degeneracy between the shape, variability, and centre-
of-gravity motion of the magnetic star’s spectral lines. When disentangling assumes
similar initial RV amplitudes for both components, this degeneracy propagates into the
disentangling, which in turn propagates to the RV measurement of the next iteration.
Our numerical experiments lead us to believe that this is the origin of the large value
of K3 =192.4 +6.7 kms™! derived by [12].

Here, we do not adopt the RVs of the secondary a priori, but derive K5 inde-
pendently via disentangling. The results of the new disentangling (shown in Fig. 2)
are in good agreement with the orbital RV analysis presented in Sect. 2. The lines



Hnp (Ky = 9.8 & 7.1 kms™!), He1\026 (Ko = 15.5 £ 10.7 kms~!), He11\4200
(K2 = 26.0 £9.9 kms™!), He1\472 (K = 25.5 4 10.7 kms™!), and He1r A5411
(K2 = 10.6 & 7.6 kms™!) agree within 1 — 20 with our K, measurement obtained
from the orbital solution (K3 = 29.6 +-4.5 kms~!). The mass ratio obtained from the
weighted mean of all helium lines (omitting Balmer lines due to contamination with
emission) is ¢ = 11.4729, consistent with the value of ¢ = 6.973% within 20. Gen-
erally, the results are found to depend sensitively on the exact disentangled region
and normalization. It is furthermore possible that our quoted uncertainties are under-
estimated due to systematics originating from stochastic variability (see Sect.9). We
therefore deem the results obtained via direct RV derivation via CCF (Sect.2) more
robust, and only provide ¢ from disentangling to demonstrate that the interpretation
of the system as an extreme mass-ratio binary is valid regardless of the line and method
used. Importantly, the value of ¢ = 1.04 £ 0.05 reported by [12] is fully rejected (> 6o
discrepancy) by our analysis, in agreement with [18].

Both components show significant emission in the disentangled spectra. While this
emission could be affected by spectral variability and the limitations of the method,
the fact that both components exhibit clear emission features associated with them in
the raw data gives credibility to the results. The broad-line secondary shows double
peaked emission in hydrogen Balmer lines and Hell lines, likely originating from its
magnetosphere or a circumstellar disk. The narrow-line primary shows emission in a
few metal lines (e.g., some NI lines). It also shows highly asymmetric, P-Cygni like
line profiles in He11 A4686 and He1A5876, in addition to signs for emission infilling
in the cores of Balmer lines, as implied from their weakness compared to our models
(Sect.4). In addition, available UV data (see Methods section) show a few P-Cygni
lines which appear to move with the narrow-lined primary. These are tell-tale signs of
a stellar wind belonging to the stripped primary.

4 Physical parameters and abundances

We perform a quantitative spectral analysis of both components using the Potsdam
Wolf-Rayet (PoWR) model atmosphere code [36-39], which solves the radiative trans-
fer problem in radially expanding atmospheres while relaxing the assumption of local
thermodynamic equilibrium (non-LTE). The object was analyzed spectroscopically in
the past by [12], who misinterpreted the two components to be of similar mass given
their similar spectral types, which biased the analysis. We therefore repeat the anal-
ysis here, but use their derived parameters as a starting guess for our models, with a
very different outcome.

For the analysis, we use the disentangled spectra obtained in Sect. 3. The spectra
need to be scaled in opposite proportion to the light contribution of each component
in the visual, [(V'), to account for line dilution. We estimate the light contribution
of the narrow-line primary by inspecting several metal lines belonging to S, Si, and
Mg, whose abundances are assumed to be solar. The latter assumption is motivated
by the fact that these elements are not expected to be significantly affected by the
evolutionary processes relevant for the primary, unlike, for example, CNO elements.
This analysis yields an estimated light contribution of I(V); = 55 + 5%, implying



Table 1 Orbital and physical parameters derived or adopted for
the system. Symmetric errors are 1o (68%), non-symmetric errors
are 68% credible intervals (16" and 84" percentiles) given
around medians of posteriors.

Narrow-line primary Broad-line secondary

Orbital elements and mass constraints

P [d? 14.39626 £ 0.000953

To [MJD] 55966.19 + 0.06

Vo [kms™1] 34.8+1.1

K [kms™1] 204.7 + 1.6 29.6+4.5

w [°] 90 (fixed)P

e 0 (fixed)P

q = M>/M; (RVs) 6.9742

g (disentangling) 11.4f§‘_2

Msin®i [Mg)] 24£05 16.8 0.7

asini [Ro] 58.4 £ 0.5 84+13

i [°]° 48 +4

M [Mo)] 59713 408757

a [Ro) 78.4753 11.4119

Rry [Ro] 206757 493558
Physical parameters and abundances

Distance [pc]? 1270 £+ 96

Ep_vy [mag] 0.395 4 0.006

Ry [mag] 3.29 £0.12

(v 0.550 £ 0.050 0.450 £ 0.050

Toge [KK] 31.0£1.0 34.0£2.0

logg [cms™2] 3.34+0.2 4.0 (fixed)

log L [Lo] 5.10 £ 0.07 5.12+0.11

R [Ro)] 12.34+1.2 104414

log M [Mg yr—1] —-5.84+0.3 -

Voo [kms—1] 2300 + 100 -

R/RR1L 0.59 +0.08 0.21 £0.03

vsini [kms—1] 532427 350 4+ 50

Xu 0.40 £+ 0.10 solar (0.73)

Xc /103 0.090 = 0.045 solar (2.3)

Xn/1074 34 +17 solar (6.93)

Xo/10~3 < 0.05 solar (5.77)

2 Period is fixed according to [12].

b Allowing for an eccentric solution resulted in e = 0.035 £ 0.005
and w = 22 4 8°.

¢ Assuming the orbital inclination is aligned with the rotation
axis of the secondary derived by [18].

4 Adopted from [40], but see text for potential caveats.

[(V)a = 45 F 5% for the much more massive secondary. The uncertainty reflects the
range of light ratios that provide an acceptable visual match to the observed metal-
line strengths. The light ratio impacts primarily the derived luminosities, but those



do not affect our conclusions regarding the evolutionary status of the system, which
are primarily based on the orbital analysis.

The effective temperature and surface gravity of the primary are estimated from
the ionization balance of metal lines and the strengths and profiles of the Balmer
lines (see Methods section), respectively, and are estimated at Teg; = 31.0 £ 1.0kK
and logg; = 3.3 £ 0.2[cms™2]. We cannot reproduce the observed emission line
profiles with standard wind models. However, reproducing the line widths and overall
strengths implies a terminal wind velocity of v, = 2300+ 100 kms~! and a mass-loss
rate of log M = —5.8 + 0.3 [Mg yr—'].

