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Abstract. As a result of major surveys carried out during thbave strong, globally ordered magnetic fields. The fields of these
past decade by Mathys and collaborators, we now have mesgnetic Ap and Bp stars are usually detected by the observa-
surements with full phase coverage of several magnetic fi¢idn of circular polarization in the wings of spectral line profiles
moments, including the mean longitudinal figlt}, the mean due tothe Zeeman effect (e.g. Landstreet1980). The first (wave-
field modulusBs, and in most cases the mean quadratic fieldngth) moment of the circular polarization with respect to the
Bp,q and mean crossover fielsk..., for a sample of 24 chem- line centre is proportional to the amplitude of the mean of the
ically peculiar magnetic (Ap) stars. This represents an incredse-of-sight componentB. ) of the magnetic field on the visi-
of a factor of order five in the stellar sample with data of thisle stellar hemisphere, and the surface moment of the magnetic
quality, compared to the situation a decade ago. field thus measured is known as the mean longitudinal field,
We exploit this dataset to derive general and statistical prop; (e.g. Landstreet 1982, Mathys 1989). For most magnetic A
erties of the stars in the sample, as follows. First, we fit the avadlnd B stars the observdsy varies approximately sinusoidally
able field moment observations assuming a simple, axisymntétough the rotation period of the star (e.g. Bohlender et al.
ric multipole magnetic field expansion (with dipole, quadrupold993, Mathys & Hubrig 1997), indicating that the stellar field
and octupole components) over each stellar surface. We shwag a fairly simple overall structure (or else mean line-of-sight
that this representation, though not exact, gives an adequak component would essentially average to zero, as it does
description of the available data for all the stars in this samp the sun), and that this magnetic structure is in general not
ple, although the fit parameters are in many cases not unigaeisymmetric about the stellar rotation axis.
We find that many of the stars require an important quadrupole It has long been of interest to deduce from measurements
and/or octupole field component to satisfy the observations, asfdhe stellar magnetic field as a function of rotational phase
that some (usually small) deviations from our assumed axisymhat the underlying distribution of the local magnetic field vec-
metric field distributions are certainly present. We examine thar over the stellar surface is. This is usually done by assuming
inclinationi (0 < ¢ < 90°) of the rotation axis to the line of a parameterized form for the field distribution over the surface
sight and the obliquitys (0 < 5 < 90°) of the magnetic field (e.g. a multipole expansion), calculating the resulting mean lon-
with respect to the rotation axis, and show that the stars wihudinal field and its variation with stellar rotation, and varying
periods of the order of a month or longer have systematicatlye parameters of the model until agreement with the observed
small values ofj: slowly rotating magnetic stars generally havevariation of B, is reached. It is found that sinusoidal variation
their magnetic and rotation axes aligned to within about 20 of By is consistent with a simple global dipole field distribution
unlike the short period magnetic Ap stars, in whitts usually in which the dipole is centred in the star and its axis is inclined
large. This is a qualitatively new result, and one which is vergit an angles to the rotation axis. In this case, the axis of the
important for efforts to understand the evolution of magnetdipole sweeps out a cone around the stellar rotation axis as the
fields and angular momentum in the magnetic Ap stars. star rotates, the inclination of the dipole axis to the line of sight
changes with time, and the observer sees a sinusoidal variation
Key words: stars: chemically peculiar — stars: fundamental paf the mean line-of-sight field component.
rameters — stars: magnetic fields — stars: statistics However, the observation of the variation®f is not suffi-
cient to yield a unique set of parameters even for such a simple
model field geometry as an oblique dipole. The observations
of B, yields essentially two parameters (say, the maximum
1. Introduction and minimum observed field values, or the mean and semi-

It has been known from more than half a century (Babcoagnplitude of the sinusoidal variation), while even this simplest

