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Abstract. Some theoretical problems associated with the presence of large-scale magnetic fields
in A stars are reviewed. Possible implications of some recent theoretical and observational results
are discussed, with particular attention to the survival of fields from the ISM and their long-
term stability. A more coherent picture of the origin of the strong large-scale fields seen in the
magnetic CP stars may be beginning to emerge.
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1. Introduction

After several decades of effort by astrophysicists, the strong large-scale magnetic fields
seen in a minority of near-Main Sequence A-stars continue to present a number of prob-
lems. Although this paper (as the meeting) explicitly addresses A-type stars, most of
what I write will apply also to the fields of the magnetic Bp stars, i.e., to all the mag-
netic CP stars. In this short paper I will not attempt to give yet another comprehensive
review of the current situation (but see, e.g., Mestel 2003a,b, Moss 2001, 2003a for recent
accounts), but rather I will focus on a few issues where I feel that some progress has been
made in the last year or two.

A rather personal viewpoint leads to the following:

‘Fundamental problems’

e *Origin of large-scale fields.

e The evolutionary status of the magnetic A-stars.

e *The long-term stability and survival of large-scale magnetic fields in stars.

e The ‘10%’ problem, why are only about 10% of Main Sequence A-stars observably
magnetic?

‘Second tier problems’

e *The striking difference in distributions of the obliquity angle between the rotational
and magnetic axes between slower and faster rotators (Landstreet & Mathys 2000).

e Why do apparently similar stars sometimes have quite different magnetic properties
(including, e.g., close binary systems where both members are A stars)? Perhaps this is
really part of the ‘10% problem’ mentioned above.

‘Third tier’

e The relatively slow rotation (as a class) of the magnetic A stars, Stepien (2000)
suggests a plausible scenario involving the interaction of the field with a protostellar
disc.

e The compositional anomalies and their relationship to the magnetic fields. An as-
sociated question, sharpened now by Auriere et al. (2004), is that all Ap and Bp stars
appear to have surface fields in excess of about 100 G, and that no normal A stars are
seen with fields < 100 G (down to the observational limit of O(10) G.

e The roAp phenomenon.

This is not intended to suggest any hierarchy of interest or difficulty, rather some sort
of structuring, filtered by my personal interests. Below, I will concentrate mostly on the
items above that are preceeded by an asterisk.
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2. Origin of the fields

The longstanding debate between fossil and dynamo origins of the fields is still unde-
termined, although the possibility of a ‘hybrid’ field, essentially a relic from a pre-Main
Sequence dynamo, and more recently, a field resulting from a magnetorotational insta-
bility in the radiative envelope (Riidiger et al. 2001, Arlt et al. 2005) have also been
discussed. (It is of some interest to note that both of the latter would also appear as
fossil relics from an earlier evolutionary phase.) In brief, the convective cores of Main
Sequence A stars appear to be suitable sites for dynamo action. The dynamo theory for
the magnetic A stars suggests that this dynamo generates the field that is observed at
their surfaces. It is certainly to be expected that dynamos do operate in the convective
cores of A stars (e.g., Browning et al. 2005). However, given the overlying deep radia-
tive envelopes, any core-generated dynamo field has to rise passively from the core to
the surface, the rise being mediated by buoyancy, compositional gradients, etc. Whilst
arguments have been made lately that such a mechanism may be relevant in bringing
some field to the surface, especially in stars rather more massive than being considered
here, quite general arguments suggest that fields that are steady in the rotating frame
and have the strength and spatial coherence of the observed fields are unlikely to be
produced in such a manner (see Moss 1989, 2001, also McDonald & Mullan 2004). Also
why all, or nearly all, A stars are not observably magnetic, and the lack of correlation
between magnetic and other properties, in particular angular velocity, remain difficult to
explain with either core-dynamo or envelope magneto-rotational instability theories.

In contrast, the fossil theory proposes that the field seen on these stars on the Main
Sequence is a relic of the field present in the ISM at the time of star formation, and
subsequently amplified during contraction. This allows the ‘initial conditions’ of the ISM
as an additional degree of freedom. There seems little doubt that there is ‘enough’ mag-
netic flux present in the pre-stellar material (see below). Nevertheless, this picture does
encounter various problems, some of which will now be discussed.

