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Abstract. Landstreet & Mathys (2000) have discovered that almost all the magnetic Ap stars having rotation
periods longer than about one month have their magnetic and rotation axes fairly closely aligned, in contrast to
the more common magnetic Ap stars of shorter period, in which the two axes are usually inclined to one another
at a large angle. Furthermore, as shown earlier by Mathys et al. (1997) and by Hubrig et al. (2000), these most
slowly rotating magnetic Ap stars have also magnetic fields several times larger than are typical for shorter period
magnetic Ap stars, and generally have masses below 3 Mg. In this paper, we present calculations to show that
the observed axial alignment in the slowest rotators may have arisen during the pre-main sequence (PMS) phase,
when stars of a few solar masses are observed as Herbig Ae/Be stars. During the PMS phase, a star is expected
to exchange angular momentum with a disk and with a stellar wind. As shown by Stepieri (2000), a disk around
a PMS magnetic Ap star tends to lock the rotation rate at a few days, while mass loss in the absence of a disk
is able to slow the star to quite long periods. We argue that is it plausible to assume that the fraction of the
PMS phase during which a disk persists depends on the orientation of the field axis to the plane of the disk, and
that disk dissipation may have occurred more quickly in magnetic stars with aligned magnetic and rotation axes
than in stars in which the angle between these axes is large. In this case, the magnetic Ap stars with aligned
rotation and magnetic axes, especially those with large fields, could lose much more angular momentum than the
stars of large obliquity. However, it is also shown that loss of nearly all the angular momentum is only possible
for stars with masses below about 3 My (and with relatively large fields); for higher masses the available time is
too short. Our model thus provides a reasonable explanation for all of the principle observational facts about the

very slowly rotating magnetic Ap stars.
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1. Introduction

It has been known for a long time that the magnetic Ap
and Bp stars rotate substantially more slowly than nor-
mal stars of the same spectral type (Abt 1979; Wolff 1981;
Abt & Morrell 1995). Stepieri (2000, henceforth KS) has
recently shown that the slow rotation of magnetic Ap and
Bp stars can be accounted for by processes occurring dur-
ing the pre-main sequence (PMS) phase of stellar evo-
lution. He studied a model of the PMS spin down of a
magnetic star which includes accretion of stellar material
along the magnetic field lines from an accretion disk, a
magnetically coupled interaction between the stellar field
and the circumstellar disk, and the effect of stellar mass
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loss through a magnetized wind. Evolutionary changes of
the stellar moment of inertia are included. KS demon-
strated that for typically observed values of the accretion
rate and mass loss rate due to a wind, significant spin
down of a star in the PMS phase occurs provided the star
possesses a strong enough magnetic field. The calculated
ZAMS rotation periods of the magnetic stars were several
times longer than those of normal, non-magnetic stars, as-
suming the conservation of angular momentum (AM) for
the non-magnetic stars.

There exists a group of very slow rotators among
Ap stars with the rotation periods of the order of months,
years or even tens of years (Mathys et al. 1997). They
are too numerous to belong to a slow rotation tail of a
single rotation distribution of all magnetic stars (Preston
1970). KS suggested that their rotation periods can be a
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result of a special combination of circumstances during
the PMS phase. On the PMS spindown model, very slow
rotation is only possible for a star that possesses several
characteristics. The star must (a) have a relatively low
mass, so that its PMS life time is sufficiently long; (b) it
must have a strong magnetic field with a surface intensity
of several kilogauss; and (c) it is essential that the ac-
cretion disk disappear part way through the PMS phase,
while the magnetized wind must continue to operate af-
terwards for a long enough time.

The theoretical requirements of the PMS spindown
model appear to be broadly consistent with observations
of the known very slowly rotating magnetic Ap stars. The
largest list of magnetic stars of long period is probably
that of Mathys et al. (1997), which lists 29 stars for which
periods longer than 25 days are established or probable.
Of these, 12 are given definite periods there, five more
have periods in Landstreet & Mathys (2000), and 12 still
have uncertain (but almost certainly long) periods. One
new long-period star (HD 51684) is added to this list by
Landstreet & Mathys. Of these 30 stars, 14 are discussed
by Hubrig et al. (2000), where masses are estimated from
photometric temperatures and Hipparcos distances.