1947) that a significant fraction of main sequence A and B stdRgdel requires three parameters (the inclinatiofthe rotation
axistothe line of sight, the obliquityof the field axis to the rota-
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none of these parameters is in general well known indepen- In the past decade, a major observational survey programme
dently (although if the stellar radius, the projected rotational has been undertaken by Mathys and a number of collaborators to
velocity v sin ¢, and the periodP are all known fairly precisely, obtain measurements, through the full rotation cycles of several
the value ofi may be deduced fromsini = 27rRsini/P), dozen stars, of the field momes, Bs, Bing, aNdByovyer. The
dipole field models are usually not unique. The fact that evemost recent publications in this series, from which references
the simplest meaningful model is not uniquely constrained Iy earlier measurements can be found, are Mathys & Hubrig
the most widely used method of measuring the stellar field, a@®97) for By, By, and Byover, and Mathys et al[{1997) for
that no further information about the field structure is availablg;. As a result of this work, we now have available reasonably
from such measurements except in the unusual case wherectiraplete magnetic curves of at led$t and B, and in most
variation of B, is notsinusoidal (e.g. Landstreet 1990) has bearases als®3,,, and Byqver, fOr about 20 stars. This survey has
an ongoing difficulty in modelling stellar fields. led to an increase in the available sample of stars for which
Further information about the stellar field geometry may heell-constrained field geometry models can be derived of about
obtained by observing other structure introduced into line prafactor of five. This is such a large increase in the sample size
files by the Zeeman effect in the presence of a field. This cantbat it is now possible not only to study the field structures of
achieved by studying Zeeman structure in the line profile in imdividual stars (which is already being done, e.g. Wade et al.
tensity (Babcock 1960), in circular polarization (Seimel 19891996; Bagnulo et dl. 1999), but also to examine the statistical be-
or (very recently) in linear polarization (Wade et al. 2000), or blyaviour of an interestingly large sample of magnetic Ap stars to
observing the integrated broad-band linear polarization thatsise what general features emerge from homogeneous modelling
also produced by the Zeeman effect (Landolfi et al. 1993; Lerofithe full currently available ensemble. One such characteristic
etal[1996). If the spectral lines are quite narrow (typically witbf these sharp-line stars that has already been discovered in the
vsini of a few kms! or less), it may be possible to observ@bservations is the — as yet unexplained — fact that 10 of 16 stars
the actual splitting of some lines into theando Zeeman com- with periods shorter than 150 days have surface fiéldghat
ponents. This splitting is proportional to the average of the loaatceed 7.5 kG, while none of the 19 stars with longer periods
field modulus(B) over the visible hemisphere, and provides lhave B, > 7.5 kG (Mathys et al. 1997). We hope to find other
measurement of a field moment called the mean surface fistdtistical regularities in this greatly enlarged sample.
or mean field modulu®, (Mathys1990D). For somewhat larger  In this paper, we have two goals. First, we derive prelimi-
values ofv sin 7 it is still possible to detect the broadening effeabary models for all of the stars for which observations of both
of the field on the line profile and to deduce a related quantifyy, and B; (the two observational moments whose relationship
(from consideration of the second wavelength moment of tkeethe underlying field distribution seems most clear) are avail-
intensity line profile) which is approximately proportional table, in order to examine in particular how well the observations
the quantity((B2) + (B2))'/2. This field moment is called the may be fit with the oblique three-term axisymmetric multipole
mean quadratic field,,, (Mathys 1995b). The second wave-expansion (parallel dipole, quadrupole, and octupole) that has
length moment of the circular polarization line profiles provideseen fairly successful in previous modelling, in order to learn
a measurement of the field moment called the crossover figltlether such a field distribution constitutes a reasonable first
Biover, Which is proportional to the disk mearsini(zB.), approximation for the field structure of alarge ensemble of stars,
wherez is the normalized distance from the stellar rotation axand to what extent unique parameter sets can be derived for each
in the plane of the sky (Mathys 19S5a). star. We also examine the question of how well such simple par-
Ten years ago, the observational situation for magnetic Afiel multipole models fit the newly available observations of
stars was thaB, data were available for at least 50 stars (e.@nq and Bxover, @and try to understand what new information
Didelon[1983), whileBs observations through a full stellar ro-these data bring to modelling, and how consistent they are with
tation were available for just four stars. For these four stampre traditional kinds of data. Secondly, we explore the reg-
the combination of3, and B, data (which together provide atularities that are present in the derived field models when the
a minimumfour constraints on the model) made it possible tawhole ensemble of modelled stars is examined.
deduce almost unique field geometry models with both a dipole In the next section, we discuss the modelling strategy used
and a parallel linear quadrupole (e.g. Landstreet 1980). An ito-find best-fit field models for the observations. In the following
portant result was that in all four stars a significant quadrupdaection, we derive and discuss models for the individual stars.
component is required in addition to the expected dipole, whigthe statistical properties of the ensemble of models are then
is equivalent to saying that the field strength at one stellar matiscussed, and the paper closes with some general remarks and
netic pole is stronger than at the other. Furthermore, modelliognclusions.
of actual line profiles for two of these stars (Landstfeet 1988,
Landstreet et al. 1989) showed that an octupole component was ,
also required to model the fields; a simple dipole has too mughModelling strategy
contrast between the field at the poles and at the equator t@ifen the inclination of the rotation axis, the obliquit§ of the
the data for these two stars. These results demonstrate clegffgnetic axis, and the specification of amagnetic field geometry
that the observation of further field moments beyéhgrovide (for example by setting the polar values for the field dipBle
much valuable information about stellar field geometries. quadrupo|qu, and ()C'[up()|egoct components in a three-term
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axisymmetric multipole expansion), as well as a specificatipnogramme to move to a set of parameters substantially different
of the relative weighting of various parts of the visible stelladrom the initially chosen set, if this proves necessary to obtain
hemisphere, it is straightforward to compute the various inta+easonable fit to the data. At the end of four such surveys of
grated field moments such 83, By, etc. observed as a functionparameter space, it is found in practice that the programme has
of rotational phase. However, the inverse problem is not so egenerally identified a region of parameter space that is roughly
ily solved. In principle one could construct a programme thabnsistent with the observations.
reads in all the observations (and errors) of each field moment The programme then repeats the same search strategy four
with its phase, and use a method such as the conjugate gradienite times, but with parameter step sizes that are reduced to
technique to search the parameter space of possible model fiettl of their previous values at each step. This results in a re-
geometries by successive forward calculations of field momefited search for a best fit around the optimum set of parameters
for a best fit to the observations. However, construction of suictentified in the first cycle of four iterations. At the end of the
a programme is rather costly in time and effort, and a much sinefinement cycle, the best fit parameters are read out and the
pler numerical approach has been found to be sufficient for th&riations ofB,, B;, etc. are computed with fine phase spacing
first modelling of field geometries with the assumed multipofer plotting and detailed comparison with the observations.
expansion. One subtlety of such a programme is the choice of weight-
Rather than reading in the full data set of observations fimg over the visible hemisphere of the various field components
each observed field moment, we take advantage of the fact tivaen they are calculated for comparison with observations. Af-
generally each field moment is observed to vary in a smodt#r some experimentation, the choice adopted was to assume a
and fairly simple way with rotational phase. A smooth curve iseighting by a product of limb darkening and line weakening
put through the observations of each field moment and valwdghe form
are read off at four equally spaced standard phases separated
by 0.25 cycles, starting from the phase of closest approach’6f [ = ec(l —cosO)][1 — (1 — cos )]

a magnetic pole to the line of sight, which is assumed to Pgheree, and¢; are limb darkening and line weighting coef-
the phase of largest absolute valuefbt (This is found to be ficients andd is the usual angle between the local normal to
enough phases to lead to computed curves in reasonable ovgfiglistellar surface and the line of sight. Because most of the
agreement with the data; with fewer points the computed curgga modelled here have been derived from polarized and unpo-
sometimes agree with the observations only at the fitting pointiized spectra centred around 6@ahese coefficients were
For each type of datd, B;, etc.), a single standard deviatiorjetermined by calculating continuum intensities and line depths
is assigned which represents a typical value of the uncertainty@f a sample Fe line at 61504, at various values of, for a
that type of measurement for the star being modelled; varyiggries of effective temperatures. It was found that the two coef-
this quantity allows one to weight the various field momentgients varied little enough over the range of effective temper-
more or less heavily. ature of the majority of stars studied (about 7500 to 10 000 K)
The programme reads in these data, and from them makega mean values aof. = 0.4 and¢; = 0.5 could be used for
first estimate of likely values of the polar values of the multipolgjs first exploration.
component. The initial value a8, is set to 1.5 times the maxi-  This method is very inefficient computationally, of course,
mum value ofB;, while the initial value ofB, is setto 0, aswas put it is easy to programme and run. Using a PC with a 586
the value ofB, at first. (The initial muItipoIe field strengthscpu and a Linux operating system, the programme runs in a
can also be chosen manually to start with some other valugsy minutes, making it quite easy to try various experiments
The programme then calculates the expected variations of tBgch as starting from a variety of initial values of the model
various observable field moment, Bs, and Bi,q over the field parameters) to test if globally good solutions are found.
full 4, 8 plane (using a grid point spacing o) and compares  One of the ways in which the programme was tested was to
them with the four values at the standard phases, computinghgt on real data for several stars using specified starting values
reducedy” for the fit. This process is repeated for a series @br the various parameters rather than the particular initial set de-
five values of each field strength parametfgj (etc.) around the scribed above. It was found that the programme was more likely
initial values, with initial step size (ﬁ25Bd in all field values. to identify a g|0ba||y Optimum set of parameters if the initial
The value of the reduceg? is computed for each parametefgjue of the octupole component was sef3Q; = —0.25B4.
set, and the minimum value, and the corresponding field anfle effect of the octupole component is to reduce or enhance
geometrical parameters are recorded. The values @f B4, the pole-to-equator contrast of the dipole, which affects the ob-
etc. that led to the lowest value gf /v are then taken as theserved moments, and B,,, associated with a give,; it
centre of a new small grid of five values in each parameter, aggbears that many observed fields are best fit by assuming that
the exploration of the grid is repeated centred on this new pojAls contrast is less severe than for a pure dipole. On the other
in parameter space. From this step on, exploratiohafd 3 hand, the programme is quite successful at finding suitable val-
is treated the same as exploration of the magnetic field parags of B, and B, rather far from the initial choices.
eters, examining a grid of points at10° and +20° from the It was found that in a number of cases, models with a fairly
best point previously found. The process of recentring and Igrge range of values d8, and B, fit the data about equally
computing the grid is repeated four times in total, to allow thgell. To encourage the programme to select small values of these
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Table 1. Magnetic field model parameters for stars studied

