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STELLAR ASTROPHYSICS emission lines of a Wolf-Rayet star (Fig %r;)%caﬁg' ‘

A massive helium star with a sufficiently strong
magnetic field to form a magnetar

Tomer Shenar'*+, Gregg A. Wade?, Pablo Marchant?, Stefano Bagnulo®, Julia BodensteinerS,
Dominic M. Bowman®, Avishai Gilkis®, Norbert Langer’%, André Nicolas-Chené®, Lidia Oskinova',
Timothy Van Reeth®, Hugues Sana®, Nicole St-Louis™, Alexandre Soares de Oliveira'?,

Helge Todt'°, Silvia Toonen!

Magnetars are highly magnetized neutron stars, the formation mechanism of which is unknown. Hot
helium-rich stars with spectra dominated by emission lines are known as Wolf-Rayet stars. We
observed the binary system HD 45166 using spectropolarimetry and reanalyzed its orbit using
archival data. We found that the system contains a Wolf-Rayet star with a mass of 2 solar masses
and a magnetic field of 43 kilogauss. Stellar evolution calculations indicate that this component
will explode as a supernova, and that its magnetic field is strong enough for the supernova to leave a
magnetar remnant. We propose that the magnetized Wolf-Rayet star formed by the merger of two lower-

mass helium stars.

eutron stars form in supernovae by the
collapse of stellar cores that exceed the
Chandrasekhar mass limit [mass M > 1.4

solar masses (M, )]. Bare stellar cores

can be exposed as hot, evolved helium-

rich stars that have shed their outer hydrogen-
rich layers. A subset of these massive helium
stars is observed as Wolf-Rayet stars, which
have spectra dominated by broad emission
lines produced by strong stellar winds (7, 2).
Massive helium stars (those with M > 1.4MM )
are thought to be stripped products of more
massive stars that lost their hydrogen-rich en-
velopes through stellar winds, eruptions, or
interactions with a binary companion (3, 4). Alter-
natively, massive helium stars could be produced
through the merger of lower-mass objects (5).
Approximately 10% of young neutron stars
have magnetic fields >10™* G (6). These are
known as magnetars; their origin is debated
(7, 8). One formation scenario invokes fossil
magnetic fields rooted in the massive core of
a progenitor star that collapses during a super-
nova (9). About 7 to 10% of massive main-
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sequence stars have strong (several kG) large-
scale surface magnetic fields (10, I11); such
stars could be progenitors of magnetars. How-
ever, corresponding magnetic fields have not
been detected in evolved massive stars (12).
Strongly magnetic low-mass helium stars have
been observed (13-15), but not massive mag-
netic helium stars exceeding the Chandrasekhar
limit.

The HD 45166 binary system (also cataloged
as ALS 8946) comprises a main sequence star
(classified as spectral type B7 V) with a hot
stellar companion. The hot companion has a
spectrum dominated by the characteristic

but it is classified as a “quasi-Wolf-Ra), ..
(qWR) star owing to its peculiarly narrow emis-
sion lines (widths of hundreds of kilometers
per second instead of the typical thousands);
spectral variability; and the anomalous pres-
ence of strong carbon, oxygen, and nitrogen
lines in its spectrum. Previous radial velocity
(RV) measurements have shown a 1.6-day pe-
riodicity in the velocity of the B7 V compo-
nent, which was interpreted as the orbital
period of the system (16). This implied a mass
of 4.2 £ 0.7M, for the Wolf-Rayet component
and a pole-on orbital configuration (inclina-
tion 7 = 0.7°) (I6). That mass is well below the
typical masses of Wolf-Rayet stars in the Milky
Way [M > 8M, (17)]; no other massive helium
stars are known with M <8M, (18). Compar-
ison with stellar atmosphere models that do
not assume local thermodynamic equilibrium
(non-LTE models) has shown that the Wolf-
Rayet component is a hot (surface effective
temperature 7, = 70 kK), helium-rich star
with enhanced nitrogen and carbon contents
(compared with the composition of the Sun)
(19). A latitude-dependent wind model can re-
produce the spectrum of the Wolf-Rayet com-
ponent (19); however, the implied mass-loss
rate is orders of magnitude greater than pre-
dictions for helium stars of this mass (20-22).

