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Abstract
When stars are gravitationally bound in a binary or higher order multiple system there is a
chance they can interact, enabling mass and momentum transfer. Such interactions can be life-
changing events for the stars involved as they can change their internal mixing, final mass and
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rotational speeds. In these proceedings, we describe our recent work which provides evidence
that an interaction in a previous triple system caused a merger, the product of which is a mag-
netic star. This created the system as it is seen today – a massive binary system surrounded by
an enriched ejecta nebula where only one of the massive stars is magnetic.

Keywords: stellar multiplicity, massive stars, magnetism

Résumé
Une interaction et une fusion dans un système multiple massif créent un champ magné-
tique dans une étoile massive. Dans un système binaire où les étoiles sont liées gravitation-
nellement, celles-ci peuvent interagir entre elles, entraînant un transfert de masse et de moment
angulaire. De telles interactions ont un impact dramatique sur la vie des étoiles impliquées.
En effet, ces interactions peuvent modifier leur masse finale, leurs vitesses de rotation ainsi
que les processus de mélange à l’intérieur des étoiles mêmes. Ici, nous présentant les résultats
nos travaux qui apportent, selon nous, la preuve qu’une interaction dans un système triple a
provoqué la coalescence de la binaire centrale, résultant en une étoile magnétique. Cela a créé
le système tel qu’il est vu aujourd’hui – un système binaire massif entouré d’une nébuleuse
d’éjections enrichie où une seule des étoiles massives est magnétique.

Mots-clés : multiplicité stellaire, étoiles massives, magnétisme

1. Magnetism in Massive Stars
Magnetism is found throughout our Universe, including within the interiors of stars. Low-

mass stars like the Sun harbour convective envelopes and the resultant cyclical movement of
charged material throughout the Sun’s envelope due to this convection sustains a dynamo effect
which sustains the magnetic (B) field of our star. Such dynamo-induced B-fields can be found
in many stars similar in mass to the Sun, creating B-fields of varying strengths. As stars become
more massive however, the region of the stellar envelope that is convective shrinks with radiative
heat transfer becoming more and more significant.

For the most massive stars of O spectral type the envelope is expected to be practically
completely radiative. Despite this, ∼ 7% of O stars show magnetic fields [1, 2], the origins of
which are unclear. For stars that do host magnetic fields, the effect on their evolution can be
significant. Harbouring a strong B field will limit stellar mass loss, as material which would
otherwise be removed from the star due to its stellar winds is fed along field lines and back
to the stellar equator. This can affect the type of core-collapse supernovae a massive star can
go through [3] and lead to the formation of heavy-mass black holes (BH) [4]. Furthermore,
they could create magnetars and cause long-duration gamma-ray bursts [5] and super-luminous
supernovae [6].

A number of origins for magnetic fields in massive stars have been proposed. One possibil-
ity is that they could be remnant fields from the molecular clouds the stars formed from [7], that
were compacted during the star formation process and sustained through convection during the
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pre-main sequence phase [8]. However, it is difficult to explain why such fields would survive
once the massive stars reached the main sequence, started to burn hydrogen and became mostly
radiative [9].

Recently, theoretical models have shown that magnetic fields could be produced during
a stellar interaction or merger [10]. Using 3D magnetohydrodynamical simulations for two
merging main-sequence stars of (9M⊙ and 8M⊙) and subsequent 1D stellar evolution modelling
with MESA [11] illustrated this in the case of the massive magnetic star τ Sco [12]. Magneto-
rotational instabilities induced in the merger product exponentially amplify the magnetic fields
and the additional mixing of hydrogen in the merger product inspires further fusion, making the
star appear younger than it is [13].

In the rest of this proceeding we will describe how a combination of observational tech-
niques, launched by results found in spectro-interferometric data, allowed us to determine that
the massive binary system HD 148937 may have gone through such a merger process to create
just one magnetic star in the system [14].