HD P r
d

Stars withP < 25d

65339 803 -0.92 86 50 -16700 -11200 5700 < 3

70331 1.99 093 69 5 -15300 26500 -3600

137909 18.49 -060 85 15 -8700 -1400  -600 < 3; B -B. phase shift
142070 337 027 83 9 7300 1100  -800Brmg(calc) > Bumq(obs)
192678 642 1.0 32 4 4900 1300 2300 < 3

208217 844 -0.44 86 15 -13100 6000 -5000

215441 949 053 30 30 62400 -42000 24200

318107 971 026 78 11 23700 -23600 8300

Stars withP > 25d

2453 521. 045 11 62  -5000 -600 1800
12288 34.9 0.07 22 62 -10100 -2800 4200
14437 26.8 036 19 56 -10300 1600 6300
51684 370. 050 18 42 -7300 -2200 2500

Bq Boct Remarks
° G G G

o™
jos}
o

61468  322. 038 19 49 -7400 -4100 -1000Bumg(calc) > Bumq(obs); Be -Bs phase shift?
81009 33.96 064 11 48 7400 7200  2200Bug(calc) > Bumq(obs)
93507  556. 041 19 55 10900 -3700  -3400Bug(calc) > Bumq(obs)
94660  2700. 0.90 5 47  -8400 2700  6900Bumg(calc) > Bumq(obs)
116114 27.6 092 2 56 -9000 1100  600Bmg(calc) < Bumq(obs)

116458 1484 0.68 10 52  -7600 2600 40@Bnq(calc) > Bmq(0bs)

126515 12995 -0.69 20 78 -13700 -17700 -520®, -Bs phase shift; asymmetriB,

144897 48.43 0.60 12 65 11000 -12900 -490@mq(calc) > Bmq(obs)

166473 4400. -1.00 35 87 -9400 -5700 1100 Period extrapolated from 2300 days of observations
187474 2345. -1.00 45 86 -7700 -1600 1000

188041 2238 0.38: 10 70 5600 -1200 -1000

200311 52.01 -098 24 88 12800 3800 800 asymmétricurve

field parameters when possible, a penalty function of the fol8n Models of individual stars

(B2 + B2..)/ B3 was added to the* computed from the fits to . , , ,
discourage unnecessarily large values of these higher multip-lc—zpee stars included in our sample are all the stars for which suffi-

clent rotational phase coverage of at ledsandB; is available
components. hat we know approximately the form of variation. In most cases
The programme seems to be quite robust. It can be star& 3 bp y '

) . . rvations o3 Nd Byover are al vailable. Most of th
from a variety of initial conditions and still converge on essefl > vations 0bmq a dBover Are also available. Most of the

: ' . - - ublished data may be found in Mathys et al. (1997), Mathys
tially the same final model, although if the initial conditions ar ) . . =
chosen sufficiently poorly, it can fail to converge. In the few Hubrig (1997), and the references cited there; a few data

cases (e.g. HD 215441) in which the final field model was Sofre taken from diverse sources such as Preston (1969), Huchra

) g 1 AT 71 .
from the initial choices of the parameters that the program l(397")’ Borra & Landstredf (1378), and Hill et aL.{ID98); and a

could not find the best solution on a first try, the problem ngbstantlal number of the observations are still being prepared

obvious both from a large value gf /v and from the fact that {;r‘or publication by one of us (GM). The stars included in this

some of the parameters were close to the limiting values tﬁztilt'.dy’ along with some of their essential observational charac-

L . teristics, and the parameters of the models found for each star
the programme could reach from the normal initial condmong. L . . . . ’
brog are listed in TablE]1. The first two columns in this table list the

In each case, re-initializing the programme manually with ne : .
initial values and re-running it led to a satisfactory solution. Iti D number of gach star and the rotation per}bm days. The
ird column gives the value of the quantity= B}*'" /Bj***

found, in cases where the model cannot find a solution that ItﬁereBmin and B are the extrema. of variation @, and
L 14 0

all the data precisely, that the best model is somewhat sensi we superscriptanin andmaxrefer respectively to the extrema
to the choice of the errors (weights) assigned to the various fi If P b P Y

measurements, but this is not surprising, and represents af fnallerand larger absolute valueg the interest qf this quantity
will become clear below. The next five columns list the model

ambiguity in the best choice of model. Individual cases of thllﬁ values of the obliquitys of the field axis to the rotation axis,

rtare di in the nex ion. L . . . :
sortare discussed in the next sectio the inclination: of the rotation axis to the line of sight, and the
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1.5 —

polar field strengthd3y, B,, and B, of the collinear dipole, g
quadrupole and octupole components of the field model. The -z |

final column contains remarks on the best model fit found. @
Table[1 is divided into two parts on the basis of an importaﬁt o i
selection effect which is present for short-period stars but not —s |
for long-period ones. In order to be able to meadirén most '
magnetic Ap stars, the star must hawvén i less than roughly
6 kms™!; otherwise, the rotational broadening of the line over- ‘
whelms the small Zeeman splitting. Now the equatorial velocity =zo f
(in km s~1) of a star of radius?/ R, (in solar units) and rota-
tional periodP (in days) is