For the broad-line secondary, all Balmer lines are strongly contaminated with
emission, preventing the derivation of log g. We therefore assume a standard value of
log g2 = 4.0[cms™2] for dwarfs [41], which is also consistent with its derived mass
(Sect. 2) and radius (derived below). While deviations could be expected in the case
of a potential mass accretor, the value of log go does not impact our conclusions sig-
nificantly. The effective temperature of the secondary is determined mainly from the
ionization balance of He1/11, yielding Teg 2 = 34.0 £ 2.0kK. The latter value may be
underestimated by up to ~ 2kK due to the rapid rotation of the star (see Methods
section).

The projected rotation velocity v sin i is estimated from the profile shape of isolated
spectral lines using a Fourier analysis and goodness-of-fit method [42—44], and is found
to be vsini; = 53.2 £ 2.7 kms~! and vsiniy = 350 & 50 kms~! for the primary and
secondary, respectively.

No significant deviations from a solar abundance pattern are observed for the
broad-line secondary, though an estimation of its CNO content is hindered by strong
contamination from the magnetosphere and smearing of its metal lines due to rapid
rotation. The narrow-line primary shows clear evidence for CNO-processed material
and helium enrichment in its outer layers (see Methods section). The He mass fraction
is estimated to be Xygo = 0.6 & 0.1, that is, a factor two increase in mass fraction
compared to the solar baseline. The nitrogen abundance is estimated to be roughly
five times the baseline value, while carbon is at ~ 3% solar. For oxygen, only an upper
limit of 1% solar can be derived, consistent with the lack of detectable contribution
to the O 115592 line. The presence of CNO-processed material on the surface of
the narrow-line primary is consistent with the picture of it being an evolved, post
mass-transfer mass donor, as outlined in Sect. 5.

We fit the spectral models to the observed spectral energy distribution (SED) to
derive the color excess Ep_v, total-to-selective extinction ratio Ry, and luminosities,
for an adopted distance of d = 1270 4 96 pc [40]. Distance uncertainties might be
strongly underestimated due to the brightness of the source and its location in the
Galactic plane [45], though our adopted value is consistent within 1o with the distance
to the Mon OB2 association (1.55 £ 0.15kpc, [46]) in which HD 47129 is thought
to reside. The luminosities and temperatures result in the stellar radii R for both
components, which in turn also enable the calculation of the spectroscopic masses
Mpec = G™1 g R? (G is the gravitational constant) for the primary (the secondary’s
g could not be derived), albeit with large uncertainties. The spectroscopic mass of
the primary (Mgpec,1 = 11 =5 M) is over a factor two smaller compared to what is
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Fig. 3 Evolution of a binary system consisting of an 18.2 Mg primary and a 16.8 My secondary. Teal
and orange crosses indicate the observed effective temperature and luminosities of the narrow and
broad-line components respectively. Thick lines distinguished by different colours represent stages of
mass transfer, with this system undergoing an initial phase of mass transfer during the main-sequence
(case A) followed by a final stripping phase afterward (case AB).

expected [41] for an O8-type star (27 M), and is consistent within 1o with the value
of My = 5.9718 M® derived from the orbital analysis. The radii further imply that
both components are currently well within their Roche lobes, with the Roche-lobe
filling factors R/Rgry, = 0.59 & 0.08 and 0.21 + 0.03 for the primary and secondary,
respectively. While the luminosity and implied spectroscopic mass and mass-loss rate
rely on our assumed distance, our conclusion for the nature of this system is robust
against distance uncertainties, as are the masses derived via orbital analysis.

The published rotational period of the broad-line component (Pro 2 = 1.21551d
[18]), combined with its radius derived here (10.4+1.4 Rg), implies that its equatorial
rotation velocity is veq,2 = 430 £ 60 km s~!. Comparing this to the projected rotation
velocity of v sin iy = 350450 kms~! measured here yields an inclination of the rotation
axis of 4yo1,0 = 54f?g °. This value is in agreement with 4,o¢ 2 = 48 £ 4° derived by
[18], which we adopted for the absolute mass calculation in Sect. 2.

5 Evolutionary model

In order to produce a model that can explain the essential properties of Plaskett’s
star, we make use of the binary capabilities of the MESA stellar evolution code [47,
48] using the physical assumptions for wind mass loss and composition given for a
Galactic environment by [4]. Owing to the large present-day mass ratio we assume
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fully conservative mass transfer and compute our models without rotation, as there
are significant uncertainties concerning the efficiency of mass transfer and accretion
spin-up (see [49, 50] and the discussion by [51]). Full details of our simulation setup
are provided in Section 11. Possible solutions could be found by exploring the full set
of initial parameters (assuming an initially circular orbit) which are the initial mass
of the primary M ; (which becomes the narrow-line non-magnetic stripped star), the
initial mass ratio ¢ = May;/M;; and the initial orbital period P,. Instead, as we
assume fully conservative mass transfer, we make use of the analytical relationships
that relate the orbital period P and mass ratio ¢ to their initial values during a mass

lranSfeI‘ phase (e.g. [52])7

Considering the observed present-day mass ratio ¢ ~ 7 and period P ~ 14.4 d, this
expression relates the initial mass ratio and period, reducing the dimensionality of
the space that needs to be explored (with only a small error due to ignoring wind
mass loss in Equation 2). Choosing initial conditions based on Equation 2 does not
ensure that the simulation will reach the desired mass ratio and period, as the donor
can complete its stripping and detach before that. Only if stripping proceeds until
matching the target mass ratio will the orbital period match the observed one.

From a small set of simulations of different donor masses, we identified that we
need M ; ~ 20 Mg in order to produce a stripped star with the observed luminosity
of the narrow-line primary. However, for donor star masses around that value we find
no solutions that reach a mass ratio as extreme as ¢ = 7. As an alternative, we assume
that the present-day mass ratio of Plaskett is somewhat lower and look for alternative
solutions using Equation (2). No solutions were found for ¢ > 5, but Figure 3 shows an
example that reaches a final mass ratio of ¢ ~ 4 while nearly matching the observed
orbital period. The system has initial masses of 18 Mg, and 16.2 Mg, (g; = 0.9) with
an initial period of 3.81 days. Using simulations with initial total masses comparable
to the present day and different initial mass ratios, no solutions were found that match
a mass ratio of ~ 7 as determined through the RVs. Owing to this we computed a
grid of simulations where we varied the total initial mass, the initial mass ratio g;
and also considered lowered present day mass ratios ¢ in Equation (2). One example
simulation from our grid that matches the present day luminosities but has a lower
total mass and mass ratio than determined from the observations is shown in Figure 3.
After stripping the donor becomes a 6.62 Mg helium rich star while the accretor grows
to 26.4 Mg (¢ ~ 4) and an orbital period of 14.4 days. The accretor also becomes
enriched with products of CNO burning, becoming helium (Xpg, = 0.42) and nitrogen
rich (Xx/107% = 27). Both stars’ luminosities are reproduced within their 1o errors,
but the final temperature of the accretor is higher than observed, at 40 kK. This
can be partly resolved by accounting for rotation: artificially adding uniform rotation
reaching 90% of the critical rate to this accretor lowers its effective temperature by
2 kK, while accounting for rotation in the atmosphere analysis can cause an increase
in the derived effective temperature.
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Even though our model can reproduce the observed luminosities and orbital period,
the extreme mass ratio of Plaskett’s star represents a significant challenge to evolu-
tionary models, analogous to the outcome of attempts to reproduce the properties of
the recently stripped star system HR 6819 [30]