The system studied is HD 148937 and is located at a position of RA (J2000): 16:33:52.387
and DEC (J2000): −48:06:40.476. The system has long been designated as an Of?p system
due to the presence of strong C III and equally strong N III lines in its optical spectra [15], de-
noting chemical peculiarity. Additionally, variation has been noted in the Balmer emission of
the system, with the width of the Hα line displaying short-period (7.03 d) variability [16–18]
which some determined to be an indication of a magnetic field [19]. A dipolar magnetic field
strength of 1020−380

+310 G was determined when the system was observed as part of the Magnetism
in Massive Stars (MiMeS) survey [18]. As part of the Southern Massive Stars at High angular
resolution survey, SMaSH, [20], the system was observed with the H-band interferometer PI-
ONIER (the Precision Integrated-Optics Near-infrared Imaging ExpeRiment) [21] at the Very
Large Telescope Interferometer (VLTI). The VLTI is a four-telescope interferometer that can
either combine the beams of the four 8.2-m diameter Unit Telescopes (UTs) or the 1.8-m di-
ameter Auxiliary Telescopes (ATs), with baselines ranging in length from about 40 to 200 m,
providing milliarcsecond (mas) angular resolution measurements. Through this observation,
the system was determined to be a binary composed of two stars of equal brightness in the
H-band, with a separation between the two stars of 21.05± 0.67 mas. A multi-epoch spectral
study of the system using around a decade’s worth of spectra and the information from interfer-
ometry confirmed the system to be a double-lined spectroscopic binary [22]. Incomplete phase
coverage and limited data quality within the spectra meant that a single orbital solution for the
system could not be found, but reasonable solutions were possible for a period of 6617± 50 d
and 9591±350 d, with the latter being favoured.

2. Spectro-interferometric Data Launches a New Analysis of HD 148937
Interferometry is a powerful technique where an astronomical object is observed with mul-

tiple telescopes spread over large separations allowing us to view the source at higher angular
resolution than with an individual telescope. The distance between the telescopes, or base-
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lines, dictate the achieved resolution rather than the size of the primary mirror as is the case
with imaging observations. The light retrieved at each telescope must be amalgamated to suc-
cessfully probe the source, so interferometric observables are derived from coherence pattern
of this light, or fringes, obtained through beam combination. Any interferometer provides the
“visibility” – a measure of the spatial extent of the target. Visibility is a normalised quantity,
and a visibility of 1 denotes a source that is unresolved by the interferometer (for example a
distant star that appears as a point source), whilst visibilities lower than one show that the in-
terferometer is spatially resolving the object. If the interferometer has at least three telescopes,
the ‘closure phase’ is also obtained. This is the summation of three phases around a closed
triangle of baselines (hence the need for three or more telescopes) and allows us to probe the
symmetry of the source. If the closure phases are zero, the source is symmetric; if they deviate
from zero, it is not. Through fitting models to interferometric observables we can determine the
type of object/system that creates them. Geometric models using simple components formed of
point sources, Gaussians, uniform discs and more can be sufficient for modelling stellar multi-
ple systems.. Unresolved stars are easily modelled by uniform discs with diameters below the
resolution limit of the interferometer for example. Fitting the visibility and closure phase alone
can tell us how many stars are in a binary system, their flux ratio and their separations, with
a resolution scale dictated by the baselines of the interferometer. In this way, interferometers
provide a form of astrometric information, by accurately determining the positions of, say, the
stars in a binary system. This is why the PIONIER datapoint of HD 148937 from [20] was used
in the orbital analysis of [22].

Adding a spectrometer to an interferometer can push it to a new level of investigation. This
is the case for the instrument GRAVITY at VLTI [23], which allows observations up to a spectral
resolution R ≃ 4000. This means that in addition to the visibility and closure phases, GRAVITY
also retrieves the “differential phase.” This is essentially a measure of phase variations with
wavelength. Fitting differential phases can be very powerful, as this phase variation provides
angular information on objects on scales much smaller than the interferometer resolution limit
[e.g., 24]. The normalised flux can also be fit when doing spectro-interferometry. If significant
spectral lines are found, their effects will be visible in the differential phases and they can also
potentially be resolved in the visibilities. The latter case is particularly exciting, as it means
the region creating the line is being resolved. The new results we derive for HD 148937 could
not have come to pass without spectro-interferometric data of the system. Two main epochs of
VLTI/GRAVITY data were taken of the system with the ATs, with baselines of 49 to 129 m,
corresponding to a maximum angular resolution of ∼ 4 mas. An example of the interferometric
data can be seen in Fig. 1. Two datasets are shown taken a couple of days apart. Subplot a)
shows the u–v coverage of the observations – whereas points in image space can be described in
terms of x and y, the points in Fourier space probed by the telescopes over the different baselines
are described in terms of u and v. The baseline between each pair of telescopes possible in the
interferometric array are shown in different colours, with the letters and numbers (e.g., J2)
corresponding to the different positions of the telescopes [25]. We fit the data with geometric
models using the code PMOIRED [26]. The model fits are in red, whilst the data are in black
and errors in grey. Subplot b) shows the normalised flux with wavelength. Subplots c) to f)
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are the closure phase measurements (“T3PHI”) across different baselines, whilst subplots g) to
j) are the differential phases (“DPHI”) and subplots l) to q) are the visibilities |V |. The cyan
squares represent the continuum which is computed using a linear fit. The text in each subplot
is a different colour corresponding to the different baselines over which the measurement was
taken (as in subplot a)).