Since the work of Hayashi and collaborators in the early 1960s, it has largely been be-
lieved that lower and middle Main Sequence stars initially contract down almost vertical
paths in the Hertzsprung Russell diagram, where they are wholly or largely convective,
see the broken part of the path in the schematic Fig. 1. Kinematically, such turbulence
will distort the field, reducing its length-scale down to something like a diffusion scale,
with consequent field expulsion or decay on a timescale very much shorter than a contrac-
tion time. Dynamically, general arguments and simulations suggest that the turbulence
can concentrate the field into ropes, of strength about or rather larger than the equipar-
tition strength, and these ropes may then be able to resist further shredding and decay.
It can then be argued reasonably plausibly that significant signed flux can survive until
a radiative core begins to form, at which time the flux ropes will become anchored in
a stable region. As this radiative core grows, the field will diffuse to a more uniform
geometry.

Quantification of such a scenario is difficult: it cannot be treated analytically, and it
is still beyond any realistic simulation (the situation may change in the next few years).
Moss (2003a,b) constructed an order of magnitude model to describe the contraction of a
magnetic star down a Hayashi track, concluding that if the survival in strong ropes idea
is valid, more massive stars may be able to retain stronger fields to the Main Sequence
than stars of about solar mass, but with a smooth dependence on mass that is unlike the
turning on of the magnetic CP star phenomenon at M > 2M. The lack of evidence for
a field in the solar radiative core of more than O(1) G argues against the presence of a
significant convective envelope on the Main Sequence being a decisive factor.
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2.1. A more recent view of pre-Main Sequence stellar evolution

Palla & Stahler (1993, see also Marconi & Palla 2005) published a model of pre-Main
Sequence evolution in which more massive stars do not necessarily experience a largely
convective phase. Their initial condition, rather than being an isolated gas sphere which
first found equilibrium at the top of the Hayashi track, was a sphere embedded in an
accreting envelope, such as might be expected from the late stages of the transition from
a more-or-less freely falling gas cloud to a ‘star’ in dynamical equilibrium. Effectively,
this envelope changes the outer boundary condition in such a way that stars of mass more
than about 2My (depending somewhat on choice of parameters) start their contraction
as radiative objects along the almost horizontal part of the evolutionary track (solid
in Fig. 1). Thus they do not experience an episode when they are largely or wholly
convective. Interestingly, this is essentially the ‘Henyey track’, which pre-dated Hayashi’s
work (see, e.g., Schwarzschild 1958).

If this picture is valid, it provides a clear cut distinction between stars with M < 2Mg,
which experience large-scale turbulence and subsequent field destruction, and so do not
appear as strongly magnetic on the Main Sequence, and those with M > 2M, which do
not suffer this field destruction and so can retain their primordial fields. Nevertheless, this
still leaves outstanding problems about the survival of flux from the ISM, especially the
dynamical stability of large-scale field structures, why observed fields are all nonaxisym-
metric (i.e., the field axis and rotation vector are non-parallel), and the 10% problem.
These are all discussed, briefly at least, in the following sections.

3. Nonaxisymmetric fields

In general, the gravitational contraction of an initially rotating gas sphere can be
expected to result in a state of differential rotation. Then, from the winding up of nonax-
isymmetric field lines and the bringing together of field lines of opposite sign, enhanced
decay can be expected to result (Fig. 2). This does not happen to axisymmetric fields,
and so nonaxisymmetric fields are discriminated against (e.g., Radler 1986). This is a
purely kinematic argument. When dynamical effects are taken into account, the pic-
ture may change. The azimuthal stretching of field lines results in an azimuthal compo-
nent of Lorentz force which acts to reduce the differential rotation (e.g., Mestel 2003a).
Thus a strong enough nonaxisymmetric field can survive and dominate differential rota-
tion. Rédler (1986) showed that, ignoring dynamical effects, field winding will be limited
by ohmic dissipation after n. windings, where n. ~ (AQL?/27n)/3, i.e. after a time
tw ~ 2mn./AQ. If a typical dynamical timescale is tp ~ L/va, with va the Alfven ve-
locity, where AS) is an estimate of the variation in angular velocity 2, L a length-scale
for the field and 7 is magnetic diffusivity in units of cm? s™!, then the condition t,, ~ tp
defines a field B, ~ p'/2(Ln(AQ)?)'/3G (Moss 1992). This can be rewritten as

