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Abstract. Rotation plays an important role in the structure and evolution of massive stars.
It leads to deviation from spherical symmetry for very fast rotating stars, mixing in otherwise
unmixed radiative regions and generally increased mass loss. In addition, magnetic fields interact
with rotation and lead to significant transport of angular momentum. In this article, we review
the various rotational and magnetic instabilities present in massive stars and their implementa-
tion in one-dimensional stellar evolution codes. We then focus on their impact on the evolution
of single rotating stars. Finally, we compare rotating models to observations and discuss ways
to disentangle between various uncertainties.
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1. Structure and Evolution Models of Rotating Stars

Modelling the evolution of stars and populations of stars is still generally limited
to one-dimensional (1D) models though the number and range of multi-dimensional
hydrodynamic simulations are growing as demonstrated by many contributions in these
proceedings (see e.g. contributions by Rieutord and Rizzuti in this Session). 1D models
make the assumption of spherical symmetry, which means that physical quantities such
as temperature and pressure are considered to be constant on spherical shells and only
depend on radius. The mass enclosed by a shell is usually preferred to the radius as the
independent variable in the Lagrangian description used in stellar models. The structure
of a star can then be obtained by solving the 1D version of the four stellar structure equa-
tions (conservation of mass, momentum and energy as well as energy transfer). Modelling
the evolution of stars requires additional physics and equations related to nuclear reac-
tions, mass loss, convection, rotation, magnetic fields, binary interactions, equation of
state, opacities, neutrino losses, etc. including their dependence on metallicity.

We will focus here on rotation and magnetic fields and their interactions (see other
contributions for the other aspects). Rotation has several effects on the structure and
evolution of stars. Axial rotation opposes the effects of gravity (centrifugal force) and thus
breaks spherical symmetry. It is, however, possible to keep stellar structure equations 1D
(sometimes referred to as 1.5D) by making the assumption of shellular rotation (Zahn
1992). This assumes that instabilities can act much faster perpendicular to gravity (i. e.
strong horizontal turbulence on isobars) and leads to constant angular velocity on isobars.
Other quantities like density and temperature are not constant on isobars and averages
must be used in the structure equations (see Meynet & Maeder 1997, for more details).
Angular velocity and angular momentum generally vary across the star (unless solid body
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rotation is imposed, which is usually done at the start of the evolution or in convective
regions). The evolution of rotation is modelled using the additional equation of angular
momentum transport (the conserved quantity). Other key effects of rotation include
enhanced mass loss (see Langer 1998; Maeder & Meynet 2000; Gagnier et al. 2019a,
for details and discussions) and internal transport of angular momentum and mixing of
the chemical composition in otherwise unmixed radiative zones. Magnetic fields bring
further deviations from spherical symmetry and a rotating magnetic star would ideally
be modelled using 3D magneto-hydrodynamic simulations (see e.g. Braithwaite & Spruit
2004; Varma & Müller 2021; Yoshida et al. 2021). To simulate the long-term evolution
of stars, however, 1D theoretical prescriptions have to be used to model the evolution of
magnetic fields and their interactions with rotation.

2. Internal Transport Mechanisms

There are many internal transport mechanisms at play in massive stars: convection,
internal gravity waves (e.g. Talon & Charbonnel 2005; Edelmann et al. 2019), rotational
(aka hydrodynamic) and magnetic instabilities. Note that in binary stars, tidal effects
(Section 4; e. g. Zahn 1977; Ogilvie 2014), are also able to redistribute angular momentum
and composition. We limit here the discussion to rotational and magnetic instabilities.