v (KG.km.s™)

on

—35 L

Veq = 50.6(R/R)/P. @ o

ol v ] e
0 0.5 1 [9) 0.5 1

Thus, for an Ap star with a radius of ord®/ R, =~ 3, veq IS HD 70331 Phase
more than about 6 knts for P < 25 days. Inthis case, in OrderFig. 1. Observations of HD 70331 compared to the best multipole

forv sini to be less than 6 knTs, the star must be viewed from ap, gl found, which has parameters given in TBble 1. The four windows
favourable angle with respect to the rotation axis, and we expgeihe figure show (counter-clockwise from the top I&), Buma, B,
that for such stars, in generak< 90°. In effect, in detecting and By, as functions of rotational phase. Points with error bars are
B in stars of such short periods, we have made a very strasigervations, and the smooth curves are the model fit.
selection among all magnetic Ap stars for precisely those stars
with smalli. On the other hand, stars with periods of 25 days or
more have such small values @f, (less than about 6 knT$)
that we expect that among this group the distributionwifl be <
essentially random. No selection effect for any particular value ° a
of 7 is expected to be present in this sample. i
Now recall that (as is well known) the values@®&ndi: can
be interchanged without altering ti®, B4, or Bs curves pre-
dicted by the model, and thus we cannot distinguish one angle
from the other by fits to the data used here. However, for the ¢
short-period stars HD 65339, 137909, and 192678 (Leroy etal. ° |
1996; Wade et al. 1996) the valuesiaind 3 have been deter- £ "¢
mined separately from linear polarization observations (whichz ¢ t
can clearly indicate which is the smaller angle). For all thre€' s
stars the linear polarimetry indicates that 3, which we have 4L ]
followed in our tabulation (although the angles in the table are o 05 o 5% 05 I
from our own fits). These stars have been flagged with the re- b 187909 Phase
mark “i < 3”. For the rest of the stars witR < 25 d, we have Fig.2. Observations of HD 137909 # CrB compared to the best
assumedhat the smaller of the two angles found is generally Multipole model found. Figure format as Fi. 1
For the long-period stars, where no selection effectaccurs,
we have made the opposite choice, and assigned the smaller of
the two angles ag. The reason for this choice will be made The fits obtained for the stars for which we have reasonably
clear in the next section. complete data of our own are are shown in Eig. 1 thradgh 5 for
Note that the values of?/v used by the programme toshort-period stars, and in FIg. 6 throligh 18 for long-period stars.
find a best fit do not have a precise meaning, as they depdéithough these figures demonstrate the overall good quality of
on the nominal uncertainties assigned to each observed fittld fits found, they also reveal limitations of the models and
moment as well as our estimates of the field moment valuasrhaps of the data.
at the four nominal phases. In the initial fit the uncertainties Several kinds of mild disagreements between observed and
are given values corresponding to our estimate of the actaalculated variations of field moments are observed, mostly in
accuracy of the data, but if the best model is not able to fit batiore than one star. FIg. 2 displays the field moments of HD
B, and By, simultaneously, the nominal uncertainty 8, 137909 =3 CrB, for which the phase shifts between the ex-
is increased by a factor of two or so to give this quantity lessema of B, and B, clearly indicate that the field of the star is
weight relative taB,. Typically, the uncertainty assigned to thaot exactly axisymmetric. Our axisymmetric model cannot fit
fitted values ofB, is 50—200 G, that oB3, is 50-100 G, and that the data in such a situation precisely, although it does furnish
of Bp,q is 500-1000 G (but for HD 215441 these uncertaintiesreasonable first approximation. Similar indications of depar-
are several times larger). tures from axisymmetry are seen in small phase shifts or lack

1

B xover

,17

5.8
i&’l/ 56

o 5.4

52
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{ ——r———— o 1 —

v (KG.km.s™)

on

5.4 —

5.2 39 [

= [ — L ~ £
S 5 T 38
B [
ok E éi; % % % o 4,8: @ 37T
4L } % B 4.6 | 3.6 [ E
:\‘\\\\‘\\\\‘\: 4.4:\‘\\\\‘\\\\‘\: 1:\‘\\\\‘\\\\‘\: 3‘5:\‘\\\\‘\\\\‘\:
0 0.5 1 0 05 1 0 0.5 1 0 05 1
HD 142070 Phase HD 2453 Phase

Fig. 3. Observations of HD 142070 compared to the best multipokg. 6. Observations of HD 2453 compared to the best multipole model
model found. Figure format as Fig. 1. found. Figure format as Fifl 1.

-1

e

(kG)
(kG km.s™")

Bl

5 L I I I 1 C I

1 1
e Y Nl 0 0.5 1 0 0.5 1

0 0.5 1 HD 208217 HD 51684 Phase
Fig. 4. Observations of HD 208217 compared to the best multipofdd- 7 Observations of HD 51684 compared to the best multipole
model found. Figure format as Fig. 1. model found. Figure format as Fig. 1.

of reflection symmetry of magnetic curves around extrema in
HD 208217 (Fig. #) and perhaps HD 318107 (Eig. 5) among the
short-period stars, and in HD 51684 (ffiyy. 7), HD 61468 (Hig. 8),

and HD 126515 (Preston’s star; Hig] 14) among the long-period
ones.

Fig[3 shows another difficulty of the fits for for HD 142070,
for which complex low-level variation of3; appears to be
present around phase 0.90. This kind of fine structure in any
field moment curve cannot be fit by a low-order model like
ours. Most of our data for other stars do not have the extremely
high signal-to-noise ratio needed to reveal such fine structure
(the apparent asymmetric variations in the mean field modulus
of HD 142070 have an amplitude of only a little more than 200

o s G), but a still smaller amplitude fine structure of this sort may
HD 318107 Phase be present in HD 208217 (FIg. 4) and HD 187474 (Eig. 17).