1 Q \i/ R \? n \3 [AQ S /L3
4 2 _ J—
Bervdx 10%p (10(2@) (SR@) (1012) (Q) (R) < (3:1)

and fields in excess of B. can be expected to reduce rotational shear. p is a typical
density (in cm~?) and AQ/€ is an estimate of the fractional differential rotation. Putting
p=10"1gm em™3, AQ/Q =1, L ~ R, n = 10%cm?s™ 1, Q = 100 gives B. ~ 250
G, suggesting that nonaxisymmetric fields of moderate strength might survive and even
control differential rotation. However, strong differential rotation and nonaxisymmetric
fields cannot coexist.

We can make an experiment by ‘rewinding’ a kilogauss field in a Main Sequence star
of about 3Mg back through the pre-Main Sequence contraction. This value of the mean
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Table 1. Mean field strengths < B1 > and < B2 > (defined in text) for a 3Mg star along
its pre-Main Sequence evolutionary path, assuming flux freezing with B o« R™2. Be; is given
by Eq. 3.1, with n = 10%m?s™!, whereas for Beo, n = 102cm?s~! when the star is largely
convective (C), and n = 10°cm?s™" where it is radiative (R). Q = 10Qq, L = R, AQ/Q = 0.1.
All magnetic fields are in G, and the mean density < p > is in cm™

R/Ro <B1> <B2> <p> Ba B

2 (R) 10° 2x10* 05 500 50
“5(R) 160 3.2x10° 0.03 200 20
10 (C) 40 800  0.004 80 800
20 (C) 10 200 0.0005 40 400

field strength, referred to as < B; >, is proportional to R~2 assuming flux conservation,
see Table 1. An alternative viewpoint is to take an estimate of field strength at the top of
the Hayashi track, as suggested by star formation models with approximate flux freezing
after reionization (Desch & Mouschovias 2001, Nakano et al. 2002). Moss (2003b, Table 1)
estimated this to give a field of about 200 G there, although the figure is rather uncertain
(and some flux loss can certainly be expected to occur during the subsequent contraction
process). This field, also proportional to R~2 assuming flux conservation, is denoted by
< By >. Table 1 also lists values B.; and B.s, calculated from Eq. (3.1): By is given
using 7 = 10° cm?s~! throughout, whereas for B.o, n = 102 cm?s™! on the convective
part of the track (R > 5R) and 10°cm?s~! on the radiative part (R < 5Rg). < p > is
a mean density. In this Table, < By > exceeds B 2 everywhere, whereas < By > is of
the order of, or somewhat smaller, than, B.;, and much less than B¢y when R > 5Rg.

Thus it appears that with ‘turbulent’ values of n( > 102 cm?s~1?), the field < By >
is about of the order of magnitude necessary to control differential rotation, so pre-
venting excessive winding and enhanced decay, but that the field < B; > is too small.
Note that < B; > is likely to be something of an underestimate, since some flux loss
is probably unavoidable. But with values of the diffusivity appropriate to a radiative
region (7 < 109), both these fields are large enough to limit differential rotation. Thus
stars whose pre-Main Sequence evolution is completely along a radiative track might be
expected to retain their large-scale nonaxisymmetric fields, with near-uniform rotation.

In passing, note that if large-scale fields of the strength discussed here were to be
present thoughout the radiative part of the pre-Main Sequence star, then the magneto-
rotational instability discussed by Riidiger et al. (2001) and Arlt et al. (2005) would be
inhibited.

4. Dynamical stability of large-scale fields

Since the work of Tayler (1973), Markey & Tayler (1973) and Wright (1973) it has
been known that purely poloidal and purely toroidal fields in stars will be dynamically
unstable. Essentially, poloidal fields near the neutral line, and toroidal fields near their
axis have the topology of the z-pinch, which is subject to the kink instability (see e.g.,
Fig. 1 of Tayler 1973). This instability will reduce field length scales, presumably resulting
in a greatly enhanced dissipation rate. It was shown that that a field topology with
linked poloidal and toroidal field lines has improved stability properties, analogous to
the stabilization of the z-pinch by a longitudinal field. The basic arguments are mostly
simply presented in terms of axisymmetric fields, but the instability depends only on
general properties of the field and its geometry (and is independent of field strength),
and so is not restricted to axisymmetric fields. Rotation, especially when combined with
nonaxisymmetric fields, and finite resistivity are further complicating features (see, e.g.,
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Figure 1. A schematic Hertzsprung Russell diagram, showing the Main Sequence and a
pre-Main Sequence evolutionary track for a star of several solar masses. The largely convec-
tive Hayashi track is shown as a broken curve. According to Palla & Stahler’s work, such a star
would only trace the radiative part of the track, shown as solid.

