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Abstract. Large-scale dipolar surface magnetic fields have been detected in a fraction of OB
stars, however only few stellar evolution models of massive stars have considered the impact of
these fossil fields. We are performing 1D hydrodynamical model calculations taking into account
evolutionary consequences of the magnetospheric-wind interactions in a simplified parametric
way. Two effects are considered: i) the global mass-loss rates are reduced due to mass-loss
quenching, and ii) the surface angular momentum loss is enhanced due to magnetic braking. As
a result of the magnetic mass-loss quenching, the mass of magnetic massive stars remains close
to their initial masses. Thus magnetic massive stars - even at Galactic metallicity - have the
potential to be progenitors of ‘heavy’ stellar mass black holes. Similarly, at Galactic metallicity,
the formation of pair instability supernovae is plausible with a magnetic progenitor.
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1. Introduction

Surface magnetic fields are detected in about 10% of hot stars (Wade et al. 2016), and
are understood to be of fossil origin, likely remaining from the star formation history or
the pre-main sequence evolution of the star (Donati & Landstreet 2009; Braithwaite &
Spruit 2015). These surface fields are known to form a magnetosphere due to the interac-
tion with line-driven winds of hot stars (Babel & Montmerle 1997). This interaction has
been extensively studied in the literature by means of magnetohydrodynamic simulations
(ud-Doula & Owocki 2002; ud-Doula et al. 2008; ud Doula et al. 2009) and analytical
studies (Owocki & ud-Doula 2004; Bard & Townsend 2016; Owocki et al. 2016).

Two major effects occur that influence both the mass loss and angular momentum
loss from the star on a dynamical time scale. i) The magnetosphere channels the wind
material along magnetic field lines leading to an infall of mass (ud-Doula & Owocki
2002). The confined plasma is thus deposited back to the stellar surface, and hence the
effective mass-loss rates are reduced. ii) The magnetosphere reduces the surface angular
momentum budget via Maxwell stresses, which leads to an efficient slow down of the
surface rotation (magnetic braking). We incorporate and test these ‘surface’ effects caused
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by fossil magnetic fields in the one dimensional hydrodynamical stellar evolution code
Module for Experiments in Stellar Astrophysics, MESA (Paxton et al. 2011, 2013, 2015).

2. Methods
2.1. Mass-loss quenching

When surface magnetic fields are coupled to the line-driven stellar winds of hot massive
stars, then these magnetic fields are capable of channeling the mass along the field lines
(‘flux tubes’). To quantify this interaction, ud-Doula & Owocki (2002) introduced the
magnetic confinement parameter, 7, (cf. their Equation 20), which describes the magnetic
field energy compared to the stellar wind kinetic energy at the stellar surface,

2 p2
ne = BeqR*

_ , 2.1
Mp_gvse @1)

where B, is the surface equatorial magnetic field strength, R, is the stellar radius,
Mp_y is the mass-loss rate the star would have in absence of the magnetic field, and vao
is the wind terminal velocity. For convenience, we use the polar surface field strength B,
considering that B, = 2 B, for a dipolar field. The mass-loss quenching effect due to sur-
face magnetic fields occurs when the stellar wind, confined to flow along closed magnetic
loops, ultimately shocks, stalls, and returns to the stellar surface. This effectively reduces
the mass-loss rates. According to ud-Doula & Owocki (2002), the equatorial radius of
the farthest closed magnetic loop, that is the closure radius, R, in a magnetized wind
with a dipolar geometry at the stellar surface is of the order of the Alfvén radius R4,

R, ~R, +0.7(Ry — R,). (2.2)

The location of the Alfvén radius corresponds to the point in the magnetic equatorial
plane where the magnetic field energy density equals the wind kinetic energy, that is
}}% ~ 0.3 4+ (N —|—0.25)1/4. With the obtained polar field strength B, (t), the non-
magnetic mass-loss rate, terminal velocity, and the stellar radius, we calculate the Alfvén
radius. It is straightforward then to obtain a parameter describing the escaping wind

fraction fg.
Mei‘f R*
= = =1—4/1-—. 2.3
fB MB:O R(: ( )

where M, is the effective mass loss allowed by a magnetosphere. This parametric de-
scription accounts for the fraction of the stellar surface covered by open magnetic field
loops. Along these loops, wind material can escape effectively, while along closed loops,
material will fall back to the stellar surface.

We imposed magnetic flux conservation on the evolving models,

F ~ 47 R? B, = constant. (2.4)

As a consequence, as the star evolves and the stellar radius R, increases, the surface
magnetic field strength changes according to:

R 2
B,(t)= B *,0 2.5
/0= By (575 ) (25)
where B, o and R, correspond to the polar field and stellar radius defined at the zero
age main sequence. The final adopted mass-loss rate is obtained by scaling the current
time step mass-loss rates with the escaping wind fraction fp allowing for mass to escape

https://doi.org/10.1017/51743921317002745 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921317002745

252 Z. Keszthelyi, G. Wade & V. Petit
only via open loops, such that:
M.z = fz Mp_o, (2.6)

where Mp_, refers to the non-magnetic mass-loss rates according to any applicable
scheme. In our main sequence models above 12.5 kK, we adopt the Vink rates (Vink
et al. 2000, 2001). However, uncertainties related to this scheme (or any other scheme)
will have an impact on the quantitative results since the magnetic mass-loss quenching
is coupled to the wind scheme.