Fig. 5. Observations of HD 318107 compared to the best multipole A third type of discrepancy occurs for several stars in which
model found. Figure format as Figd. 1 it is not possible to fit bottB, and B, simultaneously. Exam-

ples include HD 142070 (Figl 3) among the short-period stars,
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(kG)

B,

M R
0.5 1
Phase

(kG.km.s™")

B Xover

HD 81009
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and HD 61468 (Fig.J8), HD 81009 (Fid. 9), HD 93507 (Figl 10),
HD 94660 (FiglLIll), HD 116114 (Fig.1L2) and HD 144897
(Fig.[I8) among the long-period stars. In all but one case the
discrepancy takes the form of a reasonably good model fit to
B, together with a calculated variation 8%, which is similar

in shape to the observed values, but 1-2 kG (10-20%) larger
than the observed field (but in HD 116114 the compubagd,

is actually about 400 G smaller than the observed value). Note,
incidentally, that in cases where the model does not seem to fit
both By and B4, we have forced the fit to agree wit, by
assigning to this field moment a much smaller uncertainty than
that associated with,,,, in agreement with the relatively large
os obtained for the latter moment. In the case of this discrep-
ancy, we suspect that part of the problem may lie somehow with
a systematic effect in the observationsi&f,, since in four of

}he stars in which this problem is found, the observed values of
ﬁmq are abouttheameas the observed valuesBf. This prob-

ably reflects some sort of problem, since (Mathys _1995b) the
observed value aB; is expected to measu(&), while B, is
expected to measu(éB?) 4 (B2))'/2, a quantity which should

in general be significantly larger tha®). Thus we suspect that
there may, at least in some cases, be a systematic error in the
measured values @,,.

The crossover fiel®,... is Clearly detected in three of the
short-period stars: HD 137909, HD 142070, and HD 208217
(FigsI2[3, anll4), and perhaps in the long-period star HD 81009
(Fig.[9). In these cases a partial test of our models is possible,
since our models predict a definite variation and phase rela-
tion for the B, data. However, the actual amplitude of the
crossover field depends ersin i. Since we know both the pe-
riod and (from our models) the value of we can estimate
(from Eq[1) the value of sin i. However, the derived value of
v sin ¢ depends on the actual radius of the star (which could be
between about 1.75 and 3/;), and the calculated value of

Fig. 9. Observations of HD 81009 compared to the best multipolgXover is also influenced somewhat by the assumed limb- and
model found. Figure format as Fig. 1.

(kG)

B g

‘I

0 0.5

65"

HD 93507

P R B
0 0.5 1

Phase

line-darkening coefficients assumed. Thus we cannot determine
the amplitude ofB,...: better than about plus or minus 50%.
For all stars, the value aof sin¢ used to calculate the model
variation of By iS determined from the stellar period and the
modeli value, assuming a value &/R = 2.5.

It may be seen from the figures that almost all the unde-
tected crossover fields are consistent with our models, and that
the detected field of HD 137909 also agrees reasonably with our
model computations, both in shape and phasing, and in ampli-
tude. For HD 142070 and HD 208217 the phasing and shape are
approximately correct, but the “normal’sin ; for these stars
lead to amplitudes for the calculat&q,.., curvesthatare larger
than observed. That is, assuming that the magnetic models are
correct, the assumed stellar radii are somewhat (30-50%) too
large. In both cases, the deduction from this result would be
that the stars are very close to the zero-age main sequence,
which seems priori somewhat unlikely. However, it seems
equally plausible that the discrepancies are connected with the

Fig. 10. Observations of HD 93507 compared to the best mulipoRPMewhat irregular shapes of the curves, which hint at the
model found. Figure format as Fig. 1.

presence of magnetic field distributions more complex than we
can model with a simple multipole expansion. Alternatively, we
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Fig. 12. Observations of HD 116114 compared to the best multipole ) .
model found. Figure format as Fig. 1. Fig. 14. Observations of HD 126515 compared to the best multipole

model found. Figure format as Fig. 1

might again have some unknown systematic effect in the mea2® [~
surements that leads to variation amplitudes that are somewhat |
too large. s 21
Finally, note Fig[ IV, which shows HD 187474, a star fof: :
which the variation ofB is quite far from sinusoidal. We are™ 15|
able to reproduce this shape adequately with a model havinga | ]
small quadrupole component — although we have notbeenable! %51
to find a model of HD 318107 (Fifl 5) which reproduces the flat Phase
part of its B, curve. Nevertheless, we conclude that our model [~~~
fits the data for all the stars at least approximately, apart from the
modest discrepancies in tii,, curves (which may not be due g " K
to shortcomings of the model) and inaccurate amplitudes for
two or threeBi,y.r CUrves. The fact that fits for the whole data™ '°¢ ﬁ &} $
ensemble are satisfactory suggests that the simple three-term |

B xover

(kG)

Bs

L] 8:“““““‘:

collinear multipole expansion used provides a reasonably gen-° — o 05 U s ° 1‘3}?,5‘ 1
eral first-order description of the surface geometries, although e
it is certainly not exact. Fig. 15. Observations of HD 144897 compared to the best multipole

We next discuss theniquenesf the fits. To start in a Model found. Figure format as Fig. 1
relatively general way, we note that we are primarily fitting
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models to theB, and B, data. If these curves are sinusoidal, we
have effectively four data values (say the extreme values of the
sinusoidal variations), which we are fitting with a model that
has 5 free parameteris 5, B4, B4, andB,. Thus in many stars,
we expect that the fit will not be able to provide a unique set
] of parameters. Only when we are able to use one of the other
o Eﬁ;i; 1 field moments as an effective constraint, or when we can use
shapeinformation aboutB, or B (as in HD 187474) can we
expect the model to be uniquely defined. Since, in fact, many of
the basic curves are nearly sinusoidal, we are clearly not able
to define unique parameters for a number of stars, and so we
must be rather cautious about inferences drawn from values of
the parameters given in Talile 1.
] b At the start of this project, we hoped to be able to define
0 05 Y teears ° 200 1 fairly unique parameter sets for each stellar model by using
shape information in thé; curves. The reason that this is a
Fig. 16. Observations of HD 166473 compared to the best multipoggjistic expectation is that each of the five model parameters
model found. Figure format as Fg. 1. has a distinctive effect on the computed variations of the various
6 field moment curves. This is illustrated in Higl19, where we
; 1 show the variations aB, (lower curves) and3, (upper curves)
for several values of the three field multipole parameters, as a
function of the anglex between the magnetic axis and the line
of sight to the star.( is given by

k6)