Pitts & Tayler 1985). Given the difficulties of making further analytic progress it has
been implicitly assumed that stable linked poloidal-toroidal configurations exist and are
commonly found.

Very recently Braithwaite & Spruit (2005) have simulated the dynamical evolution of
the initial fields embedded in gas spheres. They find that dynamically stable magnetic
fields with linked poloidal and toroidal fluxes naturally emerge, providing a very welcome
confirmation for the picture described above, which had been widely accepted as plau-
sible, but had lacked detailed confirmation. Moreover, depending on initial conditions,
the fields may in some cases take about a classical diffusion time of O(10°) yr to reach
the stellar surface (i.e., of order of or longer than the Main Sequence lifetime of A stars).
This last figure is rather uncertain, as computationally some rescaling is necessary, and
there is also a dependence on unknown initial conditions. Further, this timescale might be
shortened by the effects of unconsidered (and uncertain) microinstabilities, which would
lead to an effective enhanced diffusivity. The initial field strength remains a free parame-
ter. Importantly, for these estimates to be relevant in the context of the magnetic A star
problem, it seems that the star must be largely radiative (see Sect. 2.1 above).

5. The angle between the rotation and magnetic axes

Rather unexpectedly, Landstreet & Mathys (2000) found that in the more slowly ro-
tating magnetic CP stars (Pot 2 25 d) the angle 8 between magnetic and rotation axes

is small, whereas when P.o¢ < 25 d it is large, with a significant fraction having g near
90°. The origin of this distinctly nonrandom distribution is quite unclear.

Three mechanisms that could operate to modify an initial S-distribution have been
identified. In an oblique rotator, magnetically controlled stellar winds exert both braking
and precessional torques. Only rather idealized cases have been worked out in detail.
These suggest that 8 — 0° or 90°, depending on the surface field distribution (Mestel &
Selley 1970). This mechanism would have to operate before the arrival of the star on the
Main Sequence.

Mestel et al. (1981) studied the motions resulting from the Eulerian nutation that

occurs when 3 # 0,90°, and deduced that the resulting dissipation of energy would
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Figure 2. Cartoon, showing how an initial field line of small curvature lying perpendicular to
the rotation axis will be wound up by a differential rotation, so that fields of opposite sense are
brought close together, facilitating reconnection and decay. (Here, d2/dr < 0.)

again result in asymptotic states of 3 = 0° or 90°, now depending on the position of the
axis of maximum moment of inertia.

The timescales for both of these processes to operate depend on several ill-known
factors, but it is conceivable that they could be relevant. The third mechanism is the
advection of field by the rotationally driven (and magnetically modified) meridional cir-
culation, which was shown by Moss (1977, 1984) to affect the observed angle 8. This
mechanism has the appealing property that for sufficiently rapid rotators, 8 becomes
smaller when the initial value of 8 < 55°, whereas for larger initial 3, 5 — 90°. Rather
disappointingly perhaps, it seems that the mechanism will only be effective for rotation
periods of less than about 5 d, and maybe substantially shorter.

Another, very speculative, possibility perhaps now emerges. Braithwaite & Spruit’s
simulations do not take into account the effects of rotation. This can be argued to
be unimportant if the Alfven travel time is shorter than the rotational period. For a
3Mgy,5Re protostar, an internal field of 105 G has an Alfven time of order 25 d. 10° G
is rather a large field in the context of Table 1, but < By >, < By > are mean poloidal
fields, and toroidal fields that are comparable with or locally stronger than the poloidal
fields will be present in stable configurations. Also it is plausibly an Alfven time for an
interior region, where fields are larger than their mean values, that is relevant. Could
the emergence of a stable field configuration result in different values of § for faster and
slower rotators? Again, it seems probable that only large-scale simulations will be able
to answer this question.