6 Discussion

6.1 Summary

Our model of the Plaskett’s Star system requires a hot (31 kK), intermediate-mass
(5.9 M) companion to the magnetic broad-line star (34 kK, 40.8793 M) to
explain the large ratio of RV amplitudes. The non-magnetic companion exhibits
extreme light-element chemical peculiarities, including enhanced helium and nitrogen,
and deficient carbon and oxygen (while the chemistry of the magnetic star appears
substantially solar). While the rotation of the companion is modest, the magnetic star
has a projected rotational velocity veq,2 ~ 430 km s~!, approximately 60% of critical,
corresponding to a rotational period of 1.21 days. We interpret the companion to be a
stripped star, and the remnant of a massive companion that once dominated the mass
budget of the binary. As that companion evolved off the main sequence, Roche Lobe
overflow (RLOF) occurred, leading to mass transfer onto the broad-line star. Mod-
elling suggests that for nominal initial masses of the two components of approximately
18 and 16 Mg in a 3.7-d orbit yield present-day masses of approximately 6.6 Mg for
the stripped primary and 26 M, for the secondary, with an orbital period compatible
with that observed. Our model is unable to reproduce the extreme (g ~ 7) mass ratio
implied by the observations while simultaneously reproducing the orbital and physical
properties of the system. This matter is discussed further in Sect. 13.

6.2 Formation and properties of the stripped star

Plaskett’s star joins the sparse sample of systems similar to LB-1 [29] and HR 6819 [30],
in which a ”bloated stripped star” is observed during the rapid contraction towards
the helium main sequence following a rapid mass-transfer phase. Its mass, however,
is the largest observed for its type in the Galaxy, significantly greater than the Chan-
drasekhar mass limit (1.4 Mg) required for it to undergo core-collapse in a few Myr.
Its high mass is rivaled only by analogous systems found in the Small and Large Mag-
ellanic Clouds [53, 54]. The fact that the stripped star exhibits substantial hydrogen
in its envelope is in agreement with other observations of bloated stripped stars, but
at odds with hot stripped stars recently identified in the Magellanic Clouds [55, 56],
which tend to be hydrogen free.

Interpreting the emission features of the bloated stripped star as wind features, the
spectral analysis also enables us to estimate the wind mass loss of stars in this obser-
vationally rare, yet evolutionarily common phase of massive stars. While subject to
uncertainties due to possible distance error underestimation and contamination from
the companion, our model suggests a mass-loss rate of log M =-58+0.3 [Mgyr—1].
The fact that the star exhibits a significant wind could be anticipated from its rela-
tive proximity to the Eddington limit. The luminosity, dynamical mass, and hydrogen
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mass fraction imply an Eddington factor (i.e., the ratio of radiative acceleration due
to electron scattering to gravitational acceleration) of I'. = 0.46.

To our knowledge, there are no predictions for mass-loss rates of bloated stripped
stars. The derived mass-loss rate lies well above predicted mass-loss rates for main-
sequence stars of this spectral type of log M ~ —6.6 [Mg, yr~'] [57], but below Wolf-
Rayet mass-loss rates in excess of log M = —5.0 [My yr—!] [58], as could be expected
for an intermediate-mass stripped star. Theoretical predictions for mass-loss rates
of stripped stars for a fixed temperature of 50kK were computed by [59]. For the
measured (distance-dependent) luminosity of the stripped primary in Plaskett’s star,
this prescription yields log Mpred = —6.4 Mg yr—1], which is a factor of four smaller
than observed. However, given the temperature mismatch, it is difficult to draw firm
conclusions regarding the validity of the models. Regardless, the measured mass-loss
rate of the stripped component suggests that winds play a significant role in shaping
the final envelope properties of the stripped star, and that it may lose its entire
hydrogen envelope, in agreement with the hydrogen-free atmospheres of compact hot
stars recently found in the Magellanic Clouds [55, 56].

6.3 Rapid rotation of the magnetic star

The rotation of the Plaskett’s Star secondary is entirely at odds with the rotational
properties of other known magnetic O-type stars (e.g. [28, 60]), none of which have
established rotational periods shorter than 7 d, the majority have periods longer than
one month, and three have periods between 1.5 and 55 years. This remarkable char-
acteristic is generally understood as a natural consequence of magnetic braking: the
efficient shedding of rotational angular momentum via the coupling between the star’s
magnetic field and its dense stellar wind [e.g. 61, 62]. The binary mass-transfer sce-
nario proposed here provides a natural explanation for the current anomalous rapid
rotation of the secondary [63], which we estimate to be v/very ~ 60% critical).

The fact that the magnetic star is rotating at less than critical velocity implies
that some spin-down has likely occurred since mass transfer ceased. This spin-down
could result from internal restructuring of the star (i.e. changes in moment of inertia)
or angular momentum loss due to unmagnetized mass loss, and/or magnetic braking.
The magnetic braking spin-down timescale of Plaskett’s magnetic star (as computed
according to [62], and approximating the mass-loss properties of the magnetic star
assuming the prescription of [57] is roughly 13 Myr. This rather long spin-down
timescale - due to secular braking via the wind - is challenging to reconcile with any
significant magnetic braking since mass transfer ceased. Another possibility is that
there was a stronger (equatorial) wind in the early post-mass-transfer stage that could
have resulted in a short-term episode of accelerated spin-down.

6.4 Origin of the magnetic field, and implications on stellar
evolution

Strong magnetic fields at the surfaces of massive stars are rare [28]; they are even rarer
in massive stars situated in close binaries [64]. Given the relatively unlikely presence of
the magnetic fields in the Plaskett’s Star broad-line component, we are motivated to

13



explore if its origin has any connection to the inferred mass transfer. In this scenario
we assume that the broad-line component was initially unmagnetized, and acquired
its magnetic field as a consequence of binary evolution.