B g

cos a = cosicos 8 + sin i sin 3 cos 2w, (2)

where¢ is the rotational phaseB,,, curves are not shown as
they make the figure too crowded, but they closely followhe
curves with an offset of about 20% towards higher field values.
Four different models are included in this figure, all with
By = 1000 G. They differ in the higher multipole values as
described in the caption. These curves show the essential effects
1 of the various multipole components used in these models. The
P T R asbo ... .1 variation of B, is almost exclusively defined by the value of
0 o Y oiprmrars ° Phase Bg. A non-zero value ofB, introduces a very small change
ig By, but can substantially increase the valueRf at one
pole while decreasing it at the other. A value Bf.; having
the same sign a®, increases the variation @B, from the
magnetic pole¢ = 0°) to the equatordq = 90°), while the
opposite sign reduces the pole-to-equator contrast. The added
octupole field does not significantly change the variatiofs of
Thus, we expect that for any star observed from well into one
magnetic hemisphere to well into the other (i.e. for stars with
large values of both and ), the relative variations oB3, and
<= B should provide enough information to determine all three
Phase field moments with little ambiguity.
S A L However, in the present sample of stars, we do notin general
381 1 seem to have bothand g large. Instead, it appears from the
i models found that one of the angles (see Table 1) is almost
always rather small, less than°3ih all but three models, and
no more than 20 for three-quarters of the stars studied. We
g 1 therefore dmotgenerally sample alarge fraction of the full pole-
" 1882;: o P}?;Ze ~~1 to-pole field moment varigtions. This has the consequence that
the models derived are fit in most cases to only a relatively small
Fig. 18. Observations of HD 188041 compared to the best multipofeaction of the full pole-to-pole variation of the observational
model found. Figure format as FIg. 1. The mean quadratic field of thig|g moments, because the angléetween the line of sight
star could not be determined from the observations. and the magnetic pole ranges only betwees |(i — 3)| and

-

Fig. 17. Observations of HD 187474 compared to the best multipo
model found. Figure format as Fig. 1
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the actual values of the smaller angle may be uncertain by a few
degrees, and the rest of the parameters are quite non-unique.
Are any of the other parameter determinations secure? In
- — fact, another well-determined aspect of the model parameters
500 + T 1 is the occurrence of a non-zero value of eitligror B, for
= a number of stars. From F[g.]19, it can be seen that for a pure
dipole model, a$B,| increases from zero (with either sigtj,
alsoincreased3, can onlydecreases|B,| increases from zero
by the addition of a non-zer8, or B,.;. However, a number
of the stars do shouB; values that decrease g3;| increases,
‘ at least over a part of their cycle. Examples include HD 70331,
90 180 HD 208217, HD 318107, HD 2453, HD 93507, HD 126515,
Alpha (degrees) HD 144897, HD 166473, and HD 187474. For these stars at

Fig. 19. Variations of B, (lower curves) and3. (upper curves) with |€ast, the requirement for a non-zero value By or Bocy is

anglea from one magnetic pole to the other for several different fielglearly established, although the actual value is not.

models, all withBq = 1000 G. The solid curves shal®, and B; for Thus, one of the principal goals of this study, namely to

both B4 and B.: equal to 0; the dot-dash curves are f&§y = 500G define reasonably unique multipole models for the stars in this

andB,.: = 0; and the dotted and long-dash curves arfpr 0 and sample, has proven not to be possible, because almost all of the

Boct = +500 and—-500 G respectively. stars in the sample have eithesr 3 small. However, although
most of the parameter values derived by the modelling process
for the stars of the current sample must be regarded as non-
unique (often several substantially different parameter sets fit

o = |(i + )| (see EJR). When one ¢f or i is small, these the observations about equally well), it is nevertheless clearly
two angles are not very different, and so the field geometrygstablished that almost all of the stars obsededave one of
determined by observed moments arising from only a small p&ft3 rather small, and a number of the stars require a substantial
of the full variation possible if one could observe fram= 0to  quadrupole or octupole component to fit the observations.

a = 180°, as in Fig[ID. This may be visualized by imagining
the magnetic aX|s_near_Iy parallgl to the rotation axis; as the slla.‘rProperties of the ensemble
turns, the magnetic axis tilts a little closer to the observer, then

a little further away, but never changes its inclination to thé&/e now turn to an examination of the regularities seen in the
line of sight very much, so that the observed field moments aterived field structures of this large sample of magnetic stars.
obtained from a rather limited range of views of the magnetic When we examine the parameters in Tdlle 1, as discussed
field. above, we see that one of the two angles is almost always less

The result is that for many of the stars discussed here, than 30, both for the short-period and the long-period stars.
values of the model parameters are not unique. This was cledrhis result has emerged robustly from use of our modelling
observed in the process of model fitting; quite different pairs pfogramme even as various combinations of the remaining pa-
values of B, and of B, can produce very similar fits to therameters were found that fit the observations. We believe that
observed data sets for a number of the stars. Even the larger-efin spite of the fact that most model parameters are poorly
andg, and the value o34, can be varied over substantial rangedetermined for these stars — the modelling result that orie of
and still produce good fits to the data, provided approprieded 5 must be small for almost all the stars in the sample is
values ofB, or B, are chosen. well-established.

It is possible to understand how the various observed field For the short-period® < 25 d) stars, the smallness of the
moments behave wheror 3 is small. From Ed.]2, we see, asanglei is expected, as we have discussed above, since it is nec-
mentioned above, that a model of specified parameters hassaary for surface field measurements to be possible. On the
“central” value ofcos @ = cos B cosi, and samples field mo- other hand, the systematic occurrence of a small angle for the
ments fromcos o = cos(i + ) to cos @ = cos(i — B). Using long-period stars is completely unexpected. We cannot deter-
this resultin FiglIB, it is clear that the presence of a small valaene from the present data whether itdr ¢ which is small.
of eitheri or 3 reveals itself either (a) whem is not nea0°, However, for the long-period stars, because of the low values of
by a small amplitude of variation @8, (which does not change v.,, we have no selection effect enhancing the number of stars of
sign), or (b) if the central value @f is near90°, by a (possibly smallsin i, and hence we expect that the rotation axes must have
reversing)B, combined with a relatively small ratio @,/Bs. random orientations in space. This is equivalent to the statement
From examination of the stellar data shown in Eig. 1 thrdugh 1t8at the visible rotation pole is equally likely to be anywhere on
we see that one of these two situations applieslitéhe stars the visible hemisphere of the star. This leads directly to the con-
shown except for HD 166473 and HD 187474. Thus it appeaisision that small values afare rather unlikely to occur, since
that the fact that the modelling programme found models withey require the visible rotation pole to be within a small region
one small angle for most of the stars is a secure result, althoungar the centre of the visible hemisphere. The probability in a
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Fig. 20.The cumulative distribution of values of inclinatioexpected Fig. 21.The cumulative distribution of values observed in the present
theoretically for stars with randomly distributed rotation axes (smoo##mple of long-period stars (solid curve) compared to the same distri-
curve) is compared to the distribution o¥alues deduced from mod- bution for 60 short-period stars of well-determinedalues found in

e|||ng for the |ong_peri0d stars, assuming that a|Ways the |arger of the literature. It is clear that about 75% of the short-period stars have
the two angles found. fields that reverse sign, while about 75% of the long-period stars have