2.1. Rotational Instabilities

The two dominant rotational instabilities are meridional (aka Eddington-Sweet) circu-
lation (Talon & Zahn 1997; Zahn 1992; Maeder & Zahn 1998; Maeder 2009) and shear
instabilities. Other instabilities have been identified: Solberg-Hoiland, GSF, etc. but they
are unlikely to significantly change the evolution of stars (Heger et al. 2000; Hirschi et al.
2004; Caleo et al. 2016). Meridional circulation is driven by the thermal gradients on
isobars (polar regions have higher gravity and radiative fluxes and thus are hotter than
the equatorial regions). The circulation can transport angular momentum both inward
and outward and thus can both build and reduce angular velocity gradients depending
on the direction of the circulation (see fig. 1 in Meynet & Maeder 2002). Indeed, angular
momentum is transported inward when the circulation goes outward at the pole (where
the angular momentum is zero) and inward at the equator and vice versa. Shear instabil-
ities develop when there is differential rotation inside the star since, in this case, adjacent
layers move laterally with respect to each other and experience a strain. Shear instabili-
ties can take place on dynamical timescales if the excess kinetic energy is larger than the
work against the buoyancy force needed to overturn the shear layer. Dynamical shear
is fast but generally limited to very narrow regions at the edge of convective regions
and it thus has a very small impact on the structure and evolution of rotating stars
(Hirschi et al. 2004; Hirschi & Maeder 2010; Edelmann et al. 2017). When the shear lay-
ers are dynamically stable, thermal diffusion can help shear transport angular momentum
and composition on a much longer, secular timescale (Zahn 1974; Maeder 1997). Shear,
whether dynamical or secular, mixes regions together so can only reduce gradients.

Shear mixing obviously only takes place when there is a gradient of angular velocity. It
is important to note that this is not the case with meridional circulation, which can occur
even when the star has solid body rotation. Circulation instead will be quite sensitive to
the assumptions made concerning the horizontal turbulence. As the evolution proceeds,
chemical composition (μ) gradients develop, which will inhibit both instabilities (see
Frischknecht et al. 2010, for how the evolution on the MS affects these instabilities).

2.2. Magnetic Instabilities

Various magnetic instabilities have been studied in the context of massive stars. Here
we will only discuss the Tayler-Spruit dynamo (Spruit 2002; Heger et al. 2005) and its
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modification by Fuller et al. (2019). Other instabilities include the magneto-rotational
instabilitiy (Wheeler et al. 2015; Griffiths et al. 2022) and the α− Ω dynamo (Potter
et al. 2012b). For fossil fields and the connection between magnetic fields and mass loss,
see Session 3 (physical processes). In the Tayler-Spruit dynamo (TS dynamo hereinafter;
see Tayler 1973; Spruit 2002; Heger et al. 2005; Maeder & Meynet 2005, for details), an
initially very small seed field is assumed. Due to differential rotation, the radial compo-
nent (Br) of the field is wound up and the azimuthal component (Bφ) is thus amplified.
The Tayler (pinch-type) instability then generates a stronger radial component (Br),
thus closing the amplification loop. The amplification saturates at the point where the
amplification and damping (dominated by magnetic diffusivity) timescales become equal.
A minimum amount of differential rotation (denoted qmin) is required to trigger this
instability meaning that the instability is not present in the case of solid body rotation.

Fuller et al. (2019) propose modifications to the Tayler-Spruit dynamo (FTS dynamo
hereinafter). The main ones are the component of the magnetic fields (background ver-
sus perturbed component) being wound up (perturbed radial field in Spruit 2002) and
damped (background azimuthal field damped in Spruit 2002). Both these changes lead
to higher saturation levels of the magnetic fields and enhanced transport.

2.3. Implementation in 1D Stellar Evolution Codes

Magnetic instabilities (both TS and FTS dynamos) like shear instabilities lead to
transport of angular momentum and chemical composition that is suitably represented
as a diffusive process (using an effective diffusion). As written above, meridional circu-
lation, on the other hand, can both build and reduce gradients of angular momentum
and is thus best described with an advective term in the angular momentum transport
equation as done in GENEC (Eggenberger et al. 2008; Ekström et al. 2012) and several
other codes FRANEC (Chieffi & Limongi 2013) and STARS/ROSE (Potter et al. 2012a).
Taking into account an advective term, however, leads to a fourth-degree equation that
is time consuming and difficult to solve. Several other codes MESA (e.g. Paxton et al. 2013)
STERN and KEPLER (e.g. Heger et al. 2000; Petrovic et al. 2005), thus treat the meridional
(Eddington-Sweet) circulation as a diffusive process. For the transport of chemical ele-
ments, all the above instabilities lead to mixing that can be treated as diffusion and for
which an effective diffusion coefficient is used for the combined effect of meridional circu-
lation and horizontal turbulence in GENEC. In addition to whether meridional circulation
is treated as an advective or diffusive process, there are further differences in between
codes in the formulae used for specific instabilities as well as parameters modifying the
strength of these (e.g. fc and fμ, see Heger et al. 2000, for details), which are calibrated
to sets of observations. One thus has to be careful when comparing rotating models
calculated with different codes, even when they include the same physical processes.