To fit the data, we used the parametric modelling code PMOIRED [26]. PMOIRED allows
the user not only to define geometrical components to represent stars and other astrophysical
objects, but also lets you assign spectra and spectral line profiles to those components. This
was crucial in our interpretation of the system, as a clear Br-γ emission line was visible in the
normalised spectrum across all wavelengths and was slightly resolved in some baselines in the
visibilities as well. The final model to the GRAVITY data confirmed the binary status of the
system. The stars are of near equal brightness in the K-band, with the secondary being ∼ 95%
that of the primary on average. The key finding from the fitting process was that the best-fit was
only obtained if a Lorentzian line profile to simulate the Br-γ emission was associated with only
the primary star in the system. Given that we know the system as a whole harbours magnetism,
this was somewhat surprising. Br-γ emission is an indirect sign of stellar winds confined by a
magnetic field [e.g., 27], and is also used as a tracer of magnetospheres in hot stars [28–30].
Thus, our results from GRAVITY suggested that the primary star in HD 148937 was the only
one to harbour the magnetic field. This is strange, given their similar luminosities (from the
flux ratios). One could assume that the secondary and primary had become bound through
dynamical interactions, but HD 148937 does not exist in a dense field or cluster environment
necessary to make such a dynamical formation statistically likely. Also, since the stars look
very similar, if the magnetic field was a remnant of the formation process, one would expect
both of them to be magnetic, which the GRAVITY data implied not to be the case.

These results thus prompted us to revisit the system (and particularly its archival spectra)
in more detail, to determine if other properties of the two stars in the binary also differed. In
our analysis going forward, we assumed that, because the secondary did not show peculiarity
according to our GRAVITY data, it was a typical O star and could be used as a reference to
compare the properties of the magnetic star to.

3. Revisiting the Properties of the Binary System and its Stars
3.1. Orbit

The first step in our analysis was to better constrain the orbit. In addition to the afore-
mentioned GRAVITY data, we also analysed more data from the PIONIER instrument. This
resulted in an interferometric modelling over a period of ∼ 9 yr. Given the lack of phase cov-
erage of the archival optical spectra from [22] which were further confused by the presence of
lines associated with chemical peculiarity and magnetism, we first attempted a fit solely with
this astrometric data. The orbital fitting was done with the orbital solution finder spinOS [31]
and Monte Carlo simulations were used to propagate the uncertainties on P, e, i and Mtotal. We
were able to converge on an astrometric-only fit, which pointed to a long-period (∼ 29 yr), ec-
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centric (e = 0.77) system in closer agreement with the longer period solution derived from [22].
From this fit, the derived total mass of the system of 56.52± 0.75M⊙ was incorporated into
our further analysis. We then combined the astrometric dataset with the archival spectra and
additional spectra from the Echelle SpectroPolarimetric Device for the Observation of Stars
(ESPaDOnS) at the Canada France Hawaii Telescope (CFHT), using the final parameters from
the astrometric-only fit as a first guess, providing our final orbital solution. With the constraint
of the astrometric data, there was little difference between the astrometric-only fit and the com-
bined data fit.

3.2. Spectral disentangling

Using the combined spectra we also used for the orbital fitting, we performed a spectral
disentangling process to split the spectra for the whole system into a spectrum of the primary star
and a spectrum of the secondary. Because HD 148937 shows spectral variability with P= 7.03 d
[17, 18], a master spectrum was built at each epoch to remove these non-orbital variances.
These master spectra were then used for the spectral disentangling process. Specifically a grid-
disentangling approach [31–33] combined with a Fourier disentangling code [34] was used on
spectral lines including He I+II λ4026 and He I λ4471. The semi-amplitudes of the RV curves
(K1 and K2) were varied over a small grid, between 0 and 60 km s−1, and the spectral signatures
of each star separated without relying on previously measured RVs. To reduce the amount of
degrees of freedom, most orbital parameters were fixed to those from interferometric fit.

