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Abstract. We perform stellar evolution calculations for stars in the mass
range 1 . . . 3M⊙, including the physics of rotation, from the zero age main se-
quence into the TP-AGB stage. We calculate two sets of model sequences, with
and without inclusion of magnetic fields. From the final computed models, we
can accurately predict the angular momenta and rotational velocities of the
emerging white dwarf for each sequence. While sequences including magnetic
fields predict white dwarf rotational velocities between 2 and 10 km s−1, those
from the non-magnetic sequences are found to be one to two orders of magnitude
larger, well above the spectroscopic upper limit derived by Berger et al. (2005).
We find the situation analogous to that in the neutron star progenitor mass
range, and conclude that internal magnetic fields appear capable to reproduce
the observed slow rotation of compact stellar remnants.

1. Introduction

In a recent spectroscopic analysis of a large sample of DA white dwarfs, Berger
et al. (2005) concluded that the rotational velocities of the inspected white
dwarfs are below 10 km s−1, which provides the lowest upper limit derived from
spectroscopy so far. They conclude that the predicted white dwarf spin from
rotating, non-magnetic evolutionary models (Langer et al. 1999) can be ruled
out. Internal magnetic fields have been suggested as an agent to spin down the
cores of white dwarf progenitors during the giant stage (Spruit 1998). Models
for massive star based on the revised version of this idea (Spruit 2002) find a
significant braking of the core rotation due to magnetic torques (Heger et al.
2005; Petrovic et al. 2005; Maeder & Meynet 2005). Low mass models including
magnetic torques are found to reproduce the flat internal rotation profile of the
Sun (Eggenberger et al. 2005). In order to understand the spin rates of young
pulsars in our Galaxy, a mechanism to brake the core rotation as it is provided
by the magnetic torques appears indispensable (Heger et al. 2005; Ott et al.
2006).

Suijs et al. (2006) computed the first models of low and intermediate mass
stars including rotation and magnetic fields which allow to predict white dwarf
rotation rates. The essence of their results is shown below.

2. Stellar Evolution Models

Suijs et al. (2006) performed stellar evolution calculations with a 1-dimensional
hydrodynamic stellar evolution code (cf. Petrovic et al. 2005, and references
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Figure 1. Central density (ρc) versus central temperature (Tc) of the four
magnetic evolutionary models, from the ZAMS up to the thermally pulsing
AGB stage

Figure 2. Kippenhahn-diagram, showing the evolution of the internal struc-
ture as function of time and of the Lagrangian mass coordinate, for the non-
magnetic 1.5M⊙ sequence of Suijs et al. (2006), as an example case. The
evolution is shown from the end of the red giant phase, through the core he-
lium flash (t ≃ 2.773 Gyr), core helium burning, AGB and TP-AGB phase.
Hatched structures are convective, dark gray shading indicates nuclear energy
generation. The upper continuous line indicates the total mass of the star.
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Figure 3. Integrated angular momentum J(Mr) =
∫Mr

0
j(m)dm divided

by M
5/3
r , as a function of the mass coordinate Mr for various evolutionary

phases (see legend in the picture for the non-magnetic 3M⊙ case), for the non-
magnetic and magnetic 1.5M⊙ models (upper plots) and the non-magnetic
and magnetic 3M⊙ models (lower plots). The background contours display
levels of constant angular momentum J , labeled with log(J/1050erg s). The
values for the dotted contours are 3, 5, 7, and 9 times the value of the labeled
contour below them.

therein). This code includes the effect of the centrifugal force on the stellar
structure, and chemical mixing and transport of angular momentum due to
rotationally induced hydrodynamic instabilities (Heger et al. 2000). Chemical
mixing and transport of angular momentum due to magnetic torque is also
included (Spruit 2002; Petrovic et al. 2005; Heger et al. 2005).

Calculated was the evolution of stars starting at the zero-age main sequence,
for initial masses of 1.0M⊙, 1.5M⊙, 2.0M⊙ and 3.0M⊙, with and without the
effects of magnetic torques. The initial equatorial rotation velocities of these
models were 2, 45, 140 and 250 km s−1, respectively. For the 1M⊙ model, the
low initial rotation velocity relates to the assumption that magnetic braking due
to external torques associated with a magnetic solar type wind slowed down the
star as a whole very early during its main sequence evolution. This assumption
is adopted to keep our analysis simple, and leads to a rotation rate and a rotation
profile at the solar age which is roughly consistent with that of the Sun.

In the models of 1M⊙, 1.5M⊙, and 2M⊙, the central helium flash occurs
(cf. Fig. 1). Even though this consumed significant amounts of computer time,
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Table 1. Initial mass (Mi), where the inclusion of magnetic fields in the
models is indicated by the letter ’M’, initial equatorial rotation velocity (vrot,i),
final core mass (Mc,f), assumed white dwarf mass (Mwd) (from Weidemann
2000), assumed white dwarf radius (Rwd) (Hamada & Salpeter 1961), final
total angular momentum (Jtot), final mass averaged specific angular momen-
tum jc,f = Jc,f/Mc,f , expected white dwarf angular velocity (ωwd) and white
dwarf rotational velocity (vrot,wd).