All of the long-period magnetic Ap stars studied by
Hubrig et al. have masses of less than 3.0 My (and effec-
tive temperatures below 11000 K). Of the 16 long-period
stars not examined by Hubrig et al., the three hottest (and
thus probably highest mass) stars, based on spectral types
of B8p, BIp, or AOp, are HD 93507, 114897, and 200311.
Their parameters can be derived from the Geneva pho-
tometry, together with the Hipparcos parallaxes and the
evolutionary tracks given by Schaller et al. (1992). One
gets the temperature 9800 K and mass 2.6-2.9 My for
HD 93507, 11100 K and 2.7-3.3 Mg for HD 144897 (the
higher masses are obtained with the Lutz-Kelder correc-
tion included), and 13300 K and 3.4 My (without the
LK correction) for HD 200311 1. The temperature derived
from Geneva photometry for HD 200311 is consistent with
T = 12000 K as estimated by Mégessier (1988) or 13000 K
as estimated by Sokolov (1998). Thus even the hottest
known slow rotator, HD 200311, appears to have a mass
of less than 4 M.

Similarly, the magnetic fields of the slowest rotators
are clearly almost always unusually large. The mean val-
ues of the observed surface field strengths of the slow ro-
tators are tabulated by Mathys et al. (1997). These range
from 2.8 to 12.7 kG, with a median value of about 5 kG.
(The hottest of the long-period Ap stars, HD 200311, has
a mean surface field of 8.7 kG, even larger than the median
for the sample.) In contrast, for a sample of nearby nor-
mally rotating magnetic Ap stars discussed by Bohlender
& Landstreet (1990), in which the surface fields are not
measurable because of rotational line broadening, the me-
dian value of the rms longitudinal fields is about 300 G,
corresponding to a surface field of about 1 kG. The fields
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of the slow rotators thus appear to be typically larger than
those of more rapidly rotating Ap stars by a typical factor
of about five.

A recent analysis by Landstreet & Mathys (2000) of
the extensive set of measurements of several magnetic field
moments for a number of magnetic stars resulted in the
unexpected conclusion that almost all the magnetic stars
with rotation periods longer than about four weeks have
the magnetic and rotation axes roughly aligned (the an-
gle § between these two axes is usually smaller than 20°),
unlike the short period magnetic Ap stars in which the
inclination of one axis with respect to the other is usually
large (6 ~ 60° or more).

The interaction of the stellar magnetic field with the
circumstellar matter in the model of KS did not depend
on the orientation of the field relative to the stellar ro-
tation axis (which was assumed to be the symmetry axis
of the disk). The lifetime of the disk was a free parame-
ter. A relatively short lifetime was assumed for the very
slowly rotating Ap stars to let the wind brake the stellar
rotation to the observed values. For disks existing during
the whole PMS phase, the resulting ZAMS periods could
reach, at most, a few weeks.

In the present paper, we extend the model discussed
by KS by considering the details of the stellar field-disk
interaction. From our considerations, we argue that the
orientation of the field influences the disk lifetime. In par-
ticular, we argue that disks around the stars with aligned
rotation and magnetic axes should exist for about half
as long as disks around the stars with strongly inclined
axes. As a result, winds efficiently slow down the rota-
tion of aligned (diskless) rotators to the values character-
istic of very slowly rotating stars. Inclined rotators can
preserve disks for a longer time, hence their ZAMS peri-
ods should be, on average, shorter. Thus, the KS model
provides a natural explanation for the observed fact that
almost all the most slowly rotating magnetic Ap stars
have small inclination angles between the rotation and
magnetic axes. It is assumed here that the inclination of
the field to the rotation axis is approximately constant
through the PMS and MS phases, so that presently ob-
served small inclination angles imply small inclinations
during the PMS phase. Possible mechanisms for evolution-
ary changes in inclination angle were discussed by Moss
(1990). As his results show, the time scale required for a
significant change of the inclination is of the order of the
MS lifetime of a star. Furthermore, in the plausible case of
a predominantly poloidal internal field, the inclination an-
gle should increase with time. These two results suggest
that it is reasonable to assume that presently observed
small inclinations imply small inclination angles during
the PMS phase.