3. Structure and Evolution of Massive Rotating Stars

Massive stars go through six burning phases (H, He, C, Ne, O and Si) after which
their iron core collapses into a neutron star or black hole. The evolution of the structure
of as star can be summarised in the structure evolution diagram (aka Kippenhahn dia-
gram), an example of which is presented in Fig. 1 for a 15 M� non-rotating model. This
figure includes iso-radius contour lines (log10(r)). These nicely show how the core of mas-
sive stars contracts (contours moving up in mass coordinate) throughout their evolution.
Contraction is modest during a burning stage but then accelerates at the end of each
burning phase when nuclear reactions no longer counteracts the gravitational force. The
contraction stops (and is sometimes even slightly reversed) when a high enough temper-
ature is reached in the core for the next burning phase to start. The envelope of massive
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Figure 1. Structure evolution diagram of the 15M� (non-rotating) solar metallicity GENEC
stellar model. The horizontal axis is a logarithmic scale of the time left before the predicted
collapse of the star in years (the last model in this simulation is before the end of silicon burning
but since the time-scale of silicon burning is so short this does not affect the plot for the earlier
phases) and the vertical axis is the mass coordinate in solar masses. The total mass and radial
contours (in the form log10(r) in cm), are drawn as solid black lines. Shaded areas correspond
to convective regions. The colour indicates the value of the Mach number (figure taken from
Cristini et al. 2017).

stars, on the other hand, expands through most of their evolution with the largest and
fastest expansion taking place at the end of the main sequence (MS) when most massive
stars become red or blue supergiants (WR stars do not expand as much). Key effects
of rotation on the structure and evolution of massive stars are enhanced mass loss and
larger core masses (due to mixing in radiative zones) leading to rotating stars evolving
like more massive non-rotating stars (see e. g. Hirschi et al. 2004, for details).

3.1. Evolution of Rotation

The evolution of rotation inside a massive stars is predominantly driven by the core
contraction and envelope expansion described above and by convective regions (coloured
regions in Fig 1) efficiently redistributing angular momentum within these regions. Given
that angular momentum is conserved and that the specific angular momentum, j, is
proportional to Ωr2, a contraction (expansion) leads to an increase (decrease) in the
angular velocity (Ω). This explains why the angular velocity (Ω) increases in the core
and generally decreases in the envelope throughout the evolution. Fig. 2 (left) shows the
evolution of the angular velocity for a GENEC 25 M� rotating stellar model. This model
loses its H-rich envelope during He-burning and thus loses its very low Ω tail by C-
burning. Stellar evolution models assume that convective regions rotate as solid bodies
so have a flat angular velocity profile (though see question at the end). This explains the
flat Ω profiles in the core during various burning phases and in the convective envelope
(see left panels in Fig. 3). By the end of the evolution, Ω reaches values around 1 s−1.

To determine if angular momentum is transported between the core and envelope or lost
by stellar winds, it is easier to consider the evolution of the specific angular momentum
(j) profiles (see Fig. 2 right panel), which are not modified by contraction or expansion. In
GENEC models, meridional circulation and shear transport j out of the core mostly during
H-burning and to a smaller extent during core He-burning. During the advanced phases,
only convection has the time to redistribute angular momentum, creating a saw-tooth
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Figure 2. Angular velocity (Left) and local specific angular momentum profiles as a function
of the Lagrangian mass coordinate, mr, inside the 25 M� model (vini = 300 km s−1) GENEC solar
metallicity model at various evolutionary stages (figure taken from Hirschi et al. 2004).

pattern given the assumption of constant Ω in convective regions. Mass loss removes
a significant amount of mass, more than half the initial mass in this 25 M� model.
This demonstrates the crucial effect of mass loss for stars above 25 − 30 M�. Angular
momentum being highest at the surface, stellar winds also remove significant amount of
angular momentum from massive stars. Rotation in the core, however, is more affected
by internal transport than mass loss at the surface as discussed below.