2.2. Magnetic braking

We implemented magnetic braking in MESA; this will be discussed in a forthcoming
publication (Keszthelyi et al., in prep). We followed the prescription derived by ud Doula
et al. (2009), and thus adopted an additional source of angular momentum loss,

a2
dt 3

where J is the total angular momentum, ¢ is the time, and ) is the surface angular
velocity. Tt is important to note that Mz_g in this equation strictly means that most of
the angular momentum is lost by Maxwell stresses, and not by the effective mass loss. An
important issue is that the way this surface angular momentum loss propagates into the
interior layers is unknown, as the effect of large-scale fossil magnetic fields on differential
rotation is not well constrained. Meynet et al. (2011) have already implemented this
prescription in the Geneva stellar evolution code, and tested two cases - solid body
rotation and differential rotation. Indeed, the major problem arises from the fact that the
surface angular momentum loss depends on the internal angular momentum transport
mechanisms. While state-of-the-art stellar evolution modelling allows for testing both
solid body and differential rotation, observational evidence on the internal rotational
properties and thus on the transport mechanisms in hot stars only exists in very few
cases (e.g. KIC 10526294 by Moravveji et al. 2015, and V2052 Oph by Briquet et al.
2012).

Mp_o QR?[(n, +0.25)Y* +0.29), (2.7)

3. Results
3.1. Models including mass-loss quenching

We find that the evolution of the magnetic confinement parameter depends mostly on
how Mp_o(Tsg) evolves, and in a general scenario the other parameters (B, (t), Ry, Voo,
respectively) compensate each other. The impact of mass-loss rates on massive star evo-
lution, and, in particular, the dependence of Mz_, on Tiy has recently been discussed in
a more general context by Keszthelyi et al. (2017). In Figure 1 the evolution of magnetic
confinement parameter (solid line, left ordinate) is contrasted to the evolution of the
mass-loss rate (dashed line, right ordinate). Indeed, 7, is most sensitive to changes in
Mp_g. In particular, the large jump in mass-loss rate at the bi-stability (shifted down to
20 kK in accordance with the suggestion from Keszthelyi et al. 2017 based on findings
from Petrov et al. 2016) causes a drop in the magnetic confinement. This is powerful
enough that the initially strong (7, > 10) and then moderate (1 < 7, < 10) magnetic
confinement rapidly becomes weak (7, < 1).

3.2. The evolution of fossil magnetic fields

A key ingredient to incorporate the effects of fossil magnetic fields in stellar evolu-
tion models is currently poorly understood: the evolution of stellar magnetic fields over
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Figure 1. Shown is the evolution of the magnetic confinement parameter (solid line, left vertical
axis, defined in Equation 2.1) and the effective mass-loss rates (dashed line, right vertical axis)
against the effective temperature for a 40 My Galactic metallicity non-rotating model.
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Figure 2. Plotted are the known sample of magnetic OB stars from Petit et al. (2013) and
Shultz et al. (in prep). The former are denoted with yellow stars, the latter with blue stars.
Evolutionary models with different initial masses are plotted. Left: Models adopting an initial
magnetic flux of ' = 10?"* G cm?. This yields an initial dipole field strength in, e.g., the 40 Mg
model of B, =1 kG. Right: Models adopting an initial magnetic flux of F = 10*® G cm?. This
yields an initial dipole field strength in, e.g., the 40 M model of B, = 2.5 kG.

evolutionary timescales. Adopting magnetic flux conservation (Equation 2.4) allows for
calculating the first grid of models that adopt a field evolution other than a constant
magnetic field strength (that is, increasing flux) as in the work by Meynet et al. (2011).
Two major scenarios are considered. The range of observed magnetic field strengths is
very large, over 3 orders of magnitude in stellar remnants (e.g. Ferrario & Wickramas-
inghe 2006). Interestingly, this range is consistent with the scale of field strengths in
main sequence stars, and thus supports magnetic flux conservation. However, in light of
theoretical considerations (e.g. Braithwaite 2008; Braithwaite & Spruit 2015) a plausible
scenario of magnetic flux decay should be taken into account. Most commonly, Ohmic
decay is speculated to lead to magnetic flux decay. Additionally, observations may also
argue for such a trend (Landstreet et al. 2007; Fossati et al. 2016). Figure 2 shows stellar
evolution models adopting magnetic flux conservation to describe the field evolution. A
sample of magnetic OB stars from Petit et al. (2013) and Shultz et al. (in prep) are
shown and their magnetic fluxes were calculated based on the measured magnetic field
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strengths and stellar radii. The MESA models are computed for two different initial flux
values (left panel: F' = 1075 G cm?, right panel: F = 10%® G ¢cm?). Since the initial flux
is the same for all models, but the stellar radius is different due to the different initial
masses, the initial field strength for higher mass (larger radius) models is smaller than
that of lower mass (smaller radius) models.

4. Conclusions

For the first time, we incorporated the effects of surface magnetic fields in the MESA
code. These effects are based on the dynamical interactions between the magnetosphere
and the stellar wind, and we conclude from our model calculations that they have a large
impact on massive star evolution. Two evolutionary scenarios are discussed by Petit et al.
(2017) and Georgy et al. (in press).
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