In Sect. 2 the model of AM loss developed by KS is
briefly presented with a modification concerning the con-
servation of the magnetic field. Section 3 describes the de-
tails of the stellar field-disk interaction, following Goodson
et al. (1997, 1999). It is argued that the rate of remov-
ing matter from the disk depends on the orientation of
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the stellar magnetic field. The results of computations
of AM evolution of intermediate mass stars under the as-
sumption that the disk exists during the whole PMS phase
in strongly inclined rotators and that it exists during only
half of the PMS phase in aligned rotators, with a wind
operating for the rest of the PMS phase, are presented
in Sect. 4. The newest data on variations of the stellar
radius and moment of inertia during the PMS evolution,
published by Siess et al. (2000) were used. The main con-
clusions are presented and discussed in Sect. 5.

2. Model for AM evolution of a PMS stars
with a fossil magnetic field

The angular velocity of a star possessing a magnetic field
changes during the PMS evolution due to the accretion
of matter along the magnetic field lines, due to a mag-
netized stellar wind, due to the interaction of the stellar
field with the disk and also because of the change of the
stellar moment of inertia. The first three interactions can
be described as torques exerted on the star. A more de-
tailed discussion of the torques is given in KS, so here
only a brief resumé will be given together with a detailed
description of the modifications introduced.

An expression for the disk torque was given by
Armitage & Clarke (1996). We assume, as in KS, that
the radius of the magnetosphere (= inner radius of the
disk) is equal to the co-rotation radius at which Keplerian
angular velocity is equal to stellar angular velocity. The
resulting relation for the torque is

2 2
_BY 1)

3GM
where u = Bt R? is the magnetic moment of the stellar
magnetic field, and w is the stellar angular velocity. KS as-
sumed that the fossil magnetic field of an Ap star results
in p = const. Here we prefer an assumption of a constancy
of the total stellar magnetic flux, i.e. ¢ = B.urtR? = const
(note that, keeping analogy with the definition of ,
a 7 factor is omitted here). We replace p with ¢R in the
above equation. The disk torque does not depend on mass
of the disk as long as the mass exceeds a certain limiting
value (Armitage & Clarke 1996; Cameron et al. 1995). It
is assumed here that the disk mass fulfills this condition.

The equation for torque due to accretion was derived
by KS assuming that all the AM carried with matter mov-
ing from the magnetospheric radius to the stellar surface
adds to the stellar AM. In fact this is an overestimate of
the AM gain because only a difference between AM of the
accreted matter and the stellar surface matter is added to
the stellar AM. For slowly rotating stars with relatively
strong magnetic field the radius of the magnetosphere is
much larger than the stellar radius so this approximation
is justified but it is easy to add the term correcting the
deposited AM for the specific AM of the stellar matter.
The resulting equation for the torque is

(GM)z/BMacc
w1/3

Taisk =

Toce = - WMaccR2a (2)
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where Macc denotes the accretion rate. The second term
should be multiplied by the sine of the polar angle at which
the accreted matter is deposited. We assume that the mat-
ter is deposited not far from the equator and we drop that
factor.

To calculate the torque due to mass loss, we assume
that the wind velocity at the Alfvén surface is equal to
the local escape velocity. Adopting a dipolar geometry for
the magnetic field, one obtains from the formula (9) in
Stepien (1995)

wR7/5¢4/5M3/5

wind

3(2GM)1/5

Twind - — (3)
where Mwind is the mass loss rate via the magnetized wind.

The final equation for the evolution of the stellar an-
gular velocity is

do _ (GM)*PMuee _ ¢* R
ar = Jwl/3 3IGM
_WRTPGUINL MR wdl (4)
31(2GM)1/3 d far-

where I = k2M R? is the stellar moment of inertia with k2
a radius of gyration.