K2 was much harder to constrain than K1 during the disentangling process. However, the to-
tal mass derived from the orbital fit to the interferometric data provided a way to better constrain
it. The stellar masses of the individual stars in a binary can be related to their semi-amplitudes
using Kepler’s third law and the binary mass function [35]. Thus, since we had a total mass for
the system, this essentially provided a region of semi-amplitudes that were possible for the sys-
tem, given its calculated total mass. This region is illustrated in Fig. 2. Without this constraint,
the solution for K2 would have been ill-determined.

Because Fourier spectral disentangling has the disadvantage of losing the continuum when
the system light curve does not have full eclipses, we also tried another separation technique,
the shift-and-add method [36, 37]. The shift-and-add method yielded a 5 km s−1 difference
between the K2 values from the grid-disentangling method, which is not significant given the
errors of both sets of values.

Finally, using our final K values and the total mass from interferometry we determined
dynamical masses for each of the stars.

3.3. Atmospheric analysis

Once we had two spectra from the disentangling, atmospheric models from the CMFGEN
stellar atmosphere code [38] were used to derive the properties of the stars corresponding to
these spectral features. We chose to use the CMFGEN models because, again, the GRAVITY
data and the solutions for individual spectra we derived implied that the secondary is essentially
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Figure 2: Reduced χ2 map from the grid method of disentangling.
The orange lines delimit the 68% confidence interval on the sum of
the semi-amplitudes of both RV curves derived from the interferomet-
ric constraint on the total mass of the system. The minimal value at
K1 = 28.4 km s−1 and K2 = 25.4 km s−1 is denoted with a red dot. The
solid white contour is the 1σ level. The background gradient corre-
sponds to the value of the χ2 across the grid, with the colour-bar as
reference. The side panels are 1D cut-through views of the axes of the
χ2 map.
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Table 1: The parameters of the two stars in
HD 148937 derived from our analysis with their 1σ

confidence intervals. No value is derived for the nitro-
gen enrichment (εN) for the primary star due to con-
tamination from the lines associated with magnetism
in this star. We denote this with the “. . .” symbol.

Parameter Unit Primary Secondary
Teff kK 37.2+0.9

−0.4 35.0+0.2
−0.9

logg cm s−2 4.00+0.09
−0.09 3.61+0.05

−0.09
veq sin i km s−1 165±20 67±15
vmacro km s−1 160±38 78±12
fi/ ftot V -band 0.55±0.02 0.45±0.02

εN [log+12] . . . 8.74±0.10
logL/L⊙ 5.28±0.06 5.19±0.07

M M⊙ 29.9+3.4
−3.1 26.6+3.0

−3.4

a normal O-type star. The caveat with using the CMFGEN models is that they do not account for
magnetic lines. As a result, there was no way to reproduce features such as the irregular Balmer
lines, nor the C III or N III lines that allowed the system to be characterised as an Of?p system.
In the fitting process to determine which CMFGEN models best reproduced the disentangled
spectra of each star, these features were therefore not included in the chi-square minimisation.
Ultimately solutions were found for both the primary and secondary. The main differences
between the stars were their rotational velocities and the fact that, due to a lack of contamination
due to the magnetic lines, we could determine that the secondary is likely nitrogen-enriched.
Due to such contamination, any level of nitrogen enrichment could not be determined for the
primary star.

3.4. Summary

The derived properties for each star are shown in Table 1. In the last two rows we also add
the luminosities and masses of the stars. The luminosities were derived through SED fitting
to the disentangled spectra and literature fluxes adjusted using the measured flux ratios of the
two stars from interferometry. The masses were derived using the final values of the semi-
amplitudes from the grid-disentangling and the total mass from the interferometric orbital fit.

With these properties, we plotted the two stars on a Hertzsprung–Russell diagram, shown
in Fig. 3, where it is clear that the magnetic primary star appears younger than its secondary
counterpart. To check our results, we used the BONNSAI grid of stellar evolution models [40]
to determine if reasonable solutions that matched our final parameters could be found. They
could, as the results also pointed towards an age difference – at least ∼ 1.5 Myr in the case
where nitrogen enrichment in the secondary was not considered, and ∼ 4 Myr where it was.
Therefore it appears that not only is the primary magnetic whilst the secondary is not, but
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Figure 3: Hertzsprung–Russell diagram (HRD) illustrating the lumi-
nosities and temperatures of the primary (P) and secondary (S) based
on our analysis (squares with error bars for 1σ confidence intervals).
Coloured lines are isochrones and evolutionary tracks, with blue lines
representing stars with an initial rotation of 165 km s−1, whilst red lines
represent stars with an initial rotation of 490 km s−1. Dashed lines are
isochrones for stellar populations with different ages. Solid lines are
the evolutionary tracks for various initial masses computed at Galac-
tic metallicity are those from [39]. The shaded contours show the 2D
BONNSAI models which best fit the parameters we found. Blue ap-
plies to the primary and secondary in the case of no nitrogen enrichment
while red applies to the secondary accounting for the nitrogen enrich-
ment with 1, 2 and 3σ -confidence intervals.

assuming the secondary serves as an independent clock, the primary is also rejuvenated with
respect to the secondary.