6. Conclusions

It now seems possible to give a plausible broad-brush account of the history of the
anomalously strong fields of the magnetic CP stars.

e If some (at least) stars follow the Palla & Stahler (1993) pre-Main Sequence evo-
lutionary history, then the presence of strong global-scale fields in a fraction of Main
Sequence stars with M > 2M can be explained, and also the absence of any such fields
in less massive Main Sequence stars.

e Nonaxisymmetric fields of the strengths characteristic of magnetic CP stars are
strong enough to resist winding by differential rotation, and indeed can bring about a
state of near uniform rotation.

e Fields naturally evolve to dynamically stable configurations, which can survive for
times as long as the Main Sequence lifetime of A stars. For most of this time these fields
are likely to be predominantly dipolar at the surface.
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e It is possible that in some cases fields may emerge after a star reaches the Main
Sequence — this can depend on a number of rather uncertain factors.

e [t still seems to be necessary to appeal to variations in the initial conditions to
resolve the ‘10%’ problem. There is now the additional feature that not only the total
flux present in the protostellar medium, but also its spatial distribution, may play a role.

Crucially, this picture requires that the pre-Main Sequence evolution of the magnetic
CP stars is substantially radiative, i.e., that global turbulent convection does not occur.

Of course, there are still a number of outstanding problems. Readers will have their
own lists of priorities and concerns but I would like to emphasize again the question of
the distribution of angles 8 between magnetic and rotational axes (Sect. 5):

e Why do relatively rapid rotators (Pt < 25 d) have large values of 3 (i.e. axes close
to perpendicularity), whereas slower rotators have small 8 and so axes that are more
nearly aligned (Landstreet & Mathys 2000)?
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Discussion

WADE: I want to stress the point that the 10% problem is not confined to the statistical
incidence of fields in random, unrelated field stars. Rather, a more fundamental problem
is that A stars which appear to be explicitly related (e.g., in open clusters and SB2
systems), and that have undergone similar/identical evolutionary scenarios, can have
qualitatively different surface magnetic field characteristics (i.e., one is magnetic, one is
not). This is a real puzzle!

Moss: I agree! I certainly did not intend to play down this aspect.

PiskuNov: The two mechanisms of magnetic field generation, fossil and dynamo, must
coexist in stellar interiors, at least during some stages of stellar evolution. Can we expect
some significant interaction between the two fields? Can a fossil field affect the dynamo,
or a dynamo field perturb a simple dipolar structure of the fossil field?

Moss: Turbulent convection in the core would by itself be expected to exclude the large-
scale field from the central regions, without any very large global effects. I cannot see any
reason why a dynamo that generated relatively small-scale fields, as in the simulations
of Browning et al. (2005), should change this significantly: it is hard to see how such
a field in the core would reconnect to the global field. In reverse, the situation is less
clear. I recently (2004, A&A, 414, 1065) suggested that a field external to a dynamo with
significant differential rotation could significantly affect the operation of the dynamo. Of
course, someone should do the required simulations!

COWLEY: Regarding the question of whether a collapsing star is radiative or convective:
is the primordial field itself strong enough to influence this question? To put this another
way: if there is a field in the interstellar medium, is the star more likely to follow a
radiative track than if there were no such field?

Moss: This problem was more-or-less the topic of my first published paper, in MNRAS
in 1968! The result was that for lower mass stars the effect of a magnetic field, by
slightly inhibiting convection, was to move the Hayashi track a small distance to the
red. I would imagine that for more massive stars, and with contemporary ideas about
pre-Main Sequence evolution, there would be at most a very marginal difference in the
mass at which stars changed from having to not having a largely convective phase (see
Sect. 2.1 above).

NoELSs: I would like to point out that in the Henyey tracks the fully convective phase was
suppressed because it was thought that this phase had no influence on the Main Sequence
models. In the Henyey code (in the 1960s) the Hayashi track could be computed, but as
computations took so long they were generally ignored and evolution was started as near
to the Main Sequence as possible.

Moss: I was thinking of the paper by Henyey et al. (PASP 1955) where the possible effects
of envelope convection are explicitly ignored. Hayashi (PASJ 1961) seems to have been
the first to realise the dramatic effects of envelope convection on the pre-MS evolutionary
tracks of lower mass stars.
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