There are two options for the origin of the field in the accretor: either the field
was present before mass transfer, or it was generated during the accretion process. A
fraction of about 10% of massive stars are known to host large-scale magnetic fields
with strengths ranging from a few hundred G to several kG [14]. These “fossil”, or
remnant fields (i.e. fields not currently generated by a dynamo) are expected to be
arranged in stable configurations consisting of interlocked poloidal and toroidal fields
[65], superficially consistent with the magnetic field of the broad-line star. Following
the literature on accretion onto magnetized neutron stars [66], we first estimate the
field strength required for the magnetosphere to withstand the ram pressure of the
accretion flow at the stellar surface, i.e. for the magnetospheric radius to exceed the
stellar radius. We assume a steady accretion flow with a constant mass transfer rate
M, and we neglect the effects of thermal pressure, magnetic diffusivity, and magnetic
reconnection. The cross-sectional area of the flow can be expressed as Aimpact = aR?,
where R is the radius of the accretor and o < 1 depends on the flow geometry. Under
these simplifying assumptions, in Sect. 12 we derive the critical magnetic field B,
required to channel the accretion flow,

8 M~2GM
Be=\l——mm — (3)

where M is the mass of the accretor. For our model of Plaskett’s star, when the
secondary starts accreting it has M ~ 16 My and R ~ 9 R;. The accretion rate
is M ~ 10~* M, /yr, resulting in a critical magnetic field B, ~ 6-60 kG (for a@ =
1-0.01). Fields weaker than B, — which, since we expect the flow to be collimated
(o < 1), include all but the very strongest fields observed in magnetic OB stars —
are directly overwhelmed by the flow at the surface. Crucially, however, even fields
exceeding B, are not expected to avoid burial. As established for accreting neutron
stars, magnetically channeled material accumulates at the polar caps and spreads
equatorward, dragging the field lines with it and screening the field once the accreted
mass exceeds a small critical value [e.g. 66, 67] — negligible compared to the ~ 10 Mg,
accreted by the secondary in our model. Indeed, resisting burial beneath such an
envelope would require field strengths of order 107 G (Sect. 12), orders of magnitude
beyond any field observed in a non-degenerate star. Burial is therefore unavoidable
regardless of the initial field strength. And once buried underneath a few solar masses
of stellar material, the timescale for the field to diffuse back out is set by Ohmic
diffusion, which is far longer than the lifetime of a massive star [see, e.g. equation 5
of 68]. In accreting massive stars, buried magnetic fields stay buried.

This makes the scenario in which the field observed in the secondary is a fossil field
that survived accretion very unlikely.

Given the star that recently experienced accretion is magnetized, it is natural
to discuss the possibility of an accretion-induced dynamo. Mass transfer provides a
natural source of free energy for magnetic-field amplification because the accreted
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material carries substantial angular momentum. Whether the flow forms an accre-
tion disk or impacts the star directly, angular momentum is deposited in the outer
layers of the accretor and can drive differential rotation and shear. Such differen-
tially rotating, conducting flows are natural sites for magnetic-field amplification
through shear-driven MHD instabilities, including MRI-driven dynamos in disks and
Tayler—Spruit-like mechanisms in radiative stellar interiors [69]. Tides may contribute
indirectly by exciting gravity waves that transport angular momentum and help main-
tain differential rotation. Thus, while the nonlinear saturation and relaxation of the
field remain uncertain, mass transfer supplies a plausible physical route to accretion-
induced magnetic-field generation. Such dynamos are discussed in the literature, for
example accretion disks are expected after the mergers of massive stars [8] and white
dwarfs [70], which could lead to a population of magnetized objects. Details of the
dynamo process are not yet fully understood, so it is difficult to make strong pre-
dictions about the properties of the generated magnetic fields. The problem of the
relaxation of stellar magnetic fields and their final configuration has been studied, but
only in idealized conditions [71], showing that dynamo generated fields can in princi-
ple reach a stable configuration and be observable for long timescales. However, the
interaction of this process with rotation, stratification and mass loss has not been
studied. We note that magnetic configurations similar to Plaskett’s star (with a mag-
netic axis nearly perpendicular to the rotation axis) exist, and possibly more often in
binary systems and/or rapidly rotating stars [e.g. 72-74]. This supports the proposal
that some of these magnetic fields might have been generated via binary interactions,
either via tidal interactions or mass transfer.

The emergence of magnetic fields during mass transfer would significantly impact
binary evolution. These magnetic fields can extract angular momentum [62], prevent-
ing the accreting star from reaching critical rotation velocities and thus sustaining
efficient accretion. They also alter the stellar structure [e.g. 68, 75] and, if retained,
may lead to the formation [76] of magnetars (highly magnetised neutron stars whose
origin is still debated). Since the majority of massive stars undergo mass transfer, this
mechanism dramatically shapes our understanding of massive-star evolution.
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Methods

7 Observations

Archival high resolution (R ~ 65,000), high signal-to-noise ratio (S/N between
600-2000 per 1.8 km/s spectral pixel) ESPaDOnS spectroscopic observations of
Plaskett’s star were obtained from the Canada-France-Hawaii Telescope’s (CFHT’s)
Canadian Astronomy Data Centre (CADC) archive (https://www.cadc-ceda.hia-
iha.nrc-cnre.ge.ca/en/ctht/). The reduced data, processed at the CFHT with the
Upena pipeline, were downloaded and observations obtained on individual nights were
co-added. The co-added spectra were normalized to the continuum using polynomial
fits to each spectral order. Corrections to the heliocentric frame were applied. The
details of the spectra are summarized in Sect. 2 and Table 1 of [15] and Sect. 2.1 and
Table 1 of [18].

8 Radial velocities

For the narrow-line primary, a rich set of absorption and emission lines is available
for RV measurement. We measured the RVs of various sets of lines (e.g., He1 4144,
He1 4173, N 111 AA5321, 5327, and the N 11 AA5667, 5676, 5680, 5686 emission complex).
The orbital solution for the primary does not depend on the choice of line within
errors. The lowest x? is obtained for the emission complex in 5660 —5710 A, dominated
by N1I lines, presumably due to a lesser impact of variability caused by photospheric
variability of the primary star.

The RV measurement for the broad-line secondary is much more challenging, both
due to its broad line profiles, as well as due to the fact that almost all of its lines are
contaminated by the primary star. Blended lines should be treated with more sophis-
ticated methods such as spectral disentangling, which we perform below. However,
one spectral line appears to belong to the secondary and to be essentially uncontam-
inated by the primary: the O 111 A\5592 line. The core depth of this line is only 1% of
the continuum level, but is clearly visible owing to the high S/N of the spectra.

A comparison between a few N 11 lines belonging to the primary and the O 111 A5592
line belonging to the secondary, as observed during RV extremes, is shown in Fig. 6.
While the blue wing of the line appears rather stable, variable magnetospheric emis-
sion clearly impacts the red wing. In Fig. 7 we also show a dynamic spectrum of the
phased O 111 A5592 line. Each horizontal contribution to the 2D image represents the
differential profile of the line at the indicated phase. It is evident from both of these
illustrations that the O 111 A5592 shows a small, but visually notable, anti-phase motion
compared to the primary.