The presence of a carbon and nitrogen
emission-line complex in the range of 4430 to
4460 A (known as the Of?p phenomenon)
and strong spectral variability are typical
indirect signatures of magnetism in hot
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Fig. 1. Indications of possible magnetism in HD 45166. Solid blue and thin dashed black lines indicate two
optical HERMES spectra of HD 45166 (25) taken =70 days apart (see legend). The thick black line indicates the
continuum level. Labels indicate the Of?p phenomenon (23, 24) and the He 1 line at 4686 A, which is variable
(also seen in Fig. 3). These are common features of hot magnetic stars, which indicates that the Wolf-Rayet
component might be magnetic. The narrow Mg 1l ion line at 4481 A is due to the B7 V component.
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Fig. 2. Spectropolarimetry of HD 45166. (A) to (I) shows the intensity
spectrum (Stokes /, black lines), diagnostic null spectrum (N, blue lines), and Stokes
V spectrum (red lines) from the co-added ESPaDONS spectrum. The N and V spectra
have been vertically shifted and scaled for display purposes, by the factors listed in

stars (23, 24). We used spectropolarimetry to
investigate whether the Wolf-Rayet component
in HD 45166 is magnetic.

Observations of HD 45166

We collected eight spectropolarimetric obser-
vations of HD 45166 in February 2022 using
the Echelle Spectropolarimetric Device for the
Observation of Stars (ESPaDOnS) spectro-
polarimeter on the Canada-France-Hawaii
Telescope (CFHT) (25). The spectra measure
the polarimeteric Stokes parameters [ and V'
over the wavelength range 3668 to 10,480 A at
a resolving power of 65,000. We used them to
measure the magnetic-field strength in the
Wolf-Rayet and B7 V components of HD 45166.

We used archival spectra from three other
instruments to measure RVs over a longer
period (25). They were 103 spectra obtained
with the Coudé spectrograph at the 1.6 m tel-
escope of Laboratorio Nacional de Astrofisica
(LNA), mainly covering 4520 to 4960 A; 36

Shenar et al., Science 381, 761-765 (2023)
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spectra obtained with the Fiber-fed Extended
Range Optical Spectrograph (FEROS) at the
1.52 m telescope of the European Southern
Observatory (ESO), covering 3830 to 9215 A; and
28 spectra acquired with the High-Efficiency
and High-Resolution Mercator Echelle Spec-
trograph (HERMES) on the 1.2 m Mercator
telescope, covering 3770 to 9000 A. We used
additional archival ultraviolet spectroscopy
and photometric data to analyze the spectral
energy distribution (SED) of the system (25).

Evidence for magnetism

We detected circular polarization (Stokes V) in
the ESPaDOnS spectra for the majority of lines
associated with the Wolf-Rayet component
(Fig. 2). We also detected Zeeman splitting
(doubling of spectral lines owing to a magnetic
field) in two O v (quadruply ionized oxygen)
lines (Fig. 2, C and D) that form in or close to
the stellar surface. We measured the magnetic
field from the separation of the split Zeeman

18 August 2023
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each graph. (A to H) Diagnostic lines of the Wolf-Rayet component. Zeeman splitting
is visible in the O v lines at the 44930 (C) and A5114 (D), which are both because
of O v. We used these lines to measure the magnetic field strength. (I) An O | (neutral
oxygen ion) triplet associated with the B7 V star, which has no Stokes V signature.

components of these lines, finding a mean field
modulus (B) wg = 43.0+2.5 KG and a mean
longitudinal field (B,) gwr = 13.5+2.5KG (table
S1). The ratio between these values (approxi-
mately 3:1) is consistent with a dipolar mag-
netic field viewed near the magnetic pole (26).