3. Magnetic field-disk interaction and the life
time of the disk

The model presented in the previous section assumes a
stationary interaction of the stellar magnetic field with
the disk. A closer examination of this interaction indi-
cates that this interaction is more likely to consist of sep-
arate episodes during which the magnetic field becomes
increasingly distorted due to a difference in the rotation
rate of the star and the inner part of the disk threaded
by the field. The distorted field expands and a reconnec-
tion occurs (Lovelace et al. 1995). A plasmoid filled with
disk matter moves outwards. At the same time the inner
edge of the disk moves towards the star beyond the co-
rotation radius, and the reconnected stellar field drains
matter from within the co-rotation radius onto the star.
The process repeats at a rate determined by the rate of
distortion of the magnetic field, i.e. by the rate of increase
of its azimuthal component. When the ratio of this com-
ponent to the vertical component exceeds a critical value,
the reconnection occurs (Lovelace et al. 1995; Goodson
et al. 1997).

Goodson et al. (1999) and Goodson & Winglee (1999)
carried out detailed calculations for an aligned dipole, a
system with axial symmetry. For a particular choice of
the involved parameters, they were able to obtain the fre-
quency of the occurrence of the reconnection events and
the amount of matter accreted by the star and expelled
into space. The two latter figures turned out to be compa-
rable with one another. Because the expelled matter also
carries away disk AM, a self-regulating mechanism of the
AM transport exists in the disk: a higher mass loss rate
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means a higher AM loss rate which acts similarly to the
increase of the disk diffusivity. In other words, the disk
reacts to the higher demand with a higher supply.

Axial symmetry is lost for an inclined dipole. The plas-
moids will not have a simple form of torii because the
stellar magnetic field will be distorted at a different rate,
depending on the azimuthal angle. Close to the plane S
containing the dipole axis and perpendicular to the disk
plane field lines are perpendicular to the disk plane and
the rate of the increase of the toroidal component will be
essentially the same as in the case of an aligned dipole. Far
from the plane S, the field lines are inclined to the disk. In
this case only the component of the disk flow perpendicu-
lar to the local force line will contribute to its distortion.
As a result, the toroidal component of the magnetic field
will increase more slowly, and it will need more time to
reach the critical value for which reconnection occurs. We
can expect now several isolated, local reconnection events,
occuring with frequencies determined by the local inclina-
tion of the dipole field lines. The dipole magnetic line is
inclined to the disk at an angle 90° — 3. If the interval
of time between two consecutive reconnection events is tg
for the aligned dipole, we can assume that it is the same
close to the plane S but is of the order of ¢y/ cos 3 at the
location 90° from the plane S. The efficiency of removing
matter and AM from the disk will decrease from its max-
imum value on S to this value multiplied by cos 3 at the
location 90° from S. For 8 = 90 (the magnetic field axis
in the plane of the disk) the efficiency will vary smoothly
between its maximum value at S and zero. The average
value over the azimuthal angle will then be of the order
of 0.5 of the maximum efficiency.

We see that the aligned rotator removes matter from
the disc about two times more efficiently than the per-
pendicular rotator. For a given disk mass that means that
disks around aligned rotators should have lifetimes about
two times shorter than around perpendicular, or strongly
inclined rotators. That means, in turn, that winds, on
average, have much more time to operate, in the ab-
sence of the disk, on aligned rotators. As a result, the
aligned rotators should have, on average, substantially
longer ZAMS rotation periods, and may reach very long
periods. In the next section we will demonstrate that de-
tailed computations confirm this picture. First the input
data appropriate for Ap stars and then the results of the
detailed computations will be presented.

4. Input parameters and the results
4.1. Input parameters

It is generally accepted that Herbig AeBe stars are the
progenitors of the intermediate mass stars. They are sur-
rounded by disks, and show the presence of intense accre-
tion and stellar outflows. Accretion rates, determined for
Herbig AeBe stars of the masses considered here fall in
the range 1078—1075 Mg yr~! (Hillenbrand et al. 1992),
but there exist several apparently disk-less stars, which
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indicates that disks may be present during only a part of
the PMS life (de Winter et al. 1997). The estimated mass
loss rate of Herbig AeBe stars due to a stellar wind is
of the order of 1078 Mg, yr~! (Catala 1989; Palla 1991).
Because the intensity of the stellar magnetic field and the
lifetime of the disk are primary parameters influencing the
ZAMS rotation periods of the magnetic stars, we will not
vary accretion rates and mass loss rates due to a stellar
wind, although one should remember that the quantitative
results depend also on these rates.