fields that do not reverse. The lack of field reversals in the long-period

) ) ) stars implies that they have systematically small valugs of
large ensemble of stars with randomly orientated axes thidit

be less than some valugis given by

of both¢ and 3, and partly because modelling based only on
intensity and circularly polarized spectra does not usually allow
The probability of having < 30° is only about 13.4%. Among one to distinguish betweenand 5. We argue for most of the
the 16 stars of Tablel 1 witl? > 25 days, probably approxi- stars in Table 1 (on the basis of small values efn i) that 5
mately two have < 30°. is very probably the larger angle; here we find two stars (out of
To demonstrate that the assumption that the larger of thight in the table) for whicl# is about 30, while for the other
two model angles in the long-period stars is generai$ycon- six short-period starg§ is not far from 90. Another dataset in
sistent with the expected distribution df/alues, we show in whichi andg can be distinguished, and in which both angles
Fig.[Z0 the cumulative distribution of modévalues from Ta- are determined with reasonable precision, is in the analysis by
ble[d, where it is assumed thais alwaysthe larger of the two Leroy et al. [(1996) of Leroy’s broadband linear polarization
angles, compared to the theoretical distribution. In general, thigservations. Of the 13 short-period Ap stars modelled there,
agreement between the two curves is satisfactory. The largasty three (HD 24712, HD 80316, and HD 152107) hae
difference vertical between the two curves, a difference of 0.Z8naller than 4%, and none hag less than 30. It thus appears
is only significant (using a two-sided Kolmogorov test) at abothiat the predominance of small valuestfoften smaller than
the 80% confidence level. Even this marginal difference is pr28°) among the long-period stars is rather different from the
sumably due to the fact that we have chosen to m#ke larger situation prevailing among the short-period stars, witeneay
of the two angles in every case, although there are about tammetimes be as small as about BQt is normally considerably
stars for which this assumption is presumably incorrect. larger.
However, 14 of the 16 long-period stars hawee ofi or This surprising result is consistent with another unexpected
G less tharB0°. Since this small angle is most probably rot characteristic of the sample of long-period stars. About 75% of
for 12 of these stars, the small angle musptia almost every these stars have measured variation8 ofvhichdo notchange
case. This is the reason that we have chosen to tabgidehe sign during the stellar rotation, and thus have 0. This is rad-
smaller of the two angles found by model fitting in Table 1. ically different from the distribution of this quantity for samples
Itis clear that somewhat larger valuesiafanoccurinlong- of more rapidly rotating stars, where about 75% of the stars have
period stars: in our sample, HD 166473 and HD 187474 both< 0. In Fig[2Z1 we compare the cumulative distributionrof
appear to have0°® < 3 < 45°, assuming that the smaller anglevalues observed in the present sample of long-period stars with
is 5. However, it is remarkable that not a single long-period sttre distribution observed in a sample of about 60 stars of known
is found to require both angles (and thaidortiori 3) larger (short) periods and well-determinedralues which have been
than 4% for a reasonable model, although this condition wamllected from the literature. The distribution ofvalues for
notimposed in the modelling process. the short-period stars, although more extensive than previously
There is not a large body of modelling for the short-perioaported distributions, is consistent with them (e.g. Landstreet
stars with which to compare this result, partly becaBseannot [1970). The figure clearly shows the great difference between
be measured in the rotationally broadened lines of most shdahte two distributions. With a largest difference between the two
period stars, leading to large uncertainties in the deduced valdesdributions of about 0.56, the two distributions are different

P(i < ig) =1 — cosig.
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(according to the two-sided Smirnov test) at more than the 998his surprising feature of the models provides an explanation for
confidence level. the fact that relatively few of the long-period stars h#&ydields
Preston[(1967) and Landstreet (1970) have shown that that change sign during the stellar rotation period. (The fact that
distribution ofr is a good indicator of the distribution gfan- half of the present sample of short-period stars do not show
gles, and that the predominance-of. 0 in bright magnetic Ap reversingB, fields is because this sample is strongly selected
stars indicates that most such stars have large valugs aff for small values ot.)
the order of60° or more (see also Hensberge el@al.1979). The This final conclusion, that among the starsfof> 25 days
actual distribution of values for short-period stars is not welthe value of the obliquity is usually small, constitutes a fun-
determined, but the observeddistribution was found by the damentally new fact about the magnetic fields of magnetic Ap
authors cited above to be consistent with a random distributistars. This result implies that the process of losing angular mo-
of orientations of the magnetic axis relative to the rotation axisientum is somehow linked to a process that determines the field
That is, the distribution of observedvalues is consistent with obliquity, or that variations in angular momentum from one star
the assumption that in a sample of stars, the magnetic axigmfnother have important effects on the later evolution of the
the star can emerge anywhere on the stellar surface. A randamnface field structure. In any case, the observed correlation
distribution of magnetic axes relative to the position of the rdsetween long rotation period and small obliquity provides an
tation axis on the star leads to predominantly large valugk ofimportant clue bearing on both the problem of how magnetic
again because small values®fequire the magnetic axis to lie Ap stars lose angular momentum and on the problem of how the
within a small region on the surface of the star near the rotatiohserved field structure is produced.
axis. However, in the present sample of long-period stars, the We therefore examine some of the mechanisms which may
predominance gbositivevalues ofr indicates that the oppositeaffect the obliquity3 or which may lead to the very long ro-
situation occurs, namely thatis generallysmall, typically of tation periods that we find to be correlated with small values
the order of 20 or 30(Landstreet 1970). of 3. We start with mechanisms that may operate during the
We are thus led to the completely unexpected conclusimain sequence lifetime of the star (where we have some defi-
that, unlike the short-period magnetic Ap stars, most magnetiite observational constraints) and then consider the pre-main
Ap stars with periods longer than about 25 days have smakquence period.
values ofg; that is, their magnetic axes have a strong tendency Possible effects leading to systematic relationships between
to be rather closely aligned with their rotation axes. the magnetic and rotation axes have been discussedin theoretical
studies of the dynamical effects of distortion of the figure of
the star by the magnetic field, in studies of the structure and
evolution of the internal magnetic field of the Ap stars, and