This fact strongly suggests that the two components are bound on the 14.4 d orbit,
and exhibit an extreme mass ratio. To verify this, we compute a Lomb-Scargle peri-
odogram on the RVs of the secondary. We identify a clear peak corresponding to the
well-established orbital period, as shown in Fig. 4.

The RVs of the secondary were measured in the region 5584-5603 A to avoid con-
tamination of the emission wings due to their different behavior compared with the
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Fig. 4 Lomb-Scargle periodograms of the RVs of the narrow-line stripped primary (left) and broad-
line magnetic secondary (right), respectively. Both timeseries recover the known [12] period as the
most significant signal.

line core, but the overall conclusions are independent of their exclusion. The phase-
folded RVs of both components are shown in Fig.1, and their relative amplitudes
imply a mass ratio of 6.91-2 .

Fig.6 further demonstrates that the O 111 A5592 line exhibits non-Keplerian vari-
ability. Such variability may originate in its magnetosphere, as well as in spot activity
that was previously invoked to explain photometric variability of the star [24]. Vari-
ability associated with these phenomena is expected to be either stochastic or bound
to the rotational period of the star, estimated at 1.2d [18]. While this may well intro-
duce additional scatter to our measurements which is not reflected by the statistical
errors, the fact that this variability is not expected to follow the orbital period implies
that it should not systematically affect our derived mass ratio, though it could result
in underestimated errors. Our reported uncertainties on the mass ratio may therefore
be underestimated.

9 Spectral disentangling

Briefly, the shift-and-add algorithm is an iterative procedure that computes approxi-
mations for the disentangled spectra of the primary and secondary in the j*" iteration,
A; and Bj, by shifting-and-subtracting the previous approximations A;j_, Bj_; from
all observations, respectively, and then co-adding the residual observations in the
respective frame-of-reference. To solve for the orbital elements simultaneously, the RVs
of both components are assumed to trace a Keplerian orbit, and the goodness-of-fit
for each set of orbital elements is evaluated via a y? minimization. The initial guess
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Fig. 5 x%(K2) from disentangling of the six lines shown in Fig. 2. The values and errors are derived
by fitting a parabola to the minima, and are assumed to be symmetric for simplicity.

for the secondary is assumed to be a flat (i.e., featureless) spectrum, while the initial
primary spectrum is obtained by co-adding the observed spectra.

Since all orbital elements are known to high precision except for Ky, in our disen-
tangling we fix all the orbital elements to the values provided in Table 1, and solve for
K5 by minimizing the reduced x?(K3). Figure 2 shows the disentangled spectra at RV
extremes for six diagnostic lines, which were included in the analysis due to their rel-
ative strength and isolation. Figure 5 shows the corresponding reduced x?(K>) maps.
We note that, in most cases, Y2 > 1. This indicates that the non-Doppler variability in
the lines is substantially larger than the S/N of the data. To obtain the 68% confidence
interval (10), we re-scale the errors such that x> = 1 when it reaches a minimum.

10 Physical parameters

We use pre-computed spectral grids for OB-type stars [77]. The grids span the 2D
space of effective temperature — surface gravity (Teg — logg) and a solar abundance
pattern [78]. For the narrow-line primary, we compute additional models with varied
abundances, since its spectrum implies strong deviations from solar abundances. We
fix the microturbulent velocity to v = 14 kms™!, as assumed in the OB grid.

Given the highly complex spectra of both components, and the strong contamina-
tion by emission features originating from circumstellar and circumbinary material,
we cannot expect to reproduce the spectra with standard spherical models. Instead,
we aim to roughly reproduce the strengths and shapes of diagnostic features in the
spectra. Errors are estimated by comparing the fits to nearby grid models.

As described in Sect. 3, we used several metal lines (whose abundances are expected
to be solar) to fix the light contribution and effective temperature of the narrow-line
primary. Figure9 shows the disentangled spectrum of the narrow-line primary when
assuming a light contribution of I3 (V) = 55% to a few PoWR grid models. While
the line strengths depend on the grid parameters, the ionization balance (e.g., of Sit1
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Fig. 6 Comparison between two spectra at radial velocity extremes (see legend), zooming on the
O11A5592 line (left panel), which originates solely in the magnetic secondary, and the emission
complex in the range 5660 — 5710 A, which is dominated by the primary. The spectra in the left
panel were binned at A\ = 0.2 A for clarity. A slight anti-phase motion is apparent, suggestive of an
extreme mass ratio between the components. The narrow features seen in the right panel at phase
¢ = 0.22 are telluric lines.

and Si1v), and especially the Sitv A\ 4089, 4116 doublet, implies Teg = 31.0 £ 1.0.
The primary’s Balmer lines appear to suffer from substantial emission infilling, which
makes the derivation of its log g challenging. To estimate the primary’s log g, we resort
to the helium lines (mainly HeTI) to estimate logg = 3.3 £ 0.2 [cms™2].

The C1v AA1548, 1551 and N v AA1239, 1243 P-Cygni lines seen in the UV are satu-
rated (Fig.8). Considering that both components are expected to contribute similarly
in the UV, this implies that both components have saturated P-Cygni lines. How-
ever, since the magnetic star’s lines are likely affected by the magnetosphere, we do
not attempt to model its wind lines. Instead, we focus on the primary. The saturated
P-Cygni lines and emission in Balmer lines and He 11 A4686 imply that the stripped
primary harbors a significant stellar wind.

We attempted to reproduce these features by adjusting the mass-loss rate M and
terminal velocity v, of the primary, adopting a clumping factor of D = 10. The
absorption troughs of UV P-Cygni lines (e.g., C1v AA1548, 1551) imply v = 2300 £
100 kms~!, while the emission strength of the Hell A4686 emission feature implies
logM = —5.8 + 0.3[Mgyr—'] (Fig.8). However, we could not reproduce the line
profiles of recombination lines in the optical, nor could we reproduce the infilling
observed in the late Balmer members (e.g., H8 and H9). Given the mismatch of several
line profiles, these results should be taken with caution. A full analysis of the wind of
the primary star is beyond the scope of this work.

Figure 10 compares various observed spectral lines belonging to the primary with
two models: a fiducial model with the parameters given above and a solar abundance
pattern [78], and a model with identical stellar parameters, but an enhanced N and
He abundances and reduced C and O abundances (see Table1).
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Fig. 7 Dynamic spectrum of the O111A5592 line phased according to the 14.4 d RV period. The
dashed curve represents the predicted RV variation (amplitude, phase, and period) due to the orbital
motion inferred from the cross-correlation analysis. While the motion is small, it is still perceptible
in the dynamic spectrum and is in excellent agreement with the expectation. The line profiles are
shown overplotted in the upper panel.