Such a strong magnetic field in the Wolf-
Rayet component implies that its emission-line
spectrum is formed in the star’s magnetosphere
(the region containing plasma confined by the
magnetic field loops), not in a radially expand-
ing stellar wind (25). If so, one-dimensional
(1D) stellar atmosphere models [as used in
previous studies (19)] are not appropriate for
the emission lines, thus affecting the previ-
ously derived physical parameters.

Stellar parameters

We reanalyzed the spectra and SED using
PoWR, a non-LTE model atmosphere code op-
timized for Wolf-Rayet stars (27, 28). Because
the PoWR code is also 1D, we only used it to
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analyze spectral features that originate in the
stellar surface of the Wolf-Rayet component,
not emission lines from the magnetosphere
(25). The resulting physical parameters are
listed in table S1. We found an effective tem-
perature for the Wolf-Rayet component of
T, =56.0£5.0 KK, which is =15 kK lower
than previously determined (79). The effective
temperature and bolometric luminosity L [we
foundlog(L/Le) = 3.830 + 0.050, where L, is
the luminosity of the Sun] indicate that the
magnetic Wolf-Rayet component is not a main
sequence star, but an evolved object.

‘We applied the same analysis to the B7 V com-
ponent (25) then input the resulting stellar
parameters into Bonnsal, a Bayesian tool for
comparing observations to stellar models (29).
That analysis indicates that the mass and age
of the B7V component are My = 3.38 + 0.10 M,
and 105 + 35 million years (Myr), respectively
(table S1).

The Wolf-Rayet component exhibits changes
in line strength, including as the He 1 (doubly
ionized helium) line at 4686 A. These appear
to be periodic (Fig. 3A), with a best-fitting pe-
riod of 124.8 days (Fig. 3B). Periodic changes
in the line strengths of hot magnetic stars
are typically interpreted as their rotational
periods (30, 3I), implying a rotational period
Protqwr = 124.8 0.2 days for the Wolf-Rayet
component. This period is consistent with the
narrow O v lines, which have a projected ro-
tational velocity v sin ¢ <10 kms L.

Binary orbit

The ESPaDOnS spectra indicate that the B7 V
component exhibits spectral line profile varia-
tions caused by nonradial gravity-mode pulsa-
tions (fig. S9). We performed a frequency
analysis of an optical light curve obtained
with the Transiting Exoplanet Survey Satellite
(TESS), which detects several periods, includ-
ing 1.6 days (25). We therefore concluded that
the 1.6-day period previously attributed to
orbital motion (16) is instead caused by pul-
sations in the B7 V component. We reassessed
the binary orbit and the mass of the Wolf-Rayet
component Mgwg under this interpretation.
To determine the orbit, we analyzed all the
RV data, which span 24 years (25). We found
a long-term antiphase motion of the B7 V and
Wolf-Rayet components (Fig. 4). There are
multiple RV periodicities associated with
both the Wolf-Rayet and B7 V components
(25). We adopted the best-fitting orbit (table
S1), which has an orbital period P = 8200 +
190 days and a semimajor axis a = 10.5 = 1.8
astronomical units (au). This indicates that
the components are much more widely sepa-
rated than had previously been determined.
The orbital solution indicates a mass ratio
ofg =Mqwr /Mg = 0.60 * 0.13. Combining this
with the mass of the B7 V component (Mg =
3.38+0.10 M) derived from the Bonnsal

Shenar et al., Science 381, 761-765 (2023)
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analysis implies Mqwr = 2.03 + 0.44: M, (uncer-
tainties are 68% confidence intervals). This is
less than the 4.2 M, previously reported, but
still above the Chandrasekhar limit.

The derived mass and luminosity of the
gqWR component are consistent with mass-
luminosity relations for helium stars (32). The
large separation and implied orbital inclina-
tion of ¢ = 49 + 11° [derived from Mgsin®; and
My (table S1)] explain the low-amplitude RV
motion of both binary components, without
invoking a pole-on configuration.