4. Our Theory for the Origin of HD 148937
To conclude, we describe our interpretation in the cause of the irregularities in the

HD 148937 system. In order to create rejuvenation, a mechanism of mixing is required as the
ignition of hydrogen makes the star appear brighter and therefore younger than it actually is.
Mass-transfer through Roche Lobe OverFlow (RLOF) could cause rejuvenation of the primary
magnetic star [e.g., 41, 42] as angular momentum gain could cause mixing and the rejuvenation
of the accretor. However, from our analysis the secondary does not appear to be filling its Roche
lobe and such events are also expected to circularise the orbit which is not seen. As mentioned
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Figure 4: Merger and rejuvenation models compared to the measured
properties of the HD 148937 system, with the age of the secondary star
as a reference on the x-axis and the age difference between the rejuve-
nated primary and secondary shown on the y-axis. Each coloured/style
of line shows a different model representing a scenario where two stars
could have merged to form the current magnetic star in HD 148937.
Shaded regions with contours are the observational constraints on the
age of the secondary in the case where nitrogen enrichment is consid-
ered (grey) and the case where it is not (blue).

in the introduction though, modelling work has shown that mergers could also be responsible
for the rejuvenation of massive stars and the generation of magnetic fields within them [12].

Another strange characteristic of the system is its surrounding nebula. Recent work with
integral field spectra [43] derives a dynamical age of the nebula of just ∼ 7500 yr. The nebula
has various scales of structure, with clear bipolar lobes, a surrounding Strömgren sphere beyond
this and more complex asymmetric structure within it [44]. The nebula is also enriched with
CNO-process elements, with most enriched material in the most distant regions of the bipolar
nebula [44]. Such enrichment is only expected within stellar interiors. Ejecta nebulae are
also observed in the form of red novae for lower mass stars, some of which are thought to
originate from stellar mergers [45, 46]. Furthermore, a chaotic merger of a triple system has
been proposed as a formation mechanism for η Car and the Homunculus Nebula surrounding it
[47].

In our interpretation of HD 148937 we decided to test whether a merger could explain the
properties we find for the magnetic primary star. Using the same models as in the aforemen-
tioned analysis of τ Sco, we tried to find a solution that could explain the amount of rejuvenation
we see between the primary and the secondary for HD 148937. Figure 4 shows the results. Us-
ing the secondary as a reference clock, we find several solutions that can reproduce the age
of the secondary and the age difference between the primary and secondary. We use the ages
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determined from the BONNSAI stellar evolution models and again consider two cases for the
secondary, one where the nitrogen enrichment is considered and the case where it is not. 1-σ
solutions exist in both cases, with the difference between the two manifesting in the mass ratio
of the merger reactants. In the case where nitrogen enrichment is assumed to be present in
the secondary (the smaller age discrepancy case), a more unequal mass merger of a 30⊙ and a
5M⊙ star provides a 1-σ solution, whilst if nitrogen enrichment is not considered and the age
discrepancy is larger the merger of a 25M⊙ and a 10M⊙ star provides a 1-σ solution. In either
case, the total mass required from the merged stars to produce the mass of the current magnetic
primary star is 35M⊙. Therefore, between 1.7 and 8.2M⊙ would have to have been lost during
the merger event. This nicely aligns which a previously estimated mass-range of the nebula
of 1.6M⊙ to 12.6M⊙ [44] which, combined with the fact that it is enriched in stellar interior
elements implies the ejecta nebula could have come from the merger as well.

Therefore, we conclude that the primary star in HD 148937 is likely the result of a merger
event, which potentially created the surrounding nebula and caused HD 148937 to be a massive
binary system with only one magnetic star. This implies that HD 148937 was likely originally a
triple system, and the original tertiary star is the secondary star in the binary we see today. We
invite the reader to consider our entire analysis in the form of the full paper [14].
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