For the broad-line secondary, very few spectral features are available, and the
majority are strongly contaminated with emission. This specifically holds for all
Balmer lines, which are the main log g diagnostics. In Fig. 11, we show the disentangled
spectrum of the broad-line secondary (scaled assuming a light contribution of l5(V) =
45%) compared with three models with logg = 4.0 [cms™2] and varying Teg values,
focusing on diagnostic Balmer, He1, 11, the C1v AA5801, 5812 doublet, and, impor-
tantly, the O 111 A5592 line. The Balmer lines are systematically under-reproduced,
and the most likely explanation for this is contamination by magnetospheric emission
[18], which is not accounted for by the model. For log g = 4.0 [cms~2], Fig. 11 shows
that Teg o = 34.0 kK yields the best results when considering the Hel, 11 lines. The
best-fitting temperature would shift to 36 kK for log g = 4.3 [cms~2], and to 32 kK for
log g = 3.7 [cms™2]. Hence, we estimate the secondary’s effective temperature and its
uncertainty at Teg 2 = 34.0 & 2.0 kK. We note that this temperature may be under-
estimated by up to ~ 2kK due to the rapid rotation of the star: the high v sini value
suggests that we are seeing the rotator close to edge-on. This exposes the observer
primarily to the equator, which is cooler than the pole due to the Von Zeipel effect [79].

For the narrow-line primary, we measure the projected rotational velocity vsini
and macroturbulent velocity vmac using a mixture of Fourier analysis and goodness-
of-fit against convolved profiles, implemented by the TACOB-BROAD tool [42-44]. The
analysis is performed on the relatively well isolated He 1 A4144 line, and yields vsini; =
53.2 + 2.7 kms~! and Umac,1 = 101.8 £ 2.7 kms~!. We convolve all PoWR models
with corresponding profiles to account for this broadening, which yields a qualitatively
satisfactory fit to the line shapes. For the broad-line secondary, the lines are too
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Fig. 8 Comparison between the P-Cygni resonance lines C1vAA1548,1551 (orange) and
N v AA1239,1243 (blue) lines observed with IUE to the primary’s model of the C1v doublet, com-
puted with veo = 2300 kms™! and log M = —5.8 [M@ yr—!]. The IUE spectrum (ID: sp10689, JD =
2444570.91) was shifted to the rest wavelength based on our orbital solution for the primary.

contaminated by non-stellar features to allow for a robust quantitative analysis. The
line profiles suggest that rotation is the main source of broadening of the lines, and
so we fix Umac,2 = 0 km s~1, and estimate vsiniy = 350 kms~! from the width of the
lines. Fits to the primary’s spectrum are shown in Fig. 10.

To derive the luminosities L, we fit observed UBV [80] and JHK [81] photometry
and a co-added spectrum obtained with the International Ultraviolet Explorer (IUE)
[13] to the sum of both synthetic spectral energy distributions (SEDs), fixing the
light contribution of the primary in the visual band to 0.55 as derived, and applying
extinction as in [82], deriving the color excess Ep_y and total-to-selective extinction
ratio Ry . Figure 12 shows the individual component SEDs and their sum compared
to the observed photometry, from which the luminosities and radii are derived.
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Fig. 9 Observed disentangled spectrum of the narrow-line primary (blue solid line) compared to
three grid PoOWR models [77] with log g = 3.3 [cms™2] and varying effective temperatures of Tog =
30,31, 32kK (see legend). The Tog = 31 kK performed best on average at reproducing these diagnostic
metal lines.

10.1 Constraints from photometry

From the spectroscopic modelling, we can put reasonably stringent constraints on the
projected rotation rates of the two components and we can infer the light ratios for
each component that are needed to fit the spectra. Archival photometric data on the
other hand show that the ellipsoidal variations (if present) cannot be larger must be
smaller than Amag = 0.02 — 0.03, otherwise they would be clearly detectable [see
e.g., 24]. Using the spectroscopic constraints in combination with the photometric
constraints, we can rule out certain orbital configurations.

We use the PHOEBE II code [hereafter PHOEBE, 83] to model the light curve and
rotation rates of each component under several different sets of assumptions. We begin
by adopting the period from [12] and the temperatures of the two components from
the spectroscopic analysis above. As a starting set of assumptions, we assume that
1) the primary is in a semi-detached configuration and is filling its Roche Lobe, 2)
the semi-detached component is tidally locked, 3) the secondary component is a rapid
rotator and its axis of rotation is aligned with the orbital axis. For the purposes of the
modelling, we set the secondary to be critically rotating. From the assumptions above,
many parameters of the system are constrained so we only have 4 free parameters to
vary: the mass ratio ¢, the mass of the secondary Ms, the radius of the secondary
Ry, and the inclination ¢. With the assumption that it is filling its Roche lobe, the
radius of the primary is constrained by the period of the system, the mass ratio and
the mass of the primary. Table 10.1 shows a summary of the different models that we
computed, each of which are detailed below.

We begin the modelling assuming the best fit parameters from the spectroscopic
fitting, namely My = 40 Mg and Ry = 10.4 R and adopting ¢ = 48°. With this
setup (mod 1 in Tab. 10.1), the light ratios are far from the observed values , the
projected rotation rate of the primary (v sini) is too low and the Amag is too high.
The combination of the v; sini and Amag are additionally incompatible as they require
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Fig. 10 Observed disentangled spectrum of the narrow-line primary (blue solid line) compared to
two models: the fiducial grid model with Teg = 31kK (Fig.9, and our adjusted model with similar
parameters, but with an enhanced mass-loss rate and the non-solar abundance pattern given in

Table 1.

changing the inclination in opposite directions lowering the inclination to address the
Amag would result in a vy sin4 that is too low. Increasing the radius of the secondary
(mod 2) can help with the light ratios, and increasing the mass of the secondary (and
thus the primary through the fixed ¢, mod 3) can increase the v; siné, but the value
of Amag is still much too far from the observed range. Adjusting the mass ratio (mod
4) has a slight effect on Amag, but not enough to make a significant difference.
Starting again from the initial setup but relaxing the assumption that the primary
is filling its Roche lobe and instead setting its radius to 60% of the Roche lobe radius
(B1/Rrr = 0.6, mod 5) results in a much lower Amag, but the vy sini is in disagreement
with the observations. Given that the primary is no longer filling its Roche lobe, it
no longer needs to be tidally locked, so we can adjust the synchronicity parameter
(F1). Assuming that the system transferred mass in the past, and has since shrunk
within its Roche lobe, it is reasonable to assume that as it shrunk, its rotation rate
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Fig. 11 Observed disentangled spectrum of the broad-line secondary (blue solid line) compared
to three grid PoWR models [77] with logg = 4.0 [cms~2] and varying effective temperatures of
To = 33,34,35kK (see legend). The Tog = 34kK performs best in terms of reproducing the Hel, 11
ionization balance. Some lines are heavily contaminated by emission.
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Fig. 12 Observed photometry (blue squares; errors smaller than symbol sizes) compared to reddened
synthetic spectral energy distribution of the binary (red), which is the sum of the primary (black)
and secondary (green) spectral energy distributions.

increased. Approximating the star as a solid uniform sphere and conserving angular
momentum, we can adjust F; so that the star matches the angular momentum that it
had when filling its Roche lobe (mod 6), allowing us to raise the v; sin to acceptable
values. While the v, sin i is slightly higher than the observed value, a more appropriate
moment of inertia describing the star would likely fix this disagreement. Overall, we
reach a very good agreement between all of the observed and theoretical parameters
in this configuration. Note, however, that v maxsini is quite a bit higher than the
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Table 2 Results of the PHOEBE code modelling. Values of parameters that do not fit the
observables are highlighted in red. Fj is the synchronicity parameter.