Besides the lifetime of the disk, the main parameter
needed to solve the problem is the strength of the stellar
surface magnetic field. As in KS the standard unit of the
magnetic field is taken as value equivalent to a 1 kG field
on the surface of a 2 Rg star. The magnetic flux of such
a field is equal to 1.9 x 10%° in cgs units. Note, however,
that, contrary to the assumption made by KS that the
magnetic field varies as B3, the assumption of the con-
stant magnetic flux requires that the field varies as R~2.

Detailed models of PMS stars of intermediate mass
were computed by Iben (1965), by Palla & Stahler (1993)
and very recently by Siess et al. (2000). The latest models
show that the PMS phase of these stars lasts somewhat
longer that in models obtained by Palla & Stahler (1993)
but not as long as in computations by Iben (1965). Siess
et al. (2000) made available on Internet very detailed ta-
bles of several stellar parameters as functions of time, in-
cluding the stellar radius and moment of inertia. These
data are used throughout this paper.

The computations of PMS evolution obtained by Siess
et al. (2000) start very early, when the star is still within a
protostellar cloud. The initial time for the present calcu-
lations was adopted as the moment when the star crosses
the stellar birth line (Palla & Stahler 1993). Stars with
masses of 3 and 3.5 Mg cross the line twice, so the second
time was taken as the initial time. The particular choice of
this moment does not influence the main results. Detailed
stellar input parameters were taken from Siess et al. (2000)
and are given in Table 1.

To allow for changes of the relative importance of the
three processes changing stellar AM and described by the
first three terms on the right hand side of Eq. (4), effi-
ciency factors were introduced, defined in the same way
as in KS

Macc = kace ¥ 1078 M@/year,
¢ = Kkmag % 1.9 x 10%, (5)
Mwind = Kwind X 1078 M@/year.

These parameters can be regarded as direct measures of
the respective parameters entering Eq. (4), €. g. kace = 10
corresponds to the accretion rate My = 1077 Mg yr—,
or kmag = 0.1 to a surface magnetic field of 100 G on the
surface of a 2 R star. The surface intensity of the stellar
magnetic field on a star with radius R can be calculated

from the following formula

4000k mag

ol = (RRe? O ©)
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Table 1. Stellar input parameters.
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M to
(Mo)  (years)

tzAaMs
(years)

Ro
(Ro)

Izams
(Mo R2)

Rzams 1o
(Ro)  (MoRZ)

4.7 x 107
2.4 x 107
1.4 x 107
8.7 x 10°
6.1 x 10°

1.5 1.0 x 10°
2.0 1.1 x 10°
2.5 3.3 x 10°
3.0 2.04 x 10°
3.5 1.4 x 10°

3.10
3.48
4.30
5.54
6.71

0.13
0.23
0.39
0.59
0.87

1.44 2.85
1.62 4.72
1.81 1.84
2.00 3.95
2.19 6.91

The three coefficients will be used in the form of a “vector”
[kaccs kmag and kwina] when discussing different solutions.

Equation (4) was solved using a 4th order Runge-
Kutta method, with interpolated values of the stellar ra-
dius, the moment of inertia and its derivative calculated
from the tables provided by Siess et al. (2000) using cu-
bic spline interpolation (Press et al. 1986). Rigid rotation
was adopted, following the assumption that the primordial
magnetic field is able to enforce it.

The results of computations will be compared with pe-
riods resulting from conservation of AM, henceforth called
“normal”. These periods do not correspond exactly to pe-
riods of non-magnetic stars undergoing the same PMS evo-
lution because disk accretion also spins up a non-magnetic
star. The spin up via a boundary layer is, however, usually
considerably less efficient than in case of magnetospheric
accretion, and is not described correctly by the accretion
term in Eq. (4). Comparison of the observed vsini values
of Herbig AeBe stars with those of their young counter-
parts on the MS showed that, depending on the degree
of AM mixing inside the stars, the two groups have iden-
tical or not very different AM (Bohm & Catala 1995).
Errors connected with neglecting any AM change of non-
magnetic stars should therefore be much less than the dif-
ference between the ZAMS rotation period of a normal
and a magnetic Ap star.