Implications for magnetar formation

With a mass of 2.03 + 0.44: M, we expect the
Wolf-Rayet component to evolve until it col-
lapses into a neutron star. We calculated evo-

18 August 2023

0.75

period of the Wolf-Rayet
component. Error bars are
confidence intervals of lo.

1.00

lutionary models of the system, which are
consistent with this interpretation, although
the final fate of the Wolf-Rayet component is
sensitive to uncertainties in the model (25).
During core collapse, magnetic flux conser-
vation causes an increase in the magnetic
field at the surface. With a stellar radius of
R, qwr = 0.88 + 0.16R, (where R, is the ra-
dius of the Sun), calculated with the Stefan-
Boltzmann relation, our measured (B) wg =
43.0 + 2.5 kG, and assuming a final neutron-
star radius of 12 km (33), we calculate the
expected magnetic field of the neutron star to
be (B)ys = (111 +0.42)x 10™* G. This is with-
in the range observed for magnetars [(B) 2
10 G (34)]. Our observations and stellar-
evolution models therefore indicate that the
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Fig. 4. Two-component orbital solution for HD 45166. RVs of the Wolf-Rayet and B7 V components are
plotted in gray, with green and black symbols indicating the same data binned by 30 days for the Wolf-Rayet
and B7 V components, respectively. Plotting symbols indicate the instruments used (see legend). Solid
lines are the best-fitting RV curves for the Wolf-Rayet (black) and B7 V (green) components. The model

fit has a reduced X2 of 1.21. Error bars are confidence intervals of 1 ¢ (25).

= Pre-merger == Post-merger

[ merger
[ depletes ° e 4 1
[ core He o~ E
40frete 2 _
35 :_ ace=05 merger ]
© B
. - B
S 30f =
~ 3 A\
o 25F ®fe ]
o =t . /> ]
[ <]
20 ]
L merger ]
1.5}5M®+3M@ Por =2 [d] .

500 475 450 425 400 375 350
log (T«/[K])

Fig. 5. Models of our proposed evolutionary scenario for HD 45166. Mesa models are plotted on a
temperature-luminosity diagram for a triple system. The inner binary comprises stars with masses of 5M,
(primary, blue line) and 3M, (secondary, orange line), with an initial orbital period of 2 days. These tracks
start from the zero-age main sequence (ZAMS). The outer tertiary star (gray line) has an initial mass of
3.4M¢. Solid lines indicate the evolution of the three components before the inner binary merges; dashed
lines show the post-merger evolution. Dots along each track are separated by 0.1 Myr of evolution. The
merger is marked with a red cross. Colored regions indicate mass transfer on the main sequence (case A,
yellow) and after the main sequence (case AB, green). The upper tracks indicate the evolution of the merger
product (representing the Wolf-Rayet component) for assumed common-envelope ejection efficiencies of
ace = 0.25 (brown) and 0.5 (pink) (25). The black plus signs indicate the observed properties of the
Wolf-Rayet and B7 V components. Purple filled circles mark the core He depletion of the merger, which
occurs after 133.2 and 133.7 Myr for ace = 0.25 and 0.5, respectively.
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Wolf-Rayet component could be an imme-
diate progenitor of a magnetar.

All magnetars in the Milky Way are isolated;
they do not have a binary companion (6). For
the Wolf-Rayet component in HD 45166, we
expect the mass loss and velocity kick im-
parted on the magnetar by the supernova ex-
plosion to disrupt the system, given the large
orbital separation. With an estimated rotation
period of 125 d and an estimated radius of
~0.3 Rg for the helium core of the Wolf-Rayet
component (35), angular-momentum conser-
vation implies that the magnetar immediately
after collapse would have a spin period <40 ms.
This is similar to the spin period of the Crab
Pulsar (33 ms), a neutron star that formed
about 1000 years ago. Such a spin rate would
not provide sufficient energy to power a super-
luminous supernova or a long-duration gamma-
ray burst (36, 37).