In modelling the greatly enlarged sample of magnetic Ap stdfsstudies of the effects of mass loss or accretion on angular
for which enough kinds of data (particulabipth B, andB,) are momentum and field structure.
available to make it possible to determine several parameters forIn one class of effects, the star has no interaction with the
a simple model of the magnetic field geometry, we have fouRdtside world but changes obliquity because of internal motions.
the following results. Mestel & Takhar(1972) have shown that if the internal magnetic
First, the simple model of a low-order axisymmetric multifield of a magnetic Ap is sufficiently large to produce signifi-
pole field expansion of three terms (co-axial dipole, quadrupdlant distortion of the figure of the star, then nutational motion
and octupole) is found to be able to reproduce approximately @ecurs that is similar to that arising in a top rotating about an
mutual variations of the observed field momemts B, B, axis other than a principal axis of inertia. In this case dissipa-
and Byover in all the stars in our sample. It appears that thi#&n may lead to alignment or orthogonality of the two axes in
model is an adequate first approximation to the field struct.8 interestingly short time. The obliquiywill tend to zero if
of all the stars of the present sample, and by extension, to tAe overall figure of the star is oblate about the magnetic axis
field structures of other magnetic Ap stars. (presumably due to a predominantly poloidal internal magnetic
Secondly, when we fit such models to the observed fiegfucture), while a prolate figure (which could be produced by
moments, we find that significant quadrupole and octupole terfhglominant internal toroidal field) should lead eventually to a
are often required. These terms are sometimes even of the skf@€e value fop. Alignment might be produced either during the
maghnitude as the dipole term. However, most of the parametBf§-main sequence phase or on the main sequence. This effect
in Table[1 are not determined uniquely because the rangecg!ld be involved in the correlation we find between slow rota-
variations of the observed field moments is often surprisingign and small obliquity if the internal field structure in a star is
small. strongly affected by its rotation. What would be required is that
Finally, we have found that the observations of starBof  in slow rotators the field structure would need to be predom-
25 days indicate that most of these stars have small valuedhsintly poloidal, while inside more rapid rotators differential
the obliquity3 of the model magnetic axis to the rotation axigiotation would produce a predominantly toroidal field struc-
of the order oR0°. This result is completely unexpected, as iti§ire. We might imagine that most magnetic Ap stars reach the
the opposite of the situation for the commoner rapidly rotatifigain sequence with small obliquity (say of order or less) but
magnetic Ap stars, most of which hadevalues of 60 or more. @ range of rotation rates; the more rapidly rotating stars could

5. Discussion and conclusions
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develop important toroidal field structures through differentiaertainly add angular momentum to a star as well as removing
rotation, and then be driven by dissipation of nutational inteit:
nal motions to a large obliquity. If this hypothesis is the correct Mechanisms slowing the rotation of magnetic stars, and
mechanism by which the obliquity of slow and rapid rotators beerhaps changing or influencing the obliquity, may also op-
comes different, it suggests that there should be some importardte during the pre-main sequence phase. One or more of the
population of young rapidly rotating stars with smal/alues, mechanisms discussed above could operate during the pre-main
of a size that depends strongly on the time scale for changesefjuence period. §ieh (2000) has recently argued that the
(3. Although there are almost certainly some rapid rotators witbtation period of most magnetic Ap stars is determined by a
small obliquity, there may well not be as many as required lepmbination of interaction with and accretion from a disk, mass
this hypothesis, and it is not currently known whether such stdoss via a wind, and change of moment of inertia. In his model,
are systematically young. the most slowly rotating magnetic Ap stars are stars with ex-
Another mechanism which probably changes the obliquitgptionally large magnetic fields which, while still pre-main
of the stellar field on an evolutionary time-scale without intesequence stars, have (for some reason) continued to lose mass
action with the external world is the field advection produceda a magnetized wind long after interaction with a disk ends.
by internal “meridional” circulation currents (Eddington-Sweethe pre-main sequence stage is long enough (at least for the
circulation) together with ohmic dissipation. The effects of thiswer mass Ap stars which are observed to have very long pe-
mechanism are discussed by Moss in a series of papers (Masds) that angular momentum loss via a wind could produce
1984 /1985, 1987, arid 1290). Moss shows that the effect of the long periods observed. If ieA’s view is correct, several
ternal circulation currents is to increagavith time; in fact, if possible explanations for our correlation are apparent. First, one
stars arrive on the main sequence with magnetic axes randonduld imagine that stellar rotation is slowed during the pre-main
distributed over the stellar hemisphere relative to the rotatisequence phase, followed later by the development of large
axis, Moss[(1990) predicts that an even larger fraction of athlues in rapid rotators, but not in the most slowly rotating stars,
magnetic Ap stars should havex: —1 than is observed. He by field line advection (Moss 1990). Another possibility is that
suggests that the magnetic Ap stars may arrive on the mainge-main sequence angular momentum loss could lead to differ-
quence with initial values gf which are usually small comparedent internal field structures, poloidal in the slowest rotators but
t0 90°, and that the value gf then increases with time becauséoroidal in the more rapidly rotating stars, with consequent evo-
of field advection. In this case, the slowest rotators would hakgion towards small or largg values respectively because of
the slowest circulation currents, and would thus tend to retaintation (Mestel & Takher 1972). Yet a third possibility is that
their initial smalls values, in agreement with our observationshe excessive angular momentum loss that produces the slow-
Thus this mechanism too may play a role in the correlation vest rotators would also tend to lead at the same time to small
have discovered. obliquity via the torque exerted on the field (Mestel & Selley
Magnetic braking by a stellar wind, which can change boft970). Finally, perhaps the long duration of a wind postulated
the rotation rate and the magnetic obliquity, has been discusbgdStgien as the cause of excessively slow rotation is in some
in several papers culminating in Mestel & Selley (1970). Theseay related to surface magnetic structure, with stars with fields
authors argue that the braking torque produced by mass losefismall obliquity having winds for a longer time than stars of
the presence of a magnetic field withdifferent from @ or 9¢°  larger 8. However, it is not obvious how this result might be
would cause the axis of rotation to precess through the star, alfmeduced physically.
ing 5 in the process. The precession shuts off whereaches Thus, we have a number of possible explanations of the
either 0 or 90. The calculations indicate that which limit iscorrelation that we observe between unusually slow rotation and
reached depends on the detailed surface field configuration, vatigned magnetic and rotation axes. Further theoretical study
the strong-field regions tending to move towards the rotatiorsald modelling will be necessary to decide which — if any —
poles. In the case of a dipole-like field, this could reasonabdy the possibilities discussed above is correct. In any case, the
lead to field alignment. For this mechanism to be relevant to thbserved correlation provides one important new constraint that
correlation we have found, we might postulate a stellar wirghould be of value in such theoretical studies.
whose duration varies greatly (for some reason) from star to
star. In this case, the stars for which the wind persists |onge¢§f!<nowledgementsThis paper has benefitted from discussions with
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