4.2. Results

It was demonstrated by KS that each of the mechanisms
influencing the stellar AM tends to produce a uniform ro-
tation, independent of the initial value of the rotation pe-
riod. Our computations confirmed this behavior. Because
of this result we will consider only one value of the initial
period, equal to 5 days.

While the quantitative results depend on all three effi-
ciency factors k, the dependence on the accretion rate and
the wind mass loss is of the secondary importance for mag-
netic stars. The ZAMS period of a star depends primarily
on the strength of its magnetic field, assuming the disk
persists the whole ZAMS phase or, in case it disappears
earlier, the wind disappears simultaneously with it. We fix
therefore the value of the accretion rate at 1078 Mg yr—!
(corresponding to kacc = 1) and the wind mass loss also
at 1078 Mg yr~! (corresponding again to Kying = 1).
We also assume the basic value of knag = 5 as a typical
value for a star with strong magnetic field. It corresponds

M=15[15,1]

P, (days)

-1 | N N N P | N N N P
10° 10 10
age (years)

Fig.1. The importance of the wind in the absence of disk
is illustrated for a 1.5 Mg PMS star. For standard values of
the parameters, a disk locks the star to a rotation period of
about 10 d (long-dashed line), about 40 times longer than in
the non-magnetic case (solid line). If the disk persists to the
ZAMS, the period remains at about 10 d (dotted line). If the
disk disappears while the wind remains, the rotation period
rises to very large values (short-dashed line).

approximately to 5 kG field (depending on the exact value
of the stellar radius) on the surface of a ZAMS star. We
will consider the parameter set with kyce = 1, kmag = 5
and kwinda = 1, i.e. [1, 5, 1], to be our standard set.
Figure 1 demonstrates the importance of the existence
of a wind in the absence of the disk. Here, the rotation
period evolution is shown for a 1.5 M, star with the stan-
dard set of efficiency factors. A dotted line corresponds
to the case when the disk exists the entire PMS phase.
The ZAMS rotation period is equal to about 10 days,
i.e. 40 times longer than in the non-magnetic case, when
the AM is conserved (a solid line — the ZAMS period
is 0.23 day). A dashed line corresponds to a situation when
the disk disappears after the first half of the stellar PMS
life but the wind operates till ZAMS. The resulting rota-
tion period is very long — in fact its value is a high power
of ten. Even with the magnetic field decreased by a fac-
tor of two and the wind mass loss by a factor of ten the
ZAMS period in the case of the wind operating on the
disk-less star of this mass produces a very long ZAMS
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M=35 [1,5, 1]
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Fig. 2. The wind becomes unimportant for massive stars. The
evolution of the rotation period is shown for a 3.5 Mg star. As
in the previous figure, the disk locks the star into a rotation
period of several days (dot-dash line) which becomes the ZAMS
period if the disk is present throughout the PMS phase (dotted
line). If the disk vanishes half-way through the PMS lifetime,
the period only has time to increase by a little more than a
factor of two (long-dash line). Again, the non-magnetic star
reaches a much shorter rotation period than the magnetic star
(solid line).

period of the order of 70 years. In the presence of the
strong magnetic field, the disk locks the stellar rotation
period to a sort of equilibrium value which remains con-
stant as long as the disk exists. If the disk disappears, but
the wind persists, the wind efficiently brakes the star. The
resulting rotation period depends on the ratio of the wind
timescale for slowing down to the stellar PMS timescale.
The wind timescale is of the order of 3 x 10° years for
the 1.5 Mg (see Eq. (4)), but it increases quite rapidly,
to about 2 x 10° years for a 3.5 My, mainly due to the
increase of the moment of inertia with increasing mass
(Table 1). The PMS lifetime decreases with increasing
mass: it is about 4.6 x 107 years for the 1.5 M, i.e. two or-
ders of magnitude longer than the the wind timescale, but
it is 6 x 108 years for the 3.5 Mg, which is merely 3 times
more than the wind timescale for this star. Figure 2 shows
that the wind is, indeed, inefficient in the case of this more
massive star. If the disk disappears after the first half of
the PMS lifetime but the wind operates for the rest of
the PMS phase, the ZAMS period is equal to 17 days i.e.
only 2.5 times more than in the case in which the disk
exists during the whole PMS phase. A star of such a high
mass cannot reach a very long rotation period of the order
of years.