Inputs Outputs

q RI/RRL Ry My 7 Fy Ry Ly Lo V2.crit U2 ,max sint wvpsin¢ Amag

M/ My [Ro] Mo] [ [Ro] /Luw [Liw [kms™!] [kms~!] [kms~!] [mag]

mod1l 6.9 1.00 10.40 40 48.0 1.00|20.38 0.780 0.220 773.23 574.62 53.23 0.132
mod2 6.9 1.00 17.00 40 48.0 1.00/20.38 0.571 0.429 604.78  449.44 53.23  0.099
mod3 6.9 1.00 17.00 60 48.0 1.00(23.33 0.635 0.365 740.70  550.45 60.94 0.108
mod 4 10.0 1.00 17.00 60 48.0 1.00/20.67 0.578 0.422 740.70  550.45 53.99  0.102
mod 5 6.9 0.60 1040 40 48.0 1.00{12.23 0.541 0.459 773.23 574.62 31.94  0.016
mod 6 6.9 0.60 10.40 40 48.0 2.78]12.23 0.545 0.455 773.23  574.62 88.73  0.019

observed value implying that the secondary is not rotating at critical velocity. Given
that this component is magnetic, it is possible that magnetic braking has begun to
slow the rotation, reducing it to the observed value.

11 MESA simulation setup

We make use of version r24.08.01 of the MESA code together with version
x86_64-1inux-24.7.1 of the MESA SDK. This version of MESA is described in its vari-
ous instrument papers [47, 48, 84-87]. Initial composition is based on the GAL setup
described by [4] and we make use of custom OPAL opacity tables [88] that match this
specific choice of abundances. Our wind prescription also follows that of [4], which
within the range covered by our stellar tracks is a combination of the prescriptions of
[57] and that of [58].

Stellar models are computed assuming non-rotating stars. Convection is modeled
based on mixing length theory [89] as described by [90] with an efficiency parameter
of appr = 1.5. Convective boundaries are determined using the Ledoux criterion [91]
and we include semiconvective mixing as described by [92] with an efficiency parameter
asc = 1. Thermohaline mixing also plays an important role in mixing the helium rich
material passed to the accretor with the rest of its hydrogen envelope, this process
is modeled following the description of [93] with an efficiency parameter of unity. We
make use of the basic.net nuclear network of MESA, which includes the isotopes 'H,
3He, “He, 12C, MN, 160, 2°Ne and 2*Mg. This reaction network is slightly modified to
include *°Ca and ®6Fe, both of which do not react with other elements in the network.
In this setup iron is included to scale wind prescriptions in non-Galactic environments,
and thus plays no role for the simulations in this work. Calcium is used as an inert
element to store all mass associated with isotopes not present in the nuclear network.
Nuclear reaction rates are given by a combination of results from JINA REACLIB
[94] and NACRE [95], with screening determined following [96]. MESA makes use of
multiple sources for its equation of state, for the evolutionary phases covered by our
calculations we rely on FreeE0S [97].

Mass transfer is modeled using the contact scheme, which sets the mass transfer
rate implicitly such that donors in semidetached systems remain just inside their
Roche lobes (using the approximation for Roche lobe radii of [98]), or that both
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components stay within the same equipotential in the case of a contact binary [99].
Although we include a treatment for contact systems note that the simulation shown
in Figure 3 does not undergo a contact phase. Orbital evolution is treated based
on angular momentum conservation and the assumption of a circular orbit [48]. We
assume conservative mass transfer, such that the only forms of mass and angular
momentum loss from the system are stellar winds. We assume stellar winds remove a
specific angular momentum equal to that of the corresponding mass-losing component.

As an initial search for solutions matching the present day mass ratio and lumi-
nosities of the components did not succeed, we performed a grid of simulations where
the initial total mass, the initial mass ratio and the present day mass ratio were taken
as parameters. Using these and the present day period of Plaskett’s Star initial peri-
ods were determined using Equation (2) which assumes conservative mass transfer.
Our grid considered total initial masses between 300, and 50M, in steps of 2.5M),
initial mass ratios ¢; between 0.6 and 0.99 in steps of 0.01 and present day mass ratios
q between 3.5 and 7 in steps of 0.25. This amounts to 5400 simulations.

Our assumption of conservative mass transfer serves as an optimistic physical
assumption to try and match the observed mass ratio. Mass transfer efficiency remains
as a significant uncertainty in binary evolution models, and particularly, the evolution
of a mass transferring system after the accretor reaches critical rotation is uncertain
(see discussions in [100] and [51]). Recent observations of post-mass transfer systems
with extreme mass ratios suggest nearly conservative mass transfer [49, 50], which
would indicate that accretion can proceed independent of rotation. Moreover, existing
grids of massive binary simulations that include inefficient mass transfer associated
with rotation struggle to produce post mass-transfer mass ratios larger than 2 [101].

12 Calculation of the critical field

In accreting binaries, whether the accretion flow is magnetically channeled or directly
overwhelms the surface field depends on the competition between the magnetic pres-
sure at the stellar surface, Pyae = B?/87, and the ram pressure of the inflowing
material, P,am = pv?. Neglecting thermal and radiation contributions, the critical field
strength B, — equivalently, the field for which the magnetospheric radius equals the
stellar radius — follows from the condition Pyag ™~ Pram-

The density at impact is set by the accretion rate, pimpact = M / (Vimpact Aimpact )
where M is the mass transfer rate, Aimpact the effective area of the stream, and vimpact
the free-fall velocity at the stellar surface, Vimpact = 2GM/R, with R the stellar
radius. Substituting into P.am gives Pram = M Vimpact/Aimpact- Balancing the two
pressures yields B2 = 8t M Vimpact/Aimpact = 8TM/2GM /R/Aimpact- For simplicity,
we parameterize the impact area as Aimpact = aR?, where a encodes the geometry of
the stream. We recover the critical field in Eq. 3:

ST M2GM
Be=\| ——ro—.
aR5/2
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This expression makes explicit the scaling of B, with accretion rate, stellar parameters,
and flow collimation: stronger fields are required for higher M, more compact stars,
or narrower streams (smaller «). The derivation assumes steady accretion, neglects
thermal pressure, reconnection, and magnetic diffusion, and treats the surface field as
uniform. Within these limitations, the above expression provides a simple estimate of
the magnetic field strength required to magnetically channel the accretion flow at the
stellar surface. We stress that B, is not the field required to avoid burial: as discussed
in Sect. 6.4, even channeled accretion buries the field once the accreted mass exceeds
a small critical value.