Mi vrot,i Mwd Rwd Jc,f/1046 jc,f/1013 vrot,wd Prot

M⊙ km s−1 M⊙ 10−2R⊙ g cm2 s−1 cm2 s−1 km s−1 h

1.0M 2 0.550 1.25 4.94 4.49 2.6 5.9
1.5M 45 0.575 1.20 5.83 5.07 3.0 4.9
2.0M 140 0.600 1.19 8.05 6.71 4.5 3.2
3.0M 250 0.680 1.08 15.4 11.3 9.1 1.4

1.0 2 0.550 1.25 8.07 7.33 4.2 3.6
1.5 45 0.575 1.20 110 95.6 56 0.26
2.0 140 0.600 1.19 329 274 180 0.081
3.0 250 0.680 1.08 458 336 220 0.06

the stellar evolution code had no problem to compute through this phase. All
models were computed into the thermally pulsing AGB stage. During this phase,
the CO-core already cools significantly (Fig. 1), and, as we shall see below, the
white dwarf angular momentum is already well determined. Throughout the
evolution of all models, stellar wind mass loss mass was included, but was found
not to be relevant for the purpose of this work (cf. Fig. 2). In particular, the
choice of the AGB mass loss rates does not affect our results significantly. The
calculations were stopped after at least five and at most 28 thermal pulses.

The final CO-core masses of the stellar models are close to the correspond-
ing white dwarf mass according to the initial-final mass relation of Weidemann
(2000). As the final CO-core masses in the models are somewhat uncertain due
to the unknown efficiency of the 3rd dredge-up, and as the models do not reach
the end of the TP-AGB evolution, the corresponding masses from Weidemann
(2000) were assumed as the final white dwarf masses of the model sequences.
Since during the TP-AGB phase, the total core angular momentum remains
constant (even if the core still grows a bit), the core angular momentum of the
final stellar model was adopted as the white dwarf total angular momentum.
The final white dwarf spin was then computed assuming rigid rotation and a
white dwarf radius according to the mass-radius relation of Hamada & Salpeter
(1961).

Fig. 3 displays integrated angular momentum profiles of the computed 1M⊙

and 3M⊙ sequences from Suijs et al. (2006). It shows that a) the major change
in the core angular momentum occurs during the red giant stage, b) the core
angular momentum during the TP-AGB stage is constant (the number of ther-
mal pulses computed for the 3M⊙ models was about 30), and most importantly
c) the magnetic torques lead to a much smaller final core angular momentum,
compared to the non-magnetic models (see also Table 1).
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Figure 4. Average specific white dwarf (Suijs et al. 2006) or neutron star
(Heger et al. 2005) angular momentum from stellar evolution models with
(red) and without (blue) magnetic fields (Spruit 2002), for 1M⊙, 1.5M⊙,
2M⊙, and 3M⊙ stars (Suijs et al. 2006), and for 15M⊙ models of Heger et al.
(2005). Over-plotted are observational constraints as follows. The horizontal
dashed line corresponds to the spectroscopic upper rotation limit of non-
magnetic white dwarfs from Berger et al. (2005). Star symbols correspond to
mass and rotation measurements in ZZ Ceti stars (Kawaler 2004, and other
references; smaller symbols have larger error bars). The dashed area marks
the location of magnetic white dwarfs (Ferrario & Wickramasinghe 2005).
The upper three pentagons mark the three fastest young pulsars, and the
pentagon at the bottom right gives the approximate location of magnetars (a
rotation period of 3s was adopted).

3. Discussion

Fig. 4 puts the obtained results in a wider context. It compares compact object
specific angular momenta computed from the stellar evolution models with and
without magnetic torques to observations, as indicated in the figure caption.

Only for the 1M⊙ case, the internal magnetic torques make little difference
to the final white dwarf spin. The reason is that indeed the star was assumed to
have slowed down very early in its evolution, consistent with the idea of external
magnetic torques due to magnetic solar-type winds (“magnetic braking”). For
all other masses, the compact remnants from the non-magnetic models spin
much faster than those from the magnetic models, similarly for white dwarfs
and neutron stars.
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The spins from the non-magnetic models clearly violate observational con-
straints, again for white dwarfs and neutron stars in a comparable way. The
internal magnetic torques improve the situation appreciably: in the neutron
star range, and perhaps in the initial mass range of magnetic white dwarfs, the
models form an upper envelope to the observations — with very slow rotators,
i.e. slow magnetic white dwarfs and magnetars, clearly requiring an additional
braking mechanism. In the initial mass range 1M⊙ . . . 3M⊙, pulsating white
dwarfs seem to indicate that the spins from the magnetic stellar models may
still be too high by one order of magnitude. Alternatively, a spin-down of rotat-
ing white dwarfs analogous to that of pulsars might be required.

One may ask where the long gamma-ray bursts fit in, i.e. collapsars which
form black holes with specific angular momenta of more than 1016 cm2 s−1. Ac-
cording to recent stellar evolution models, those may indeed form in massive
single stars, but only at low metallicity (Yoon & Langer 2005a; Yoon et al.
2006). Furthermore, the compact object spin in binaries may deviate consider-
ably from those in single stars of comparable mass (Langer et al. 2004). This
is in particular true for accreting white dwarfs in binary systems, i.e., CVs and
type Ia supernova progenitors (Yoon & Langer 2004, 2005b). Fig. 4 may there-
fore only represent the situation in single stars of roughly solar metallicity.
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