The results of similar computations for all the stel-
lar masses considered are given in Fig. 3. A solid line
shows the dependence of the ZAMS rotation period on
stellar mass for the situation when the disk is switched off
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Fig. 3. The ZAMS period achieved as a function of stellar mass
for models with the standard parameter set, for the case in
which the disk disappears after half the PMS lifetime (solid
line) and for the case in which the disk remains throughout
the PMS evolution (dotted line).

after the first half of the stellar PMS life and the wind
persists till ZAMS. The standard set of efficiency factors
was used. A dotted line shows the ZAMS period when
the disk persists for the whole PMS phase. We see a very
rapid decrease of the period resulting from the operation
of the wind alone with increasing mass. For masses ex-
ceeding 2.5-3 My the longest expected period is at most
of the order of a few weeks. We draw the conclusion that
only less massive stars can attain very long rotation peri-
ods, whereas we should not see slowly rotating stars with
masses above about 3 Mg. A precise value for the limit-
ing mass of slow rotators may vary with detailed values for
some of the parameters considered, but it should not be
much different from our estimate because it is a result of
the crossing of two functions strongly dependent on mass:
one is the PMS lifetime, steeply decreasing with increas-
ing mass and the other is the wind slow down timescale,
steeply increasing with increasing mass. The first function
is completely independent of our model, whereas the sec-
ond depends relatively weakly on the parameters of the
present model and its strong dependence on mass is the
result of the fact that the stellar moment of inertia varies
strongly with mass (Table 1).

The observed magnetic field varies substantially from
one Ap star to another. It is interesting to see how the
ZAMS period depends on its particular value. As an ex-
ample, Fig. 4 shows the dependence of the ZAMS rotation
period on the intensity of the stellar magnetic field for
a 2.5 Mg star. Dashed lines describe the evolution of the
rotation period when the disk exists the whole PMS phase
and dotted lines correspond to the situation when the
wind operates on a disk-less star for the last half of the
stellar PMS life. Values of kmae, shown in the figure,
describe the curves in the same order, from the top to
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Fig.4. The ZAMS rotation period depends on the intensity
of the stellar magnetic field. For a 2.5 M model, the period
evolution is shown for several values of the magnetic param-
eter kmag (from top to bottom, 9, 5, 3, and 1) in the case of
the disk persisting (dot-dash then long-dash lines) and in the
case of the disk vanishing after half the PMS lifetime (dot-dash
then dotted lines). Again the non-magnetic model (solid line)
evolves to a much shorter period.

bottom. For comparison a non-magnetic case is shown
as a solid line. The ZAMS period corresponding to this
curve is equal to about 1 day. As expected, the ZAMS ro-
tation period increases with an increase of the magnetic
field but, again, with the disk existing during the whole
PMS phase the longest expected periods are of the order
of one or two weeks, even for strong magnetic fields. A
very slow rotation can be attained only with the wind in
the absence of disk. A somewhat puzzling aspect of the
observations in this connection has been noted by Mathys
et al. (1997), who point out that about half the long-period
magnetic Ap stars with periods shorter than 150 d have
average values of the mean surface field in excess of 7.5 kG,
while none of the slowest rotators do.