Before discussing magnetic instabilities, it is instructive to compare non-magnetic
rotating models since, as discussed above, different theoretical prescriptions are used
in different codes and their technical implementation differ too. The discussion here is
limited to one representative GENEC model (Fig. 2) taken from Hirschi et al. (2004) (see
Frischknecht et al. 2010; Ekström et al. 2012; Chieffi & Limongi 2013, for more detailed
discussions) and one representative MESA model (top row of Fig. 3) taken from Kaiser
(2021, see Sect. 2.3 for references to other similar codes). The surface rotation is differ-
ent because the 25 M� (GENEC) model loses its H-rich envelope while the 15 M� (MESA)
model does not. This is explained by mass loss. The core angular velocity (left panels),
at first sight, appear to evolve in a similar way with the increase in Ω explained by the
contraction of the core. There are key differences, however, in the timing and extent of
the angular momentum transport (right panels) between the core and envelope. The first
one is the absence of j transport between the core and envelope during the MS in the
MESA model. The second is the smaller overall decrease in the specific angular momen-
tum. These are mainly due to breaks in the transport just above convective cores where
composition gradients inhibit instabilities (see Kaiser 2021, for a detailed discussion).
Despite these differences, we see that both these GENEC and MESA non-magnetic models
end with a core angular velocity, Ω ∼ 1 s−1.

4. Magnetic Instabilities and their Effect on Internal Rotation

Values of Ω ∼ 1 s−1 at the end of the evolution of massive stars are too high to explain
the observed rotation rate of pulsars (see comparison below). Such models would actu-
ally predict neutron stars at critical rotation and this discrepancy between models and
observations is one of the main drivers to include magnetic instabilities in stellar models
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Figure 3. Evolution of rotation profiles for 15M� MESA models including different angular
momentum transport mechanisms, top: without magnetic fields, middle: TS dynamo, bottom:
FTS dynamo, showing on the left panel the angular rotation velocity, Ω, and on the right panel
the specific angular momentum, j. Each line presents the profile at a different evolutionary stage
indicated by the colour and linestyle (see legend on top). To enable a better comparison, the
axis of each thematic subplot group has been scaled to the same values. These models were
computed with the MESA stellar evolution code (Paxton et al. 2011, 2013, 2015, 2018), revision
10108 (figure adapted from multiple figures from Kaiser 2021).

to solve this issue (e.g. Heger et al. 2000, 2005; Petrovic et al. 2005; Hirschi et al. 2005;
Wheeler et al. 2015; Ma & Fuller 2019).

4.1. Taylor-Spruit and Fuller-modified Taylor-Spruit Dynamos

We briefly investigate here the impact of the TS or FTS dynamos on the evolution of
rotation in 15 M� MESA models (with an initial rotation corresponding to Ω/Ωcrit = 0.4)
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Figure 4. Observed (black crosses) and predicted (coloured symbols) neutron star spin period
as a function of the gravitational mass for various 15M� models including the ones from Fig. 3.
The black crosses show observed neutron star spins by Muslimov & Page (1996) and Faucher-
Giguère & Kaspi (2006). The grey rectangle depicts an observed range of neutron star spins
(Marshall et al. 1998; Kaspi & Helfand 2002; Faucher-Giguère & Kaspi 2006; Popov et al. 2010;
Popov & Turolla 2012; Gotthelf et al. 2013) with an assumed neutron star mass of 1.4M� (figure
taken from Kaiser 2021).

and compare these models to a non-magnetic model in Fig. 3. Even though it has a
limited impact during the MS (see discussion in Kaiser 2021), the magnetic dynamo
viscosity in the TS dynamo model (middle panels) is much stronger than the rotational
instabilities included in the non-magnetic model (top panels). This leads to a strong
transport of angular momentum out of the core between the end of core H-burning and the
start of core He-burning (the period of strong core contraction and envelope expansion)
and a much reduced final angular velocity profile, Ω ∼ 10−2 s−1. Considering now the
FTS dynamo model (bottom panels), the even larger magnetic dynamo viscosity already
operates during the MS and leads to an even lower core angular velocity, Ω ∼ 10−4 s−1.