For completeness, we also estimate the field strength required to resist burial.
A field can only avoid being screened if its magnetic pressure is comparable to the
hydrostatic pressure at the base of the accreted layer. For an accreted envelope of
mass AM on a star of mass M and radius R, this pressure is of order

GMAM

Pbase ~ AnRY

yielding a burial-resisting field

2GMAM ; M N\ AaM NP RN\
Boury ~ || ———— ~3x 107G :
R? 20 M, 10 Mo, 9Ro

Since Byury > B, for any relevant parameters, all fields in the observed range of mag-
netic OB stars are expected to be buried by the mass transfer inferred for Plaskett’s
star.

13 On the discrepancy between the observed mass
ratio and that predicted by evolutionary modeling

While our favoured model reproduces the broader characteristics of the system, it
reaches a final mass ratio of gmogel = 4. This value is roughly 30 below the measured
value of gops = 6.9‘_"3:3 from the orbit. We conclude, based on the large grid of models
that we have explored, that this mismatch is difficult to avoid within the mass range
required to reproduce the observed luminosities of the system, and highlights a signif-
icant challenge for current binary evolution models of stripped stars. From our grid of
simulations we can determine the maximum mass ratio we can reach at detachment
while being consistent with the present day orbital period. This is shown in Figure 13,
which highlights how higher mass systems further diverge from the determined mass
ratio.

Various other simulations from our grid are presented in Figure 14, showing sys-
tems that reach more extreme mass ratios but with a lower total mass, or higher
mass systems that can only reach much lower mass ratios at detachment. In gen-
eral, simulations that reach mass ratios comparable to that of Plaskett’s Star have
significantly underluminous stripped stars and are significantly undermassive, while
higher mass systems have much lower mass ratios at detachment and are overlumi-
nous. Figure 14 also shows a system with the same total initial mass as the one
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Fig. 13 Maximum mass ratios that are reached in our grid of simulations while remaining consistent
with the present day orbital period. Results are shown as a function of total initial mass of the
simulation, with bars representing the uncertainty given by the resolution of our grid. For total masses
> 45 M no solutions are found down to the lower limit in the present day mass ratio considered
on our grid (¢ = 3.5), so only upper limits are shown. Plaskett’s Star is shown in purple considering
its present-day mass (with errors added in quadrature) and mass ratio as determined from the RV
analysis. This model exploration clearly demonstrates the failure of theory to reproduce the observed
mass ratio at any mass, with the discrepancy being particularly stark at masses comparable to those
inferred for the system.

presented in Figure 3 but with a larger mass ratio at detachment of ¢ = 5. The indi-
vidual luminosities of each component in this simulation show a larger discrepancy,
with the accretor being overluminous and the donor being underluminous. Despite the
mismatch between observations and simulations, the nearly circular orbit and rapid
rotation of the secondary are strong evidence of a stable mass transfer phase. In con-
trast, common envelope evolution is not expected to be a viable scenario, as it results
in highly non-conservative evolution which leads to less extreme mass ratios.

Similar discrepancies were encountered in the modelling of the stripped-star system
HR 6819 [50], potentially pointing to missing physics that would enable more efficient
stripping of massive stars result in less massive helium cores or variations in orbital
evolution. On the other hand, the spectra exhibit several sources of non-Keplerian
variability (e.g., magnetospheric features, wind variability, and potentially circum-
stellar material), which could introduce systematic uncertainties into the inferred RV
amplitudes and therefore the derived mass ratio.

14 On the fundamental conflict with the previously
reported orbit

As discussed in Sect. 2, Plaskett’s star was subject to a previous orbital solution and
spectral analysis by [12]. While the parameters derived for the primary agree between
the two studies, their derived RV amplitude for the secondary of Ky = 192 kms™! is
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Fig. 14 Different examples from our grid of simulations that reach the most extreme mass ratio at a
given total initial mass, while remaining consistent with the observed orbital period. g4et represents
the present day mass ratio used to determine the initial orbital period with Equation 2. (Top) System
with a total mass of 30M ), initial mass ratio of 0.8 and initial period of 1.9 days, resulting in a 4.2M¢
stripped star with a 24.2Mg companion in a 14.7 day period orbit. (Middle) System with a total
mass of 35M¢), initial mass ratio of 0.93 and initial period of 2.5 days, resulting in a 5.4M¢ stripped
star with a 27.1Ms companion in a 14.6 day period orbit. (Bottom) System with a total mass of
42.5M ), initial mass ratio of 0.95 and initial period of 4.8 days, resulting in an 8.6 M stripped star
with a 30.3Ms companion in a 15 day period orbit.

a factor 6 larger than the value derived here (30 kms~1!). Inspection of the slowly-
moving O 111 A5592 line alone (to which the authors did not have access) readily suffices
to reject the historic solution. However, one may still wonder as to the origin of the
mismatch with our solution, given the similar analysis methodology implemented in
both studies.

While [12] also used spectral disentangling (employing the algorithm of [34]), their
analysis algorithm differs in one important way. To disentangle the spectra, the authors
made use of a first set of measured RVs for both components. Those RVs were derived
using ”comb” functions for both components, defined to be null everywhere except
at line centers, where it is unity. These functions were then cross-correlated with the
data to yield a first set of RVs.
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This first step likely resulted in highly biased RV measurements, for two key rea-
sons. First, all spectral lines used by these authors are blended and contaminated
with emission, likely yielding inaccurate RVs. The authors then proceeded to derive
the disentangled spectra, which were then used to derive the RVs, iteratively. How-
ever, using wrongly disentangled spectra to measure the RVs is bound to reproduce
the same biased RVs with which the disentangled spectra were obtained.

Secondly, the [34] algorithm has been found to be sensitive to local minima in
the disentangling parameter space. This has arguably led to erroneous SB2 solutions
[e.g. 9 Sgr, 102, 103], which were identified and corrected by [104] using a ‘grid’-
disentangling approach (such as we employ here).

In other words, we believe that the faulty analysis of previous approaches [and
specifically that of 12] hinges on the first measurement of the RVs, which was flawed,
possibly coupled with a limitation of the disentangling analysis used.

In contrast, in this study, we do not measure the RVs a prior:, but simply assume
that both components exhibit anti-phased motion over the orbital period. Disentan-
gling of multiple lines consistently yields extreme mass ratios (Sect.3), which agrees
with our independent orbital analysis using the isolated O 111 A5592 line.
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