5. Discussion and conclusions

We may summarize our results as follows. We are try-
ing to understand the origin of the small population of
magnetic Ap stars which have very long rotation periods
(longer than about 25 d), and thus unusually small specific
angular momentum, both with respect to normal A and
B stars, and with respect to the large majority of mag-
netic Ap stars with periods in the range of 0.5-25 d. The
properties of these very slowly rotating magnetic Ap stars
that are relevant are the following;:

— These stars have magnetic fields which are typically
several times larger than are found in more rapidly
rotating magnetic Ap stars.
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— The very slowly rotating magnetic Ap stars have mag-
netic field structures in which the dipolar axis is typi-
cally aligned to within about 20° of the rotation axis,
in complete contrast to the situation for the great ma-
jority of magnetic Ap stars, in which the two axes are
usually 60° or more apart.

— The known very slow rotators virtually all have masses
below 3 M. None of the numerous more massive mag-
netic B stars have periods of more than a few weeks
(see e.g. Bohlender et al. 1993).

As discussed in more detail in KS, the evidence is fairly
clear that magnetic Ap stars achieve their unusually low
specific angular momentum (with respect to normal A
and B stars) prior to the main sequence stage. Probably
the strongest evidence for this is the fact that the angu-
lar momentum distribution of young magnetic Ap stars is
similar to that of older ones. Furthermore, a wind strong
enough to carry off most of the stellar angular momentum
during the main sequence phase would overwhelm diffu-
sion, leading to spectral normality; but there is no evi-
dence of global magnetic fields in any normal A or B stars
(Landstreet 1982; Shorlin et al. 2002) with the exception
of one magnetic Be star, 8 Cep (Donati et al. 2001). We
thus place the epoch of angular momentum loss prior to
the arrival on the ZAMS. The fact that magnetic Ap stars
form in clusters along with stars of normal specific angu-
lar momentum indicates that the origin of slow and very
slow rotation is not in the angular momentum of the par-
ent cloud, but something specific to individual stars. This
leads us to consider mechanisms that may occur during
the PMS phase (the Herbig Ae/Be stage), which is ob-
servationally characterized by the presence of disks and
winds.

Previous computations carried out by KS have shown
that if a disk is present around a PMS magnetic star right
up until it reaches the ZAMS (and the wind dies away), the
rotation of the star is locked into a period of a few days,
as is observed for the great majority of magnetic Ap stars.
In order to lose most of its remaining angular momentum,
a star must lose its disk but continue to have a magneti-
cally coupled wind for about another 107 yr or more. This
suggests that the difference between the common slowly
rotating magnetic Ap stars and the very slowly rotating
ones may be a difference in the time required to dissipate
the disk. The fact that these two categories of stars have
quite different magnetic configurations suggests that the
time required for disk dissipation may be a function of
magnetic field structure.

If we make the assumption (justified in Sect. 2 above)
that disk dissipation occurs in about half the PMS con-
traction time in stars in which the field and rotation axis
are aligned, but requires nearly the full PMS phase in
stars with large field inclinations, our model calculation
indicates that indeed very long periods may be reached
by aligned magnetic rotators. However, these long periods
can only be achieved by stars whose masses do not signifi-
cantly exceed 3 M; in more massive stars the wind torque
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is not high enough to slow the stars to such long periods
in the available PMS timescale. Furthermore, the slowing
is expected to depend reasonably strongly on the global
magnetic field strength; it is not at all surprising that the
observed very slow rotators have fields that are typically
several times larger than the median field found in more
rapidly rotating magnetic Ap stars. Thus, simple, plausi-
ble assumptions about how angular momentum loss occurs
in PMS stars, and how this process depends on field struc-
ture, are sufficient to account for all the salient features of
the very slowly rotating sample of magnetic Ap stars.

Direct tests of this theory through observations of
PMS stars are not yet possible. Although a large num-
ber of PMS A and B stars (Herbig Ae/Be stars) are
known, little is yet known observationally about the oc-
currences of magnetism in such stars. A search for mag-
netic fields among Herbig Ae/Be stars, carried out by
Glagolevskij & Choutonov (1998), brought null results
within the accuracy of measurements but Donati et al.
(1997) report a detection of a field in HD 104237; see
also http://webast.ast.obs-mip.fr/people/donati/
field.html). A considerably larger sample of field de-
tections in PMS stars will be needed before we can obser-
vationally determine whether disk longevity is related to
magnetic obliquity, as we postulate.
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