Evolutionary model of the system

We next considered how the Wolf-Rayet com-
ponent itself formed. We excluded the possibly
that it is the stripped core of a massive star,
because to produce a 2 M, stripped core, the
progenitor star would need to have had an
initial mass of =10 M. Single-star evolution
models do not predict that stars of that mass
become stripped by mass loss (22, 38), and the
B7 V companion is too far away for binary
interactions to have done so. In addition, the
total lifetime (including post main-sequence
evolution) of a 10 M, star would be =30 Myr
(39), which is well below our derived age of
the B7 V component (105 + 35 Myr), so we
reject the possibility that they could both be
present in the same binary system.

Stellar mergers have been proposed as a po-
tential origin of magnetic stars (40-43). Strong
magnetic fields have been identified in low-
mass helium stars (classified as OB-type sub-
dwarfs) that have been suggested to originate
from merger events between two white dwarfs
(13, 14). However, to produce a =2 M, helium
star through a merger of white dwarfs, the
merger would need to have involved massive
CO or ONe white dwarfs, which are rare. Mod-
els predict that such a merger product would
either immediately explode as a supernova
(44) or do so after a short life span of approx-
imately 10,000 years (4¢5). We argue that ob-
serving the stellar product of a white-dwarf
merger in the brief time available is unlikely.

We therefore propose that the Wolf-Rayet
component in HD 45166 formed from the
coalescence of the helium cores of two
intermediate-mass stars that were bound in a
close binary. We constructed an evolutionary
model of this scenario (25) (Fig. 5) using the
Mesa stellar evolution code (46). We started
the system in a triple configuration, with a
tight inner binary and a distant tertiary star
(the B7 V component). The model indicates
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that the primary (more massive) star of the
inner binary expanded and interacted with its
companion, losing its outer layers and becom-
ing a stripped star. Meanwhile, the companion
(secondary star) accreted material and became
rejuvenated with hydrogen. The secondary star
later expanded itself, leading to an unstable
mass-transfer back to the primary. In the model,
this process leads to the formation of a gaseous
envelope around the two stars, during which
they both lose orbital energy owing to friction
with the envelope, causing them to spiral in-
ward (known as common-envelope evolution).
Because of the high binding energy of the
hydrogen-rich layers, this phase ends with
both helium cores merging into a =2 M mag-
netized helium star, while most (but not all)
of the hydrogen envelope is ejected.

With a luminosity predicted to be 200 times
that of a 2 M main-sequence star (47), the
merger product has a high luminosity-to-mass
ratio. This, combined with its high effective
temperature, launches a radiatively driven out-
flow from its surface. In the absence of a mag-
netic field, such an outflow would not be easily
detectable in a spectrum. However, the trap-
ping of an outflow by a magnetic field is known
to increase the density of the circumstellar
material and produce spectral emission lines,
similar to those we observed in the Wolf-Rayet
component (26, 48). The distant tertiary star
in our model does not affect the final outcome
of the inner binary evolution, except perhaps
by catalyzing the merging of its stellar com-
ponents (49). Given its large orbital separa-
tion, we do not expect the tertiary star to show
any evidence for accreted material from the
merger ejecta.

Our proposed evolutionary scenario is quan-
titatively and qualitatively consistent with the
observed properties of the system. The Mgsa
model reproduces the masses of the two com-
ponents and the estimated system age. The
proposed merger provides an explanation for
the emergence of a magnetic field in the Wolf-
Rayet component, and the magnetic field
provides an explanation for the presence of
emission lines in the spectrum of a 2-Mg he-
lium star. The binary nature of HD 45166 en-
abled us to use the companion as a clock to
constrain the evolutionary path of the system,
and as a scale to determine the mass of the
Wolf-Rayet component, which are conditions
that are rarely present in other proposed
merger products (42, 50). Given the proximity
of HD 45166 to Earth (=1 kpc), other massive
magnetic helium stars have likely already been
spectroscopically identified as Wolf-Rayet stars
but not recognized as magnetic (supplemen-
tary text).
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