4.2. Predicted Rotation Rate of Pulsars

Figure 4 presents the predicted estimated neutron star period as a function of the
gravitation mass, Mgrav,NS, for 15 M� models at solar metallicity with different angular
momentum transport assumptions (see legend for key assumptions). The spin period
and the gravitational mass are computed following Heger et al. (2005), their Section 3.4.
Additionally, Fig. 4 also includes observed spin periods of young neutron stars. A few
neutron stars have fast natal spin periods of 11 ms (Marshall et al. 1998) or 20 ms
(Muslimov & Page 1996; Kaspi & Helfand 2002) but the majority rotate slower with
a spin period of 50 − 100 ms (Muslimov & Page 1996; Faucher-Giguère & Kaspi 2006;
Popov et al. 2010; Popov & Turolla 2012). There are also a few very slowly rotating
neutron stars with a natal spin of up to 400 ms (Gotthelf et al. 2013). The comparison
between the model predictions and observations reveals several points. First, the three
different angular momentum transport combinations predict three distinct ranges for the
spin period of neutron stars, independently of the various related uncertainties in angular
momentum transport (e.g. spatial and temporal smoothing, “qmin”, fμ; see Kaiser 2021,
for details). However, Mgrav,NS does show a dependence on the uncertainty, mainly due
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to the amount of chemical mixing occurring during the stellar evolution. Second, the
non-magnetic models fail to predict the observed rotation rate of neutron stars because
of missing angular momentum transport. Third, the two magnetic dynamos predict spin
periods that are in the range of observations. However, the estimate of the models with
the TS dynamo only covers the very fast rotating neutron stars, whereas the prediction
by the models with the FTS dynamo agrees with the slower rotating neutron stars in the
sample. None of the models manages to predict the full range of natal neutron star spin
periods. Therefore, while the Tayler-Spruit dynamo does not transport enough angular
momentum, the FTS version probably slows down the rotation cores too much. Salmon
et al. (2022) show, using asteroseismic inference of the internal rotation of the β Cephei
star HD 129929, that the FTS dynamo is definitely too strong for this star.

5. Discussion and Conclusion

We briefly investigated the evolution of the structure and rotation in massive stars
and the impact of rotational and magnetic instabilities on the evolution of rotation.
Importantly, magnetic instabilities bring the predicted spin of neutron stars much closer
to the observed ones with the Tayler-Spruit dynamo reaching the fast end of observations
and the Fuller-modified Tayler-Spruit dynamo reaching the slow end. Note, however that
the comparisons above assume that the angular momentum content of the core at the
time of the pre-collapse is the same as the one that will be locked into the neutron
star, an hypothesis that may not be always correct. Furthermore, there are still major
uncertainties concerning the theories used to describe rotation and magnetic fields in
stars and their implementation. In particular, one has to be careful when comparing the
predictions of different codes since the implementation of physical processes vary between
codes. There are fortunately many other constraints from observations of stars in different
mass ranges and evolutionary phases that are and will be able to constrain these processes
and disentangle uncertainties. Examples include the key role of rotation and magnetic
instabilities in the context of the solar modelling problem (Eggenberger et al. 2022),
asteroseismology (see contributions by Burssens and Bowman in these proceedings; e.g.
Pamyatnykh et al. 2004; Deheuvels et al. 2014; Aerts et al. 2019; Claret & Torres 2018;
Pedersen et al. 2021; Salmon et al. 2022), the luminosity-mass plane (Higgins & Vink
2019), comparison of models to observations of low-mass stars and white dwarfs (Cantiello
et al. 2014; Spada et al. 2016; Fuller & Ma 2019; Eggenberger et al. 2019a,b; den Hartogh
et al. 2019, 2020). In addition multi-D simulations (e.g. Edelmann et al. 2017; Gagnier
et al. 2019b; Varma & Müller 2021; Yoshida et al. 2021; Petitdemange et al. 2022) of
stellar interiors will also help guide and constrain theories used in 1D models.
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Discussion

Comment: 1D theoretical models for meridional circulation cells use one spherical
harmonic. Recent 2D simulations show a different picture.

Answer: Good point. The theory described above is the one used in current stellar
models. Multi-D simulations like those of Gagnier et al. (2019b), however, will provide
key guidance for future theoretical developments.

Question: What about angular momentum transport in convective region?

Answer: As written above, stellar evolution codes assume constant Ω in convective
zones. Potter et al. (2012a) investigated the impact of assuming uniform specific angu-
lar momentum in convective zones but more multi-D studies similar to those for the
Sun would be welcome to better understand the distribution of angular momentum in
convective regions in massive stars.

Question: What mass loss rates are being used for rotating models?

Answer: A modification factor is generally applied to mass loss rate prescriptions
to take into account the effects of rotation (see Langer 1998; Maeder & Meynet 2000;
Gagnier et al. 2019a, for details and discussions).
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